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SUMMARY

The signalling molecule WNT4 has been associated with gonad, Wnt4 expression is downregulated after sex
sex reversal phenotypes in mammals. Here we show that determination. Transgenic misexpression of/nt4 in the

the role of WNT4 in gonad development is to pattern the
sex-specific vasculature and to regulate steroidogenic cell
recruitment. Vascular formation and steroid production in
the mammalian gonad occur in a sex-specific manner.
During testis development, endothelial cells migrate from
the mesonephros into the gonad to form a coelomic blood
vessel. Leydig cells differentiate and produce steroid
hormones a day later. Neither of these events occurs in the
XX gonad. We show that WNT4 represses mesonephric

embryonic testis did not inhibit coelomic vessel formation

but wvascular pattern was affected. Leydig cell

differentiation was not affected in these transgenic animals
and our data implies that Wnt4 does not regulate

steroidogenic cell differentiation but represses the
migration of steroidogenic adrenal precursors into the

gonad. These studies provide a model for understanding
how the same signalling molecule can act on two different
cell types to coordinate sex development.

endothelial and steroidogenic cell migration in the XX
gonad, preventing the formation of a male-specific coelomic

blood vessel and the production of steroids. In the XY Key words: WNT, Gonad, Endothelial, Mouse

INTRODUCTION testis, development of vasculature occurs through the
recruitment of additional cells from the mesonephros. This
The development of the mammalian gonad is a coordinatetifference gives rise to the sex-specific vascular pattern of the
process that initiates identically in both sexes and then, aftgonad. In the testis, a large artery is formed at the coelomic
sex is determined by the action of the testis-determining gersirface through which the blood flow is rerouted at around 12
Sryin the XY gonad, diverges in a sex-specific manner (Swaidpc. It has been suggested that this male-specific vascular
and Lovell-Badge, 2002). Studies in the mouse have showsystem is required for the export of testosterone from the testis
that within the XY gonadSrytriggers a series of male-specific to the rest of the embryo to ensure masculinisation. The ovary
processes that ensure the proper development of the testiss no coelomic blood vessel. Instead, the main ovarian artery
These include an increase in proliferation of the coelomics found at the mesonephros-gonad boundary.
epithelium that surrounds the gonad, formation of a blood The migration of mesonephric cells into the developing
vessel at the coelomic surface of the gonad, migration ajonad is a male-specific event that begins by 11.5 dpc in the
mesonephric cells into the gonad and formation of testiculanouse and is critical to the development of the testis (Buehr et
cords (Brennan et al., 2002; Buehr et al., 1993; Capel et ahl., 1993; Martineau et al., 1997; Tilmann and Capel, 1999).
1999; Martineau et al., 1997; Schmahl et al., 2000). After thes®tudies using in vitro organ co-culture systems have shown that
events take place, the Leydig cells of the testis begin expressiagpopulation of these migrating cells surround the Sertoli cells
genes involved in steroid biosynthesis. No comparable eventgthin the gonad and have characteristics of peritubular myoid
occur within the XX gonad at the same stage of developmentells (Martineau et al., 1997). Sertoli cells and peritubular
The development of vasculature within the mouse gonathyoid cells interact to form testicular cords, an event that is
initiates in the genital ridge in both males and females beforeoincident with the activation of male-specific gene expression.
the action ofSryat around 11 days post coitum (dpc) (BrennanA second group of migrating cells were found in locations
et al., 2002)After sex determination, however, the mechanisncharacteristic of developing vasculature and were positive for
of vascular formation is different between the sexes. Furthemdothelial cell markers such as Pecam, Flt-1 and Tie-2
development of the vasculature in the ovary occurs throug{Brennan et al., 2002; Martineau et al., 1997). Additional
proliferation of cells already present within the organ. In themigrating cells negative for endothelial markers were found
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associated with the endothelium and had characteristics péroxide, 10% goat serum and 1% triton in PBS. Primary antibody
myoepithelial cells. staining was done overnight &Gtin a PBS solution containing 10%
Steroidogenic cell differentiation in the gonad is poorlygoat serum, 1% triton and the Pecam antibody (Pharmingen, 1/50
understood. The action &ryin the XY gonad is thought to dilution). After rinsing five times with a wash solution containing
trigger the differentiation of Sertoli cells and these cells in turf BS: 10% goat serum and 10% triton, the samples were incubated
are thought to direct the differentiation of the rest of the testid/¢"Mght at 4C in wash solution containing a secondary antibody

. . . . conjugated with peroxidase (Pierce, 1/300 dilution). Samples were
(Swain and Lovell-Badge, 2002). Differentiated mouse I‘eyd'Qhen rinsed five times in wash solution and revealed with 4-chloro-1-

cells are seen at 12.5 dpc following the appearance of tesfignhiol as a substrate (SIGMA). The Cy5-conjugated secondary
cords and male-specific vasculature. Little is known about howntibody in Fig. 2 was used as described (Brennan et al., 2002).

Leydig cells arise and how their development is controlled. The

signalling molecule Desert hedgehog (DHH), which isWhole-mountin situ hybridisation

produced by Sertoli cells, has been implicated in Leydig celssays were performed as described previously (Wilkinson and Nieto,
development (Yao et al., 2002). Embryos mutant B 1993). The probe falaglhas been described previously (Brennan et
showed a reduced number of Leydig cells in the XY gonad!-» 2002). The probe fd?*dgfrawas provided by Christer Betsholtz.
whereas other processes such as mesonephric cell migrat@?? probe for B-hydroxysteroid dehydrogenase3¢BISD) (Hsd3b —

. - - ; ouse Genome Informatics) was derived from a PCR amplified
were not affected, suggesting a direct role for this factor in th roduct that comprised the region from 873 to 1473 of the mouse

induction of Leydig cell differentiation, _ _cDNA. (NCBI accession M58567). Th@yplialand Sf1 (Nr5al —

The signalling molecule WNT4 has been associated Withyoyse Genome Informatics) probe were obtained from Keith Parker.
female sexual development in the mouse (Vainio et al., 1999 he wnt4 probe was obtained from Andrew McMahon (Harvard
In the developing gonad, thW&nt4 gene is expressed in both university).
sexes prior to 11.5 dpc. After sex determination, expression
persists in the XX gonad but is downregulated in the XYin vitro organ co-culture assay
gonad. XX embryos that are mutant fint4 showed failure In vitro co-culture assays were done as described previously
of Miillerian duct formation and differentiation of the Wolffian g’gg'&:g“ﬂ ;ﬁq %'-'f’fe%sr?fl{n-E{Sgyan@esgrleggﬁ?é r?gg O%OQSSrS b\ll\:)?:rlfs

into the mal I m. The mutant embrya/ri : ! ! W : ,
g\ljgﬁy tsc;](t)weed i\elgggt%fsgieytes aﬁd gg[lo;)ii :xmgilon a d cultured for 48 to 96 hours. The samples were then washed in

involved in steroid h bi thesis. This latt S, fixed in 2% paraformaldehyde/0.1% glutaraldehyde and stained
€nzymes Involved In steroid hormone DIOSyNtnesIs. This latlgy, B-galactosidase activity as described. The sex of the mesonephroi

phenotype led Vainio et al. to propose that WNT4 was,aq ng effect on our migration studies as shown previously (Martineau
suppressing Leydig cell development in the XX gonad (Vainiqt al., 1997).

et al., 1999). Our studies show a novel role for WNT4 in the

gonad that provides an alternative explanation for th&AC constructs

masculinisation phenotype observed in tnt4d mutant TheCypllalandSf1BAC clones were obtained from a 129SV mouse
animals. We show that WNT4 represses endothelial anibrary (Research Genetics, USA). The Cypllal:LacZ construct was
steroidogenic cell migration into the developing XX gonadmade using the method described by Carvajal et al. (Carvajal et al.,

preventing both the formation of a male-specific Coe|omi§001) and an improved version described elsewhere (Cox et al., 2002).

: : . o he Bgeo gene with a polyadenylation site derived from SV40 was
b|h00d t\;]e?sell and ectqplc @ezzl.d Ft)r:Od)L('gtlon' |I’(]j%ddl'[l0n,tw btained from Rosa Beddington (National Institute for Medical
show that misexpression ovntain the gonad does no Research) and was introduced at the first Kpnl site irCypllal

inhibit Leyd|_g cell dlffer_entlatlon but does affect the pattern Ofcoding sequence such that a fusion protein was made. A fragment was
the developing coelomic blood vessel. created that had tiigeo gene flanked by 2.5 kb of upstre@ypllal
sequence (from Spel to Kpnl) and 2.2 kb of downstr&ypllal
sequence (the next Kpnl fragment). This fragment was introduced into
the shuttle vector for homologous recombination. The modified BACs
) ) were characterised by Southern analysis u€lggllat andlacz-
Mice strains specific probes.
Mutant Wnt4 mice were obtained from Jackson Labs but were The Sf1:Wnt4 construct was created using the method described by
originally created in Andrew McMahon’s laboratory (Stark et al., Swaminathan et al. (Swaminathan et al., 2001). The DY380 cells were
1994) and kept on a 129/Sv background. The identification obbtained from Neal Copeland (Lee et al., 2001). Wimnt4cDNA was
homozygous, heterozygous and wild-type embryos was done abtained from Andy McMahon (Harvard University). A BamHI to
described previously (Stark et al., 1994). ROSA26 mice were obtainegiphl 700 bp genomic fragment containing the first and second exon
from Robin Lovell-Badge but were originally created by Phil Sorianoof the Sfl gene was cloned into pucl8. A fragment containing the
(Friedrich and Soriano, 1991) and kept on a mixed background¥nt4cDNA and the rabbi-globin intron and polyadenyation signal
The mice expressing green fluorescent protein (GFP) ubiquitouslsequences (Swain et al., 1998) was inserted at the Sacll site of this
were obtained from Jackson Labs [Stock TgN (GFPU)5Nagyfonstruct, which is found in thé Gntranslated region of the Sf1 gene.
(Hadjantonakis et al., 1998). All transgenic animals were made byhis construct was used as a source of fragment to introduce into
pronuclear injections into eggs derived from CBAC57BL/6 F1  DY380 cells containing the unmodified Sf1 BAC, which were induced
females mated to F1 males. In most cases transgenic and ROSA&6 42C and made electrocompetent. The modified BACs were
males were mated to MF1 females to obtain litters for analysis.  characterised by Southern analysis usBf¢- and Wnt4specific

) ) ) probes.
Whole-mount immunohistochemistry For making transgenic mice with the modified BAC constructs,
The tissues to be analysed were dissected and fixed overnight in 429DA was prepared using the Qiagen maxiprep kit (Qiagen, UK) and
paraformaldehyde at°@. After rinsing in PBS, the samples were dialysed against microinjection buffer (10 mM Tris H-Cl pH 7.5, 0.1
incubated for 3 hours af@ in 50 mM ammonium chloride in PBS mM EDTA pH 8.0 and 100 mM NaCl) and injected as circular DNA
and then left overnight af@ in a solution containing 0.1% hydrogen at different concentrations.

MATERIALS AND METHODS



WNT4 regulates cell migration in the gonad 3665

Fig. 1. The coelomic blood vessel forms
in theWnt4’-ovary. (A) Light
microscope images and Pecam stained
images of kidney (kid), adrenal (ad) and
ovary (ov) from 15.5 dpc embryos that
were wild-type (+/+) and homozygous
(—/-) for the mutan¥nt4allele as
indicated. (B) Gonads from 12.5 dpc
embryos that were wild-type (+/+) or
homozygous (—/-) for the mutawnt4
allele stained with a Pecam antibody,
which labels the endothelium and germ
cells at 12.5 dpc (speckled pattern in XX
+/+ sample). In all images anterior is
towards the left. Coelomic blood vessels
are indicated by arrows and the ectopic
vessel inWnt4’-adrenals is indicated by
an arrowhead.

CypllallacZ transgenic animals were typed by PCR using aallele (—/-) revealed the presence of a large coelomic blood
Cypllalspecific primer (GCTCAGTGCTGGTATTGCTG) and a vessel in the ovary, which stained with an antibody to Pecam,
lacz-specific  primer  (AGATGGGCGCATCGTAACCG). = The g marker of endothelial and germ cells (Fig. 1). A large ectopic

Sf1:Wnt4 transgenic animals were typed by PCR using primers thalasse| was also observed in the adrenalVat4'- embryos
were specific to the rabbiB-globin intron and polyadenylation from both sexes (arrowhead in Fig. 1)

sequences ~(CGAGACAATGGTTGTCAACAG  and  GCTAG- The ectopic vessel in th&/nt4~ XX gonad was observed

AGCTGAGAACTTCAG). -

as early as 12.5 dpc, the same stage as when this vessel appears
RTPCR on Sf1:Wnt4 transgenic tissues in the wild-type male gonad (Fig. 1B). The coelomic vessel in
RTPCR was performed as described previously (Capel et al., 1993h)e mutant ovary had a different appearance to that of the male
RNA was extracted from various tissues from transgenic animals, trgonad in that it lacked branches, which, in the testis, descend
RNA was reverse transcribed and PCR was performed. To identifyetween testis cords and connect to other blood vessels
transgenic-specific transcripts we used primers that spanned the rabfgjtming a network.
B-globin intron sequences (GCTAGAGCTGAGAACTTCAG and  Most vascular markers such as Pecam label endothelial cells
%AAGGGGCTTfCATGATGhTCC)' ';'PRT Wasl' “Seld as a control forjy poth XX and XY gonads. However, sex-specific markers such
the presence of RNA in the samples (Capel et al., 1993). asJagland platelet-derived growth factor receptor algPagfr

a) are normally associated with the coelomic blood vessel in the

XY gonad but are not found in the XX gonad (Brennan et al.,
RESULTS 2002; Brennan et al., 2003). We performed whole-mount in situ

hybridisation forJagl and Pdfgr a expression and found both
Coelomic blood vessel formation in the mutant ~ Wnt4  \ere present near the ectopic vasculature in XX gonads from
XX gonad Wnt4”-embryos, but were not present in gonads from wild-type
Vascular formation in the mammalian gonad has been show(/+) or heterozygous (+/-) XX embryos (Fig. Jpgl is
to occur in a sex-specific manner (Brennan et al., 2002). In thexpressed in both the coelomic vessel region and the interstitium
male, a large blood vessel forms at the coelomic surface of tioé the developing testis. However, in #vat4’— XX gonadJagl
testis that is absent from the ovary. Our analysis of gonads ekpression was only associated with the blood vessel and not
XX mouse embryos that were homozygous for a miém#4  other interstitial regions of the gonad.

Fig. 2.Genes normally expressed in the
coelomic vessel in the testis are found
associated with the ectopic coelomic
vessel in thaVnt4/- XX gonad. Whole-
mount in situ hybridisation fatagland
Pdgfraexpression was performed on
gonads from\/nt4-or Wnt47+ XX and
XY 12.5 dpc embryos as indicated.




3666 K. Jeays-Ward and others

Studies have shown that a large proportion of the testis997). The pattern of the mesonephric cells that migrated into
vasculature, including the male-specific coelomic blood vesselhe XX gonad of théVnt4’ ovary suggested that they were
is formed from endothelial cells that migrate from theendothelial cells. To confirm this hypothesis we incubated 11.5
mesonephros (Brennan et al., 200)is migration is a male- dpc XX gonads fronWnt4/-embryos with mesonephroi from
specific event and does not occur in the XX gonad. Td1.5 dpc embryos where the GFP gene was expressed
investigate whether the coelomic blood vessel observed in thibiquitously. After incubation these samples were stained for
Wnt4/- ovary was formed by mesonephric cell migration wean antibody to Pecam. As expected, GFP-positive cells were
used an in vitro organ co-culture system. Mesonephroi frorfound in the mutant ovary and most of these cells also stained
11.5 dpc and 12.5 dpc embryos where leZ gene was for Pecam (Fig. 3B, red). These results show that WNT4
expressed ubiquitously (ROSA26 line) were incubated next teepresses endothelial cell migration into the XX gonad from
XX and XY gonads derived from 11.5 dpc and 12.5 dpdhe mesonephros.
embryos which were homozygous, heterozygous and wild-type The Wnt4 gene is also expressed in the developing
for the mutantWnt4allele. After incubation the samples were mesonephros. We therefore wanted to investigate whether
stained forB-galactosidase activity and, as shown previouslymesonephroi fromtVnt4'—embryos had a role in mesonephric
mesonephric cells expressing taeZ gene were found within  migration into the gonad. For this, we bred mice with the
the wild-type XY gonad but not within the XX gonad (Fig. mutant Wnt4 allele with the ROSA26 line. Using mice
3A). However, when awnt4’~ XX gonad was cultured from this cross, we incubated wild-type 11.5 dpc XX and XY
apposed to a wild-type mesonephrtes;Z-expressing cells gonads with mesonephroi from 11.5 dpc embryos that were
were found within the gonad (all M¥nt4’~ XX gonads that homozygous for the mutan®nt4 allele and were also
were assayed showed this phenotype, 8 from 11.5 dpc embryagpressinglacZ ubiquitously. Analysis of these cultures
and 5 from 12.5 dpc embryos) (Fig. 3A). These results shoshowed that mesonephric cell migration patterns were normal:
that migration of mesonephric cells into the XX gonad ismigration into the XY gonad was still observed but did not
inhibited by the presence of WNT4. occur exogenously into XX gonads (data not shown; all 16

At least three cell types migrate into the XY gonad from thenutant mesonephroi, 10 were assayed with XX gonads and 6
mesonephros. Martineau et al. identified these as peritubulatith XY gonads, showed this phenotype). These results
myoid, perivascular and endothelial cells (Martineau et alindicate that the repressive role of WNT4 on mesonephric cell

migration is driven primarily by WNT4 protein produced in the

A XX gonad.

WNT4 represses steroidogenic cell migration

Vainio et al. reported the presence of ectopic cells expressing
steroidogenic cell markers such@gpl7and $-HSD in the
mutantWnt4 XX gonads (Vainio et al., 1999). These markers
are usually found in adrenals and testicular Leydig cells but are
. not present in the ovary at early stages of gonad development.
Watd o/~ XX We performed a detailed analysis of the expression pattern of
i the gonad and adrenal steroidogenic markBfHSD in
Wnt4/- embryos during early stages of gonad development.
Our analysis revealed that the ectopic cells expressing this
marker were few and tended to cluster around the anterior
region of the gonad of both sexes, close to the region where
the adrenal was forming at early stages of gonad development
in both sexes (Morohashi, 1997) (Fig. 4). As development
proceeded the ectopic cells were found in other regions of the
gonad. This pattern was also found for other steroidogenic
markers such a€ypllalandCypl7 Heikkila et al. recently
extended this study to include a marker specific to
steroidogenic adrenal cellsCyp21 which they found
ectopically expressed within th&nt4’— XX gonad (Heikkila
et al., 2002). This pattern of expression suggested that the
ectopic steroidogenic cells in th&/nt4’~ XX gonad had
Fig. 3. Mesonephric endothelial cells migrate itint4/~ XX migrated from the mesonephros during development.
gonads. (A) Mesonephroi from 12.5 dpc embryos ubiquitously To investigate this possibility we used a transgenic line of
expressindacZ were incubated with gonads from 12.5 dpc embryos mice we created with a Bacterial Artificial Chromosome
that wereWnt4™ XX and XY orWnt4™ XX and stained fop- (BAC) construct containing th€ypllalgene in which the

galactosidase activity. (B) Mesonephroi from 11.5 dpc embryos . I
ubiquitously expressing green fluorescent protein (GFP) (green) We;'gcz gene was inserted by homologous recombination into the

incubated with gonads from 11.5 dpc embryos that Wéred’+ XX co_dln_g regmn_(CypllaI]a.‘cZ). We analysethcZ expression in
and XY orwnt4’-XX. After incubation the sample was stained with this line of mice during gonad and adrenal development and
an antibody against Pecam (red). Pecam marks endothelial cells antpund it to follow the pattern seen for the endoger@ysllal
germ cells (red arrow indicates Pecam-stained germ cells; yellow gene (data to be published elsewhere). Using in vitro organ co-
arrow indicates Pecam-stained endothelial cells). culture experiments we incubated mesonephroi from embryos

Wnit4 -/- XX

Wnt4 +/+ XY
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Fig. 4. Ectopic steroidogenic cells are clustered at the anterior
region of thewnt4/-gonad. Whole-mount in situ

hybridisation for B-hydroxysteroid dehydrogenasd3(3

HSD) expression was performed on gonads and mesonephric
region fromwnt4+ or Wnt47- XX 12.5 dpc embryos as
indicated. The top panels show the area within the urogenital
region where the adrenal forms, which is indicated by the
arrows. The asterisks indicate the anterior region of the gonad
where the ectopic steroidogenic cells are found inthed'-
embryos. The position of the gonad is marked ‘g’. In all
images, anterior is leftwards.

from this line with XX wild-type andWnt4 mutant gonads steroidogenic cell differentiation in the XY gonad. To
from 11.5 dpc and 12.5 dpc embryos. After incubation thénvestigate this possibility we sought to misexpress WNT4 in
samples were stained fdi-galactosidase activity and, as the developing testis. For this we used a BAC construct
expected, no wild-type XX gonads showed the presence a@bntaining theSflgene. We chos8flbecause it is expressed
lacZ-expressing cells (16 samples were analysed). In contrasipntinuously at high levels in the genital ridge throughout early
five out of eleveWnt4’~ XX gonads showed the presence ofgonadogenesis and in the Sertoli and Leydig cells of the
lacZ-expressing cells (Fig. 5). These results show that WNTdeveloping testis (Ikeda et al., 1994). We insertedVtm4
represses steroidogenic cell migration from the mesonephra®NA into the 5 untranslated region of th&fl gene by
into the XX gonad.

The expression pattern of steroidogenic markers in th-
Wnt4/= XX gonads suggested that the steroidogenic cells th: XX -/- gonad
migrated into theVnt4/~ XX gonad were derived from the
anterior region of the mesonephros where the adrenal wi
forming. To investigate this possibility we performed in vitro
organ co-culture experiments with mesonephroi from
CypllallacZ embryos in which the anterior region had either
been included or removed. As expectedlan@-positive cells
were found within the XXWnt4/- gonad when the anterior
region of the mesonephros was absent (2 out of 2 sampl
showed this phenotype) (Fig. 5). Consistent with our previou
results, two out of two samples in these experiments showe
lacZ-expressing cells within the XXnt4’- gonad when the
anterior portion was included. These studies indicate th¢
adrenal precursor cells can migrate into the XX gonatdntd
mutant embryos.

The role of Whnt4 in testicular vascular formation and
steroidogenic cell differentiation

Our detailed analysis of the expression of Wet4 gene at
early stages of gonad development showed that it is express
in the early gonad and mesonephros of both sexes before ¢
determination takes place. Aft&ry expression in the male
gonad, Wnt4 is downregulated in the testis whereas it is
upregulated in the ovary. Mesonephric expression continues Cypllal:LacZ meso
both sexes (data not shown). These results are consistent w
those of Vainio et al. (Vainio et al., 1999). Our results shov

that at early stages of gonad development in both sexes the M15125 dpc embryos were incubated with mesonephroi from

of WNT4 is to repress the formation of t_he Coel_omic b_IOOCCyplla]JacZ 11.5-12.5 dpc embryos and stainedayalactosidase
vessel and prevent the presence of ectopic steroidogenic Ceactivity. (Top) The anterior region of the mesonephros was included
in the gonad. The downregulation Wnt4in the XY gonad  in the co-culture, and (bottom) the anterior region of the

after the action ofSry suggested that ectopic expression ofmesonephros was removed. The lines indicate the boundary between
WNT4 might have a repressive role in vascular formation angonad and mesonephros in the co-cultures.

Fig. 5. Steroidogenic cells migrate from the anterior region of the
mesonephros into th&/nt4’~ XX gonad. Gonads fron/nt4/= XX
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homologous recombination and made transgenic mice thabalesce to form the prominent coelomic artery (see Fig. 1B
contained this BAC construct (called Sf1:Wnt4). and Fig. 7A, part d). However, in the case of the transgenic

Expression analysis of the animals containing the Sf1:Wntémbryos the vessels did not form one prominent vessel but
BAC construct showed that sequences from the transgenisually resulted in highly branched vessels that did not run the
construct were expressed during development in a pattern similangth of the testis. Although there is some variation in the
to that of theSfl gene. Whole-mount in situ hybridisation for pattern of the non-transgenic coelomic vessel, the transgenic
Wnt4 expression on testes from transgenic embryos revealadstes were readily distinguishable at this stage. This shows that
ectopic expression aiVnt4in the gonad, which resembled the WNT4 expression in the developing testis does not inhibit the
Sflpattern of expression (Fig. 6) (transgenic embryos from founitiation of coelomic blood vessel formation but does interfere
different integration events were analysed in this way andith the pathway and patterning of this principle artery.
showed this phenotype). RTPCR analysis showed that To investigate whether Leydig cell differentiation was
transgenic-specific sequences were expressed in the adrenal &ffeected in the Sf1:Wnt4 transgenic embryos we analysed the
not in the kidney (transgenic embryos from nine differenfpattern ofCypllalexpression in the transgenic testes. Whole-
integration events were analysed) and in the urogenital ridge brtount in situ hybridisation was performed on three transgenic
not in limb at 11.5 dpc, the stage whafmt4is downregulated testes from different integration events and all showed a normal
in XY gonads (transgenic embryos from two integration eventaumber ofCypllatexpressing cells (Fig. 7B). These results
were analysed) (data not shown). indicate that ectopic WNT4 does not inhibit Leydig cell

Contrary to our expectation, all testes from Sfl:Wntddifferentiation.
transgenic embryos that were generated showed the presence
of a coelomic vessel when observed by light microscopy (testes
were analysed at different stages ranging from 13.5 dpc to 153SCUSSION
dpc and were derived from ten different integration events). All
these embryos showed expression of the transgene in th&e role of WNT4 in vascular formation in the gonad
adrenal. However, when stained with an antibody againstascular formation during gonad development is a dynamic
Pecam six out of seven testes that were analysed froprocess that is modulated depending on the sex of the gonad.
transgenic embryos from different integration events showe@ur studies show that WNT4 signalling is part of the
that the structure of the coelomic vessel was abnormal (Fignechanism that establishes sex-specific vasculature. In the
7A). In most cases the blood vessels failed to coalesce to foravary, its main role is to repress endothelial cell migration from
a single prominent vessel as seen in gonads from nothe mesonephros into the XX gonad and prevent the formation
transgenic embryos. This phenotype was similar to the patteof a coelomic blood vessel, a testis-specific event. Interestingly,
of the coelomic vessel from testis of wild-type younger, 12.5 prominent blood vessel was also observed in the adrenal
dpc embryos, which is initially a series of branches that latesf Wnt4/~ embryos, which was not present in wild-type

embryos (see Fig. 1Wnt4dis expressed in the adrenal during
Wnt4 development (Heikkila et al., 2002). This suggests that during
development of the urogenital region one of the roles of WNT4
? is to pattern vascular formation by specifying domains where
endothelial cell migration is inhibited.

Marker analysis in th&/nt4’~ XX gonad showed that male-
specific genes associated with the coelomic blood vessel in the
normal testis were expressed, suggesting that a male-specific
pathway had been initiated in the female gonad. However, in
agreement with Vainio et al. (Vainio et al., 1999), we did not
find any Sertoli cell-specific markers or any sign of testis cord
formation at early stages of gonad development. This suggests
that the signalling molecules required for endothelial cell
migration are different from those required for cord formation.
Endothelial cells have been shown to promote differentiation
of organs such as the pancreas and liver (Lammert et al., 2001;
Matsumoto et al., 2001). However, in this case endothelial cell
migration did not induce differentiation of male somatic cells
or morphological development of the testis such as testis cord
formation, suggesting that other male-specific factors are
required.

Our studies ofWnt4’~ XX gonads indicated that WNT4
represses endothelial cell migration and coelomic blood vessel
formation during gonad development. These findings
suggested that downregulation\Wwht4 expression seen in the
Fig. 6.Wntdis expressed in testis of SfL:Wnt4 transgenic animals. ~ XY gonad after the action &RYwas a required step to ensure
Whole-mount in situ hybridisation falnt4expression was performed coelomic vessel formation in the testis. Our misexpression
on 13.5 dpc testis from transgenic and non-transgenic (NT) embryos Studies showed that WNT4 does not inhibit the initiation of
and forSflexpression on 13.5 dpc testis from a non-transgenic. coelomic blood vessel formation in the testis. However, the
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Fig. 7.Vascular and steroidogenic phenotype
observed in the Sf1:Wnt4 transgenic XY
gonads. (A) Coelomic blood vessel pattern is
affected in Sf1:Wnt4 transgenic testis. Testis
from transgenic (a-c) and non-transgenic
(NT) (d) 13.5 dpc embryos were stained with
an antibody to Pecam. (B) Leydig cell
differentiation occurs in Sf1:Wnt4 transgenic
testis. Whole-mount in situ hybridisation for
Cypllalexpression on 13.5 dpc XY gonads
from a Sf1:Wnt4 transgenic embryo (left) and
a non-transgenic embryo (NT) (right). The
transgenic gonads were derived from different
integration events (1-4).

pattern of the coelomic blood vessel in the Sf1:Wnt4 transgeni®ainio et al., 1999). Our results show that the role of WNT4
XY animals was found to be disorganised, showing that a higim this process is to repress the migration of steroidogenic cells
level of WNT4 interfered with vascular patterning in the testisfrom the mesonephros into the XX gonad during early gonad
Our results suggest that repression by WNT4 is inefficientlevelopment. Various observations indicated that the migrating
in the transgenic embryos. One explanation for our results &eroidogenic cells in th@/nt4’~ embryos were adrenal cell
that two different signalling systems contribute to coelomigrecursors. The expression pattern of steroidogenic cell
blood vessel formation in the testis, only one of which ismarkers, including the adrenal-specific mai®gp2], at early
repressed by WNTA4. In the Sf1:Wnt4 transgenic XY embryosstages of gonad developmentvimt4/- XX embryos showed
the alternative operative signalling system may partially rescuthat the ectopic steroidogenic cells clustered in the area of the
some coelomic vessel patterning. An alternative and simpleonad that was closest to the developing adrenal (Heikkila et
explanation is that the molecular environment in the XY gonadl., 2002). Also, our in vitro co-culture experiments using
is different to that of the XX gonad and that WNT4 is preventednesonephroi from CypllddcZ embryos showed thdacZz-
from acting efficiently in the testis. For example, a testispositive cells were found in the XWnt4’-gonad only when
specific factor produced as a consequen&Rdfaction in the the region of the mesonephros where the adrenal gland
Sertoli cell lineage could inhibit WNT4 action in the transgenicnormally forms was included.
XY gonad. A reasonable candidate for this factor is the Our analysis of the Sf1:Wnt4 transgenic embryos showed
TGH3-family member, anti-Mullerian hormone (AMHAmMh  that WNT4 has a disruptive effect on vascular pattern formation
expression in the XY gonad begins around 11.5 dpc (Hackén the testis. However, the presence of WNT4 in the XY gonad
et al., 1995; Munsterberg and Lovell-Badge, 1991). Moreovehad no effect on Leydig cell differentiation. These results are
an association between AMH signalling afiecatenin, an therefore consistent with our view obtained from iNat4
element of the canonical WNT signalling pathway, has beemutant embryos, that WNT4 acts to repress the migration of a
previously reported (Allard et al., 2000). After 11.5 dpc, AMHfew steroidogenic adrenal cells into the gonad. However, in
could antagonise the activity of the ectopic WNT4 and limit itscontrast to the proposal of Vainio et al. (Vainio et al., 1999), it
disruptive effect on vessel pattern formation to a brief periods not required to repress the differentiation of Leydig cell
during testis development. The variability seen in theprecursors already present within the gonad. It is most probable
phenotype of the Sf1:Wnt4 transgenic embryos could then libat the latter differentiate in situ in response to signals from the
explained by subtle differences in the timing of expression oBertoli cells, which may include DHH (Yao et al., 2002).

the transgene with respect to that of the antagonist. PerhapsWhnt4 expression in the ovary can be considered a
] ) . ) ‘safety factor’ to help ensure the adrenal precursors do not enter
The role of WNT4 in steroidogenic cell recruitment and give inappropriate expression of steroids in the female.

Production of steroids during gonad development is highly The data presented here shows that WNT4 represses the
regulated in a sex-specific manner. WNT4 is part of thenolecular pathway that controls the process of migration of at
signalling pathway that ensures that the XX gonad does négast two different cell types from the mesonephros into the
produce sex hormones that masculinise the developing embrgonad. Our data is consistent with the model that WNT4 is
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preventing the action of the cell migration signal produced by that control activation and maintenance of gene expression during muscle

the gonad, either by repressing the expression of the genelevelopmentDevelopmenti28 1857-1868. _

encoding the signal or by directly inhibiting the diffusion of €oVin. J. S, Green, R. P., Schmahl, J., Capel, B. and Omitz, D..N2001).

he (long-ran e) sianal to the mesonephros. Candidate factor Male-to-female sex reversal in mice lacking fibroblast growth factGed.

the (long-range) sig| _ . phros. °t0rS 04, 875-889.

for the cell migration signal _InC|Ude vascular endOthe“_a|Cox, H. D., Carvajal, J. and Rigby, P. W.(2002). Enhanced efficiency of

growth factor (VEGFA), endocrine gland vascular endothelial pSV1-RecA-based BAC recombineerijoTechnique$3, 1206-1209.

growth factor (EG-VEGF) and fibroblast growth factor gFeernant'hel\ll'el (glrgg?%' fa'\éltoc::/lcéjllal\r/legn% %'3'702'403?' properties of vascular
. ! K i W . 77, - .

(FGF_)’ WhI.Ch are found !n the deVEIOpmg gonad (Ferrarq‘—’riedrich,G.and Soriano, P.(1991). Promoter traps in embryonic stem cells:

1999; Colvin et al., 2_001, LeCouter et al., 2002)-_ We have 5 genetic screen to identify and mutate developmental genes inGeives

analysed the expressionfeGF9, EG-VEGFand the different Dev.5, 1513-1523.

isoforms encoded by théEGFAgene in thaVnt4/~XX gonad  Hacker, A., Capel, B., Goodfellow, P. and Lovell-Badge, R(1995).

but find no evidence of repression of the expression of thesefgggejgﬂ‘ of Sry, the mouse sex determining g@vevelopment 2],

genes by WNT4 action (data not shown).. We have qbta|,ner9adjantonakis, A. K., Gertsenstein, M., lkawa, M., Okabe, M. and Nagy,
recent data that shows that the ovary-specific gene follistatin iSa. (1998). Generating green fluorescent mice by germline transmission of
not expressed in the XWnt4mutant gonad (H. Yao and B.C.,  green fluorescent ES celldech. Dev76, 79-90.

unpublished). This suggests an unexpected mechanism fagikkila, M., Peltoketo, H., Leppaluoto, J., llves, M., Vuolteenaho, O. and

: . P . Vainio, S. (2002). Wnt-4 deficiency alters mouse adrenal cortex function,
action of WNT4 that involves the activation of expression of reducing aldosterone productidEndocrinologyl43 4358-4365.

an antagoniSt Of molecules erm the T[QE.Uperfami'ly- _lkeda, Y., Shen, W. H., Ingraham, H. A. and Parker, K. L.(1994).
Further studies will reveal how this pathway is involved in this Developmental expression of mouse steroidogenic factor-1, an essential
process. Interestingly, Shu et al. have shown that anotherregulator of the steroid hydroxylasééol. Endocrinol.8, 654-662.

; i~ ; ; Lammert, E., Cleaver, O. and Melton, D.(2001). Induction of pancreatic
member of the WNT famlly’ WNT7D, is |mpI|cated in vascular differentiation by signals from blood vessebience294, 564-567.

development in the lung (Shu et al, 2902)' However’ ir?LeCouter, J., Lin, R. and Ferrara, N. (2002). Endocrine gland-derived
contrast to the work presented here there is no dlrec_:t effect OfvEGF and the emerging hypothesis of organ-specific regulation of
WNT7b on endothelial development. Instead, their results angiogenesisNat. Med.8, 913-917. _
show a defect in the development of vascular smooth musci€® E. €. Yu, D. Martinez de Xﬁlc?sccgbé]iérrgsilaro(!%zcl)_dl)swﬁl\n%'g%i A
. . . . urt, D. L., ins, N. A. , N. G. . ighly

cells in mlce Iacklng this factor. . . efficient Escherichia colibased chromosome engineering system adapted

The precise natu_re_of the m0|eCU|f'ir pathways involved in for recombinogenic targeting and subcloning of BAC DX&enomics73,
cell movements within the developing gonad need to be 56-65.
established and this will be the focus of future work. Howeveartineau, J., Nordgvist, K., Tilmann, C., Lovell-Badge, R. and Capel, B.

our results clarify the role of WNT4 in this process as well as gl%%g'g“é'g'e's'”ec”ic cell migration into the developing goiadtr. Biol.

prowdmg a new hypOt,h.e&S of how cell movements arq/latsumoto, K., Yoshitomi, H., Rossant, J. and Zaret, K. $(2001). Liver
controlled in a sex-specific manner such that they lead to theorganogenesis promoted by endothelial cells prior to vascular function.
appropriate morphogenesis of either an ovary or a testis. Science294, 559-563.
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