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Abstract

The embryonic urogenital system generates the metanephric kidneys, the gonads and the adrenal
glands, and its development is based on sequential and reciprocal cell and tissue interactions. The
mechanisms which regulate urogenital ontogeny are still poorly understood. 

In this thesis, the roles of Wnt-4 and ErbB4 functions in gonad and kidney development were
analysed by using in vivo functional genomic technologies. Wnt-4 is crucial in female
development since its absence leads to a partial female to male sex reversal. We found that Wnt-
4 mediated the interactions between the somatic and the germ cells and played a role in meiosis
which is regulated in part by the secreted signal retinoic acid (RA). Expression of certain meiosis-
controlling genes (Stra8, Spo11) was inhibited in the Wnt-4 deficient germ cells, while certain
pluripotency genes (Oct4, Fgf9, Sox2 and Dnmt3l) were activated similarly as in the wild-type
male gonad. In addition to this, we noted that a gene encoding for a Cyp26b1 enzyme, which
degrades RA in the embryonic testis was, ectopically expressed in the Wnt-4 deficient ovary.
Microarray analysis was used to identify candidate Wnt-4 target genes by using the Wnt-4 knock-
out mouse. Of these genes, Runx-1 may represent a novel signalling target to mediate Wnt-4
activity in the control female development 

The role of receptor-tyrosine kinase ErbB4 in kidney development was studied by using both
in vivo gain and loss of function approaches. In the gain-of-function situation, we found that
certain markers for the epithelial tubules and collecting ducts lost their polarized expression
pattern. At the same time, the orientation of the cells in the kidney tubules was deregulated and an
increase in cell proliferation was noticed. We suggest that the observed defects gave rise to an
increase in the tubule diameter and to cyst formation in the kidney cortex. In the loss-of-function
mouse, the lack of ErbB4 expression led to a similar phenotype as with the gain of function, and
the renal functions of the mutant adult kidneys were compromised. 

In conclusion, the results point to specific roles for Wnt-4 and ErbB4 in the control of
urogenital development. Wnt-4 appears to be crucial in sustaining proper female somatic cell and
germ cell differentiation, and maintenance of gonad development during and after the sex
determination event, while ErbB4 activity is critical for the regulation of tubular growth in
embryonic kidney development. 
  

Keywords: cell adhesion, collecting duct, cyst, ErbB4 signalling, germ cell, gonad,
kidney, meiosis, microarray, pluripotency, polarity, target gene, tubule, Wnt signalling,
Wnt-4, Wnt-5a, β-catenin
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Tiivistelmä
Sekä nisäkkään jälkimunuainen, lisämunuainen että sukurauhanen kehittyvät alkion urogenitaa-
lialueen järjestelmästä ja solu- ja kudosvuorovaikutukset ohjaavat elinkehitysprosessia. Tapahtu-
man molekyylitason mekanismit ovat kuitenkin huonosti tunnettuja. 

Tässä väitöskirjatyössä tutkittiin Wnt-4 signaalin tehtäviä sukurauhasen ja ErbB4- proteiinin
munuaisen kehityksessä. Wnt-4 signaali on keskeinen naisen sukupuolisuuden kehityksessä,
koska signaalin puutos aiheuttaa alkion sukupuolen osittaisen kääntymisen naaraasta koiraaksi.
Tarkastelimme aluksi sitä, välittääkö Wnt-4 itusolujen ja sukurauhasen somaattisten solujen vuo-
rovaikutuksia ohjaten itusolujen meioosia, jota mm. A-vitamiini säätelee. Havaitsimme, että
Wnt-4 geeni puuttuessa tietyt meioosia säätelevät geenit kuten Stra8 ja Spo11 olivat heikenty-
neet, kun taas solujen monikykyisyyteen liittyvät geenit kuten Oct4, Fgf9, Sox2 ja Dnmt3l akti-
voituivat vastaavalla tavalla kuin havaitaan normaalisti koirasalkion kivesaiheessa. Tämän lisäk-
si havaitsimme, että Cyp26b1-geeni, joka johtaa A-vitamiinin hajoamiseen alkiossa ja estää nor-
maalisti meioosin koirasalkion kivesaiheessa oli aktivoitunut munuaisrauhasaiheessa, jolta puut-
tuu Wnt-4 aktiivisuus. Tuloksemme osoittavat, että Wnt-4 säätelee osaltaan naarasalkion itusolu-
jen meioosia. 

Tarkastelimme myös mikrosirututkimusten avulla niitä geenejä, joita Wnt-4 säätelee sukue-
linaiheessa. Identifioimme useissa Wnt ja β-catenin signaalireittiin liittyvissä geeneissa muutok-
sia. Muuntuneet geenit voivat olla Wnt-4 signaalireitin kohdegeenejä. Näistä Runx-1 saattaa olla
keskeinen Wnt signaalitien kohdegeeni, joka säätelee merkittävällä tavalla naaraan munarauha-
sen kehitystä. 

Väitöskirjan toisessa osassa tarkastelimme ErbB4-reseptorityrosiinikinaasin tehtäviä munuai-
sen kehityksen säätelyssä. ErbB4-geenin tehtäviä tutkittiin käyttäen hyväksi siirtogeenisiä malli-
organismeja, joissa ErbB4-geenin määrä oli joko koholla tai ajastetusti inaktivoitu. ErbB4- gee-
nin kokeellinen yliaktiivisuus muutti spesifisti tekijöitä, jotka säätelevät osaltaan jälkimunuai-
sen epiteeliputkien solujen orientaatiota ja solun jakautumista. Solujen orientaatiomuutoksen
yhteydessä myös solujen jakautuminen häiriintyi. Oletuksemme on, että nämä epiteelikudokses-
sa tapahtuneet muutokset ovat syy, miksi kohotettu ErbB4-aktiviteetti muuttaa epiteeliputkien
paksuutta ja pituutta erityisesti munuaisen pintakerroksissa. Havaitsimme myös, että ErbB4-gee-
nin ajastettu poistaminen munuaisen epiteelikudoksessa johti hyvin samankaltaisiin, mutta vas-
takkaisiin muutoksiin kuin ErbB4-aktiviteetin kohottaminen. Muutokset johtivat myös muutok-
siin munuaisen toiminnassa. 

Yhteenvetona toteamme, että näillä Wnt-4 ja ErbB4 solusignallointiin liittyvillä molekyyleil-
lä on keskeinen tehtävä alkion munarauhasen ja munuaisen aiheen kehityksen säätelyssä. Wnt-4
ohjaa sekä itusolujen että somaattisten solujen erilaistumista ja samalla sukupuolen määräyty-
mistä ja jatkokehitystä, kun taas ErbB4-signallointireseptorin tehtävä on avainasemassa munuai-
sen epiteeliputken kasvun säätelyssä. 

Asiasanat: ErbB4 signalointi, itusolu, kohdegeeni, kokoojaputki, kysta, meioosi, microarray,
munuainen, polarisuus, soluadehesio, sukurauhanen, Wnt signalointi, Wnt-4, Wnt-5a, β-catenini
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Bmp  bone morphogenetic protein 

β-Catenin  catenin (cadherin associated protein), beta 1 

BUN  blood urea nitrogen 

Ccr  creatinine clearance 

CD  collecting ducts  

Cl  chlore 

Cyp26b1  cytochrome P450, family 26, subfamily b, polypeptide 1 

Dash2  dachshund 2 

DNA  deoxyribonucleic acid  

Dvl  dishevelled 

Emx2  empty spiracles homolog 2 

ErbB4  v-erb-a erythroblastic leukemia viral oncogene homolog 4 

Fgf  fibroblast growth factor 

Fog2/Zfpm2 zinc finger protein, multitype 2 

Fst  follistatin 

Fz  frizzled 

Gata  GATA binding protein 

GC  germ cell  

Gsk3β  glycogen synthase kinase 3 beta 

Hmgb2  high mobility group box 2 

Inhbb  inhibin beta-B 

Jnk  Jun kinase 

K  potassium 

MDCK  Madin-Darby Canine Kidney Cells 

MD  Müllerian duct 

MIS  Müllerian inhibiting substance 

MM  metanephric mesenchyme 

Na  sodium 

Nanos2  nanos homolog 2 

Notum  notum pectinacetylesterase homolog 

ORF  opening reading frame 

Pax  paired box gene 

PGC  primordial germ cells 

Prdm  PR domain containing 

PT  proximal tubule 
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PCP  planar cell polarity 

RA  retinoic acid 

RNA  ribonucleic acid 

Rq-PCR  real time PCR 

Rspo1  R-spondin homolog 1 

Runx1  runt related transcription factor 

Sf1/Nr5a1  nuclear receptor subfamily 5, group A, member 1 

Sox  Sry-like homeobox containing gene 

Sry  sex-determining region on the Y chromosome 

Stra8  stimulated by retinoic acid gene 8 

Sypc  synaptonemal complex 

Tacr3  tachykinin receptor 3 

TCF  transcription complex factor 

UB  ureteric bud 

WD  Wolffian duct 

Wnt  Wingless-related MMTV integration  

Wt1  Wilm tumor 1 
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1 Introduction 

Organogenesis is regulated by sequential and reciprocal tissue interactions that 

occur typically between epithelial and mesenchymal layers during embryonic 

development (Saxen & Sariola 1987).  

Wnt genes represent a family of highly conserved, secreted signalling 

molecules which are critical in the regulation of cell-to-cell interactions during 

embryogenesis. Mutations in certain Wnt genes or in the Wnt pathway 

components lead to specific developmental defects and, moreover, aberrant Wnt 

signalling is associated with various diseases such as cancer. Of the 20 Wnt genes, 

Wnt-4 is a crucial gene for female development. Wnt-4 deficiency leads to partial 

female to male sex reversal. However, very little is currently known about its 

possible function and its action on germ cells, except that 90% of the germ cell 

population is lost at birth due to a massive apoptosis (Vainio et al. 1999). 

ErbB receptor tyrosine kinases consist of four members. Their aberrant 

signalling is associated, for example, with the development of certain 

neurodegenerative diseases in humans and disturbed ErbB gene function or 

signalling is linked to tumorigenesis in breast cancer. Of the Erbs, ErbB4 

functions have been studied extensively and is associated with changes in cell 

proliferation in relation to diseases like renal cancer and also to certain genetic 

diseases such as polycystic kidney disease (PKD) (Thomasson et al. 2004, Nemo 

et al. 2005), but not very much is known about its role during nephrogenesis.  

The overall goal of this thesis is to gain an understanding of how Wnt4 

signalling regulates sexual development and to determine what the detailed role 

of ErbB4 in the control of kidney development is. The specific aim was to study 

how Wnt4 regulates gonad development, and especially embryonic germ cell 

maturation and differentiation, by identifying the genes that may be regulated by 

the Wnt-4 pathway. Based on previous experiments, it was known that ErbB4 is 

an essential component of the kidney epithelium in humans (Srinivasan et al. 

1998). Given this background, our main objective was to understand what the role 

of ErbB4 is during embryonic development, but also in the more mature kidney 

using conditional gain- and loss-of-function studies in the mouse. 
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2 Review of the literature 

2.1 Urogenital development 

The urogenital system (kidneys, gonads, and their respective ducts and adrenal 

glands) are derived from the embryonic intermediate mesoderm, and the 

developmental steps via the pro- meso- and metanephros stages have been 

detected in vertebrates such as birds and mammals (Gilbert & Epel 2009). 

2.2 Gonad development 

The development of the gonads and associated derivatives (uterus, vagina in the 

female, and seminal vesicles, prostate glands and penis in the male) starts in the 

mouse around E10.5 and development is rather complete at birth (Fig. 1). The 

gonads originate from the mesonephros next to the nephrogenic cord and generate 

the genital ridges which are composed of somatic cells derived from the coelomic 

epithelia and mesonephros, and of germ cells after their migration from the 

allantoids (Gilbert & Epel 2009).  

In the beginning, the genital ridges contain Wolffian ducts (WD) and 

Müllerian ducts (MD) in both sexes. When Sry is activated in the gonads, the 

embryo develops testes in males and the lack of Sry triggers formation of ovaries 

in females. The MD disappears after the expression of Müllerian inhibiting 

substance (MIS) secreted by Sertoli cells in male, while in the female, the non-

secretion of MIS allows the MD to be maintained and developed into the oviducts, 

uterus and vagina. In the male, the WD starts differentiating into the epididymis, 

vas deferens and seminal vesicles (Fig. 1, Behringer et al. 1994). 
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Fig. 1. The intermediate mesoderm generates the indifferent gonad that gives rise to 

the female or male urogenital system. The bipotential gonad contains the Wolffian 

ducts which remain only in males and provide the epididymis and vas deferens, and 

the Müllerian ducts which are specific to females, leading to the oviducts, uterus and 

vagina. 

2.2.1 Bipotential gonad  

The gonad is thought to be initially bipotential. From a single primordium the 

gonad can develop either into a testis or into an ovary, demonstrating the 

plasticity of the gonad. If mutations or in vitro manipulations in the primordium 

block the developmental process of the cells either in males or females, the 

development of the gonad is compromised and consequently the gender of the 

embryo (McLaren 1999, Ross et al. 2003, Brennan & Capel 2004).  

The gonad develops from the mesonephros at around E10.5 in the mouse, and 

the organ rudiment matures, depending on environmental and genetic cues, either 

into an ovary or a testis. Until E11.5, no differences can be observed between the 
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mesonephros or the gonad in XX and XY embryos, and they remain 

undifferentiated until E12.5 (McLaren 2000). 

The development of the bipotential gonad requires certain genes, such as 

empty spiracles homolg 2 (Emx2), Wilms tumor 1 (Wt1), Lim homeobox protein 

9 (Lhx9), GATA-binding protein 4 (Gata4), Zinc finger protein, multiple 2 (Fog2), 

chromobox homolog 2 (Cbx2), and Lim homeobox gene 1 (Lim-1, see Fig. 2). All 

these transcription factors are expressed earlier in other regions of a developing 

embryo, but they are essential to the growth of the fully functional gonad. If the 

function of any of these genes is inactivated in the embryonic stem cells, drastic 

mouse phenotypes in the gonads are observed. For example, Emx2 knock-out 

shows the absence of gonads due to defects in the coelomic epithelium 

(Miyamoto et al. 1997). Wt1 knock-out lacks gonads at E14.0 (Kreidberg et al. 

1993). Lhx9 knock-out shows a male to female sex reversal as evidenced in part 

by the presence of a Müllerian duct and regression of the Wolffian duct which is 

typical for the developing male embryo. Such partial sex reversal is thought to be 

due to lack of testosterone production (Birk et al. 2000). Lim1 knock-out leads to 

females which have ovaries, but the urogenital system lacks the uterus and 

oviducts (Kobayashi et al. 2004).  

Another crucial player in the development of the bipotential gonad is the 

Steroidogenic factor-1 (Sf1) gene. Female Sf1 knock-out mice present female 

genitalia, but the gonads are degenerated (Luo et al. 1994). Sf1 gene expression is 

regulated in part by chromobox homolg 2 (Cbx2) and transcription factor 21 

(Tcf21, Pod1) factors. The Cbx2 knock-out leads to a male to female sex reversal 

(Katoh-Fukui et al. 1998) while the Pod1 knock-out male mice have disorganised 

sex cords in testis and a Pod1 deficient gonad resembles ovarian tissue (Cui et al. 

2004). Other currently known regulators of gonad development include 

Gata4/Fog2 transcription factors. These are presumed to form a complex 

(Manuylov et al. 2008) and may be the intermediates between transcription and 

the Wnt signal transduction pathway during ovarian development. It can be 

concluded that several genes are critical in controlling bipotential gonad 

development, and that their absence also causes failure in later gonadal 

developmental steps, as indicated by the lack of Sertoli and granulosa cells in 

these mutant mice. 
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2.2.2 Sex determination 

In mammals, sex is determined by the genotype, i.e.,the sex chromosomes. The 

presence of a Y chromosome leads to male development (XY) and its absence 

promotes female development (XX). Secondly, sex is also regulated in part by 

environmental factors in the form of hormones, and testosterone in particular is 

critical to the advancement of male differentiation. 

Male  

Sex Related Y (Sry), which encodes a high-mobility group box motif on the DNA 

in the Y chromosome, is thought to be the master regulator that determines the 

male sex. The absence of Sry, or the presence of mutations in the Sry gene, leads 

to failure of testis development which may result in a complete or partial male to 

female sex reversal in the mouse (Berta et al. 1990, Koopman et al. 1991). In 

humans, deletion of certain segments of the Y-chromosome or non-sense 

mutations in the Sry open reading frame (ORF) give rise to a karyotype of 46,XY 

and a female phenotype. Such a genotype associates with partial or complete 

gonadal dysgenesis in the male (Veitia et al. 1997).  

In mice, the Sry mRNA starts to be expressed in each pre-Sertoli cells in the 

bipotential, genetically male gonad at E10.5. Sry expression is still detected at 

E12.5 when the pre-differentiated Sertoli cells appear. The Sry protein is 

expressed in the nucleus of the Sertoli cells and this is where it is believed to 

target the up-regulation of SRY-box containing 9 (Sox9) gene expression, which is 

the other major component in the male sex differentiation pathway (Fig. 2, 

Koopman et al. 1990, Sekido et al. 2004, Sekido & Lovell-Badge 2008).  

The transcription of Sry is regulated by genes like Sf1, Wt1, and Gata4/Fog2 

(Miyamoto et al. 2008). These factors induce an immediate response made 

noticeable by the level of expression of Sox9 gene which creates and maintains a 

positive feedback loop on Sry expression (Sekido & Lovell-Badge 2008). Sox9 

induces expression of Fgf9 (fibroblast grow factor 9) through fibroblast growth 

factor receptor 2 (Fgfr2) on the Sertoli cells. Sox9 expression is maintained by 

Fgf9 signals and the increased level of Sox9 expression is thought to lead to 

differentiation of the indifferent gonad into testis with the formation of testis 

cords (Chaboissier et al. 2004, Kim et al. 2006, Kim et al. 2007). These data 

suggest that the Sertoli cells serve as the foundation of the testis cords, whose 

function is to nurture the germ cell line until maturity. Recently, Sertoli cell 
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divisions and migration were studied by using different fluorescent transgenic 

mouse lines through embryonic and adult testis. The membrane and cytoplasm of 

the Sertoli cells were adjacent to the germ cells, revealing physical connections 

(Nel-Themaat et al. 2011). Thus, the Sertoli cells play a crucial role in the control 

of testis development and in the maturation of the sperm in the testis.  

 Sf1:CreTG/+ ; Sox9Flox/Flox transgenic mouse was generated by deleting Sox9 

under the control of Sf1 promoter and these  mice undergo a male to female sex 

reversal. The XY follicles had developed correctly in the ovary of the mutant 

mice until P0, moreover, strikingly, the XY oocytes were fertile enough to 

produce offspring (Lavery et al. 2011). Despite the critical role of Sox9 during 

early development in males, Sox9 appears not to be essential for male fertility 

when the gene is absent during gonad development. 

Desert hedgehog (Dhh, Bitgood et al. 1996) is expressed in Sertoli cells 

around the time of Sox9 expression, and Dhh is thought to provide a cell signal 

for the proliferation of the Leydig-cell lineage through a paracrine mechanism. 

The origin and differentiation of the foetal Leydig cell lineage are not completely 

understood (Brennan & Capel 2004, Griswold & Behringer 2009). The main 

function of the Leydig cells is to produce testosterone to maintain the Wolffian 

duct. Testosterone is also critical for virilising the gonads ducts and external 

genitalia. In the male, the Müllerian duct degenerates through the action of a 

secreted growth factor from the transforming growth factor beta family, namely 

Amh (Anti-Müllerian hormone, Behringer et al. 1990) which is synthesised by the 

Sertoli cells. To have a complete Müllerian duct regression, Amh signalling 

activates β-catenin (Ctnnb1) through Wnt-4 and other Wnt ligands in the 

mesenchymal Müllerian duct (Kobayashi et al. 2011).  

Another key player in Leydig cell differentiation is platelet derived growth 

factor (Pdgf) and Pdgf signals act through its receptor Pdgfrα. Pdgfrs are 

expressed in foetal Leydig cells, and in the peritubular myoid cells which 

compose the outer structure of the testis cords. When Dhh and Pdgf function has 

been experimentally inactivated in the male genital system, the mutants show 

defects in the testis cords and in the interstitium compartment of the testis (Yao et 

al. 2002, Brennan & Capel 2004). Hence, both of these signals are important for 

male gonad development as well. In conclusion, in order for the creation of a 

male embryo to take place, Sry needs to be activated in order to induce a 

downstream cascade of signals which initiates the formation of the testis cords 

through key genes (Sox9 and Fgf9), while androgens, which are produced in the 

Leydig cells, maintain testis development. 
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Female 

The ovarian differentiating pathway does not involve the Sry gene, but instead 

utilises the Wnt signalling pathway with two key molecules: R-spondin homolog 

1 (Rspo-1) and Wingless 4 (Wnt-4, see Fig. 2).  

Rspo-1 is a secreted protein and acts on the Wnt-4 signalling pathway. Both 

knock-outs present a similar phenotype, a sex reversal from female to male. The 

gonads of Rspo-1- and Wnt-4-deficient embryos contain structures like testis 

cords and a coelomic vessel, which is a characteristic of the testis, appeared on 

the ventral part of the ovary (Vainio et al. 1999, Kim et al. 2006, Chassot et al. 

2008). Both molecules are thought to act on β-catenin, either directly or indirectly, 

as a complex with a Wnt ligand, resulting in an increase of β-catenin levels in the 

somatic cells (Chassot et al. 2008, Maatouk et al. 2008). It has been suggested 

that the increased level of β-catenin induced by the activation of Wnt-4 signalling 

in granulosa cells leads to degradation of Sox9, preventing the expression of Fgf9 

in the somatic cells and the formation of the testis cords (Maatouk et al. 2008, Liu 

et al. 2009).  

Forkhead box L2 (Foxl2) transcription factor is another critical molecule for 

ovarian folliculogenesis and granulosa cell development (Ottolenghi et al. 2005). 

Foxl2 expression is restricted to the ovarian stroma. Foxl2 knock-out mouse 

models show that ovarian follicle formation is blocked and this leads to partial 

ovary-to-testis sex reversal with the presence of Sertoli cells and seminiferous 

tubule formation (Schmidt et al. 2004, Uda et al. 2004, Uhlenhaut et al. 2009). 

Such development takes place independently of the activities of Wnt and Rspo1 

(Garcia-Ortiz et al. 2009). Vidal and coworkers showed that Foxl2 down-

regulates Sox9 and Inhibin βB (Inhbb) (Vidal et al. 2001). After the activation of 

the Rspo1/Wnt-4/β-catenin and Foxl2 signalling pathways, two female specific 

genes, Bmp2 and Follistatin (Fst), are induced. The Wnt-4 signalling pathway 

activates Fst expression which is maintained by bone morphogenetic protein 2 

(Bmp2) and Foxl2 (Kashimada et al. 2011). The Wnt-4/ Fst signalling cascade 

inhibits Inhbb expression, and the induction of Wnt-4, Bmp2 and Fst signals are 

thought to be required for inhibition of the formation of the coelomic blood vessel 

in the ovary and for germ cell survival (Yao et al. 2004).  

Steroid hormones, such as estradiol, are produced in the ovary by the theca 

cells and granulosa cells. It has become evident that oestrogens also maintain the 

female pathway. For example, Foxl2 up-regulates the P450 aromatase (Cyp19) 

gene which encodes a key enzyme for the conversion of testosterone into estradiol, 
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which supports follicular maturation during embryonic development (Bakke et al. 

2001). To the contrary, in the Wnt-4 knock-out female ovary, testosterone is 

produced due to changes in the migration of the steroidogenic precursor cells of 

the adreno-gonad primordium into the anterior region of the gonad (Jeays-Ward et 

al. 2003, Heikkila et al. 2005). In the case of Wnt-4 deficiency, testosterone 

production is thought to lead to the transformation of the presumptive granulosa 

cells into those giving rise to the Leydig cells. The Wnt-4 knock-out is 

characterized by deregulation of the follicles (Vainio et al. 1999, Heikkila et al. 

2005). During follicular development, estradiol is present in the follicular fluid. 

Its concentration rises and its maximum is at the antral and preovulatory follicles 

which trigger an immediate ovulation (Gougeon 2010). Boyer et al. demonstrated 

that that few Wnt4flox/−;Amhr2tm3(cre)Bhr/+ antral follicles exist in the mutant ovary. 

They concluded that Wnt-4 may regulate steroidogenesis in the granulosa cells 

(Boyer et al. 2010). 



 26

 

 
Fig. 2. Gene interactions involved in the control of gonad development which give rise 

to a testis or an ovary. 
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2.3 Differentiation of the germ cells and their migration 

Within a specific time frame, the germ cells multiply, differentiate and migrate to 

the gonad. Mouse germ cells can be observed in the allantois around E6.25, they 

proliferate between E7.5 to E8.5 and start thereafter to migrate and reach the 

bipotential gonad at around E10.5 of development. Several knock-out mice have 

been generated to address the mechanism that regulates the determination of the 

primordial germ cell (PGC) precursors (Table 1). Similar phenotypes have been 

observed in many of these knock-out mice, namely either drastic reduction of the 

PGCs, or complete lack in the formation of PGCs or failure in the migration of 

PGCs to the bipotential gonads.  

Bmp4 and Bmp8b signals from the transforming growth factor superfamily 

are secreted by the cells of the extraembryonic ectoderm, while Bmp2 is 

expressed in the visceral endoderm. These signals are considered to be key 

elements for the formation of the PGC. Bmp signalling involves a signal 

transduction cascade where phosphorylation of Smads is critical and is regulated 

dose dependently by the Bmps in the epiblast cells (Edson et al. 2009). In an early 

embryo, at developmental days E5.5 and E6.0, the still pluripotent proximal 

epiblast cells that reside at the posterior end of the embryo are thought to receive 

the Bmp signals that induce the epiblast cells to become PGC precursor cells (de 

Sousa Lopes et al. 2007). These cells start to express the gene Ifitm3 (interferon-

induced transmembrane protein 3, known as fragilis) which also serves as a 

specific marker for the differentiation of the PGC precursor into germ cells 

(Saitou et al. 2002). 

Around E6.25 the Ifitm3-positive epiblast cells activate a second gene, PR 

domain containing 1 with ZNF domain (Prdm1) (Ohinata et al. 2005), in the 

progenitors of the PGCs. By E7.5, the Prmd1-positive cells have also become 

positive for alkaline phosphatase, which is also used as a specific tracer of the 

PGCs (Ginsburg et al. 1990). Cells at this stage represent the founders of the 

PGCs and localise at the extraembryonic ectoderm as defined by Payer et al. 

(Payer et al. 2003). Prmd1 also has another role in the differentiation of the PGCs 

into the germ cells. Prdm1 knock-out embryos have a very limited number of 

germ cells due to the failure to increase the number of PGCs, but they also exhibit 

failure in the migration of the precursor cells into the undifferentiated gonad 

(Payer et al. 2003). The hypothesis for the PGC failure to multiply is based on 

Lin28. The function of Prmd1 depends on Lin28 which inhibits an oncogene, let-

7 micro-RNA, whose function is to repress proliferation (West et al. 2009). In 
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addition to Prdm1, Prdm14 is expressed in PGCs and regulates germ cell 

differentiation through Bmp4 signalling. Consistent with this notion, the Prdm14 

knock-out embryos have less Prdm1-positive cells, which normally migrate into 

the indifferent gonads (Yamaji et al. 2008).  

Further along in the differentiation process, the PGCs start to express the 

pluripotency markers Pou5f1, Sox2, Nanog and Stella. These are, however, not 

crucial for PGC differentiation (Payer et al. 2003, Edson et al. 2009), but Prmd14 

is necessary for the reactivation of the potential pluripotency of the germ cells. 

The Prdm14 knock-out mouse does not express Sox2 (pluripotency marker) and 

the PGCs fail to proliferate, which results in a deprivation of germ cells in the 

adult gonads (Yamaji et al. 2008). 

Prior to E7.5, the chromatin of PGCs has a characteristic pattern of 

methylation. This is thought to be due, in part, to the activity of the germ cell 

expressed factors Prdm1 and Prdm14. Both of these genes encode transcriptional 

repressors of the histone methyltransferase subfamily (Ohinata et al. 2005, Saitou 

et al. 2002).At around E8.5, a specific pattern of chromatin has been created in 

the transcriptionally silent PGCs and the cells are considered ready to initiate 

migration from the yolk sac to the bipotential genital ridge through the hind gut 

(Molyneaux et al. 2001).  

The migration of the PGC towards the gonad is believed to be based on 

somatic cell-produced chemoattractants. Chemokine stromal-derived factor 1 

(Sdf1, Ara et al. 2003), growth factor kit ligand (kitl, Farini et al. 2007) and the 

gradient of extracellular matrix proteins E-cadherins (Di Carlo & De Felici 2000) 

and collagen type 1 (de Sousa Lopes et al. 2004) serve as part of the components 

that mediate the chemoattraction of the PGCs. The migration process is critical 

for the subsequent survival of the germ cells because if any PGCs remain in the 

primitive streak and/or hind gut, they die by apoptosis. In such cells, the pro-

apoptotic genes are up-regulated (Runyan et al. 2006).  

When the PGCs have reached the gonad, they lose their mobility. Moreover, 

their extracellular environment, the somatic cells, may be connected to changes in 

the methylation status of the chromatin, which is associated with the imprinting 

program and the reactivation of the inactivate X chromosome in females (Chuva 

de Sousa Lopes et al. 2008). 

When the PGCs enter into the gonads after their migration from the hindgut, 

they are referred to as germ cells (GC) or gonocytes. The GCs will continue their 

development and differentiation in the gonads. The GCs are bipotential and can 
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differentiate either into oocytes or spermtocytes, which is dependent on their 

genotype and the somatic environment of the cells. 

Table 1. Phenotypes of mice with defects in PGC formation and migration (modified 

from Edson et al. 2009). 

Genes Phenotype/ consequences on PGCs References 

Bmp2 Embryonic lethal, no PGCs Ying & Zhao 2001 

Bmp4 Embryonic lethal, no PGCs Lawson et al. 1999 

Bmp8b Viable, male infertility and reduced PGC number Ying et al. 2000 

Ifitm3 (Fragilis) Not effect on PGCs  Saitou et al. 2002 

Prdm1 (Blimp1) Embryonic lethal, PGC differentiation defects Ohinata et al. 2005 

Prdm14 Infertile Yamaji et al. 2008 

Dppa3 (Stella) Pluripotent marker Payer et al. 2003 

Pou5f1 (Oct4) Pluripotent marker Bullejos & Koopman 2004 

Nanog Pluripotent marker Chambers et al. 2003 

Sox2 Pluripotent marker Botquin et al. 1998 

2.3.1  Germ cell maturation 

Through further differentiation, the GCs acquire their typically round shape 

which makes them distinguishable from the somatic cells. The GCs start to cluster 

as a result of formation of tight cellular connections, which leads to the inhibition 

of motility of the germ cells (Di Carlo & De Felici 2000, Pepling & Spradling 

2001). When the colonization of the gonad has become completed, the GCs 

initiate expression of certain other genes such as germ cell nuclear antigen 

(Gcna1), deleted azoospermia like (Dazl1), and mouse vasa homologue (Mvh or 

Ddx4 DEAD (Asp-Glu-Ala-Asp) box polypeptide 4, Fujiwara et al. 1994). The 

first difference between male and female GCs is that the female GCs enter into 

meiosis at E13.0 and the male GCs divide mitotically and are quiescent until birth. 

Control of meiosis in the female 

The female GCs proliferate and undergo mitotic cell divisions until E13.0 in the 

mouse. During their differentiation along the female pathway, in order to generate 

the oocytes, the GCs lose their property to express certain pluripotency markers 
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such as Oct4, Sox2, Dnmt3l which are also key signals for the male GCs (see Fig. 

3, Ewen & Koopman 2010, Bowles et al. 2010).  

Retinoic acid (RA) is produced by the anterior cells of the mesonephros. Its 

product, trans-retinoic acid, is secreted into the presumptive granulosa cells from 

mesonephric tubulular cells located adjacently to the gonad (Bowles et al. 2006). 

In the germ cells, RA activates the Stra8 (stimulated by retinoic acid 8) gene. 

Stra8 is a pre-meiotic marker which is exclusively expressed in differentiating 

female germ cells. Those germ cells which lack Stra8 function do not initiate the 

replication step that precedes meiosis and the chromosomes fail to condense 

(Menke et al. 2003, Baltus et al. 2006). Also, in the adult male, those germ cells 

which lack Stra8 function due to gene knock-out fail to condense their DNA, 

which supports the conclusion that Stra8 is indeed a crucial factor for the 

initiation of meiosis (Anderson et al. 2008). Trautmann et al. showed that RA 

signalling is mediated through phosphoinositol 3 kinase (PI3K) which plays a role 

in preventing the arrest of the germ cell at mitosis (Trautmann et al. 2008). Stra8 

protein shuffles between cytoplasm and nucleus in the germ cells and this is 

mediated by the nuclear import/export motifs contained in the Stra8 structure 

(Tedesco et al. 2009). 

Stra8 expression proceeds as a wave, indicating that the germ cells initiate 

meiosis as an anterior-posterior wave. In this process, Stra8 interacts with Sycp3 

(synaptonemal complex 3) which forms a meiosis-specific structure, which is 

required for the formation of the pairing of homologous chromosomes during the 

leptotene stage of meiosis. Another protein, Dmc1 (dosage suppressor of mck1 

homolog, meiosis-specific homologous recombination) is required at the zygotene 

stage of meiosis for repairing breaks which have been formed in the double helix 

of DNA taking place during meiotic recombination at E13.5. Also, this process 

appears to start from the anterior of the gonad and proceed to the posterior part of 

the ovary (Bullejos & Koopman 2004, Baltus et al. 2006). The GCs finalise their 

meiosis near birth and the GCs arrest in the diplotene stage of meiosis I. Meiosis 

becomes complete post-natally at puberty during folliculogenesis and the 

associated ovulation. 

It is also typical that during meiosis, the GCs undergo apoptosis which occurs 

as two waves in the ovary around E13.5 and from E15.5 until birth. Apoptosis 

becomes activated in the GCs when these cells obtain defects in their nuclear or 

mitochondrial genomes. The role of the process is thought to ensure the integrity 

of the genome of the GCs which are the cells that transmit the genetic information 

of an individual to the next generation (Bristol-Gould et al. 2006). 
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Fig. 3. Induction of meiosis in females and maintaining pluripotentiality in males. 

Quiescence in the male embryonic germ cells 

In the male, the GCs reside within the nascent testis cords and undergo rapid 

proliferation via mitosis at E12.5. The Sertoli cells are critical in the control of the 

meiotic arrest of the male germ cells and they up-regulate an enzyme, Cyp26b1 

(cytochrome P450 26B1), which degrades the RA. RA is produced by the cells of 

the embryonic mesonephros which are adjacent to the developing testis. When the 

Cyp26b1 enzyme is inactivated by gene targeting, the male germ cells 

prematurely initiate meiosis, resembling the situation in the female embryos at 
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E13.5. Such GCs are arrested in their meiosis also at the pachytene stage 

(MacLean et al. 2007). Due to the activity of Cyp26b1, the male GCs are not in 

contact with RA during embryogenesis and do not initiate meiosis (Bowles et al. 

2006). The developing testis expresses yet another protein, Nanos2, that is active 

in the male germ cells at E13.5. Nanos2 functions by backing up the action of 

Cyp26b1 and repressing Stra8 expression and the initiation of meiosis (Suzuki & 

Saga 2008). Partly due to these activities, the male GCs enter into Go/G1 arrest 

and commit at the same time to the spermatogenesis pathway that takes place at 

puberty. 

The male GCs which do not enter into meiosis during embryogenesis express 

certain pluripotency markers such as Oct4, Sox2 and Dnmt3l. These factors 

promote mitosis in the male GCs during embryonic development (Ewen & 

Koopman 2010, Bowles et al. 2010). 

It has been postulated previously that the embryonic gonad secretes in both 

sexes a meiosis-activating substance (referred to as MAS), but that the determined 

testis starts to express a meiosis inhibitory factor (MIF) during embryonic 

development. The MIF would then go on to antagonise the activity of MAS. 

Undifferentiated XY germ cells, outside of the testis cords in culture, initiate 

meiosis (McLaren & Southee 1997) while undifferentiated XX germ cells in 

culture inside the testicular environment stop the meiotic process (Adams & 

McLaren 2002). What is thought to take place during maturation of the testis is 

that at puberty, when the male GCs start to enter meiosis, MIF activity decreases 

while MAS activity would be re-activated to induce spermatogenesis (Byskov & 

Saxen 1976). A current model suggests that Cyp26b1 could be the MIF (Bowles 

et al. 2006). 

2.3.2  Ovarian follicle formation  

A follicle in the ovary is a unit where an oocyte is surrounded by layers of 

granulosa cells and theca cells. The follicle is derived from germ cell clusters 

which are also called germ cell cysts or nests. These early germ cell cysts that 

precede formation of the follicles are composed of 2n germ cells that are derived 

from the PGCs which have undergone several rounds of cell proliferation. The 

germ cells that reside in the cysts form intercellular bridges and these connections 

may have a specific role in the determination of those cells which will go on into 

mature oocytes (Edson et al. 2009).  
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When meiosis is initiated, these germ cell cysts break up and the cells 

become surrounded by layers of somatic cells. Thus the breakdown of the germ 

cell cysts gives rise to the primordial follicles of the ovary. If the somatic cells fail 

to surround the differentiating, early presumptive oocyte, apoptosis is activated in 

the germ cells and leads to the disappearance of most of the ovarian oocytes 

(Pepling & Spradling 2001). 

2.4 Metanephric kidney development 

Kidneys derive from the intermediate mesoderm. In vertebrates, three kidneys 

emerge during embryogenesis and they are called the pro-, meso- and 

metanephros. They develop along the cranio-caudal axis and in a specific 

temporal sequence. In adult primitive fishes, like lampreys or hagfishes for 

example, the pronephros functions as the permanent kidney. In amphibians and 

fishes the metanephros develops into a permanent kidney in the adult. In adults of 

the higher vertebrates like reptiles, birds and mammals, the pronephros disappears, 

while the mesonephros contributes to the mesonephric tubules which generate 

parts of the male reproductive system, and the metanephric kidney is the 

permanent functional kidney. The metanephric kidney forms as a result of 

interactions between the ureteric bud (UB) and the metanephric mesenchyme 

(MM) (Fig. 4, Saxen & Sariola 1987, Gilbert & Epel 2009). 
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Fig. 4.  Kidney development from E11.0 until birth. UB: ureteric bud, MM: metanephric 

mesenchyme. 

2.4.1  Ureteric bud branching morphogenesis 

The ureteric bud (UB) is derived from the outgrowth of the Wolffian duct and it is 

the first morphological sign of initiation of kidney development. The location of 

UB formation determines the position where kidney development and the 

associated nephrogenesis start. The UB cells invade the adjacent metanephric 

mesenchyme (MM) in response to signals that are derived from the metanephric 

mesenchyme. Glial cell-line derived neurotrophic factor (Gdnf) serves as a major 

signal from the MM to initiate UB formation (Sainio et al. 1997) and it binds to 

its receptor Ret proto-oncogene (Ret) in the presence of its coreceptor, glial cell 

line-derived neurotrophic factor family receptor alpha 1 (GFRa1) on the UB. The 

Gdnf/Ret signalling loop is involved in the specification of the position where UB 

formation takes place. Throughout the whole process, from the earliest stages 

onward, kidney development is regulated by reciprocal and sequential tissue 

interactions between the UB and the MM. If the UB forms too caudally or 
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rostrally, it will not connect correctly to the bladder and also the bud will not 

properly invade the MM, compromising renal development (Airik & Kispert 

2007).  

The MM contains the progenitor cells for the nephrons of the metanephric 

kidney. Downstream from the mesenchymal signal, Gdnf, the nephric duct 

expresses a panel of factors namely Lhx1, Emx2, Gata3, Pax2 that are involved in 

the control of UB invading (Table 2) and at E11.0, a clearly distinguishable UB 

has been formed in the mouse (Shakya et al. 2005).  

The number of buds leading to UB branching (Chi et al. 2009) is based in 

part on the level of Ret expression. If Gdnf recombinant protein is added to the 

kidney culture, ectopic ureteric buds from the Wolffian duct appear (Sainio et al. 

1997). This process also involves Bmp4 signalling which inhibits UB branching 

by down-regulating Wnt11. The action of Bmp4 is controlled by a Bmp4 

antagonist, Gremlin (Grem1). Bmp2/4/7 are all thought to function as inhibitors 

of UB development and their activity is antagonised by Grem1 which promotes 

ureteric bud development (Michos et al. 2007). 

After invading the MM, the UB starts to branch repeatedly for at least ten 

generations and at birth the kidney, with it major parts, has become established to 

a major extent. UB branching has been visualized with the aid of time-lapse 

imaging which serves as a good system to address detailed cellular mechanisms 

of ureteric bud branching (Srinivas et al. 1999). Close to the time of birth, the UB 

has formed a highly branched tree which contains collecting ducts (CD) and the 

ureter. During the branching morphogenesis, both the UB trunk and the tip cells 

proliferate (Karner et al. 2009). Currently, however, very little is known about the 

molecular mechanisms which control cell proliferation in the UB epithelium and 

how the shapes and forms are generated during formation of new ureteric bud 

branches during kidney organogensesis. Several mechanisms seem to be involved 

in ureteric bud branching, such as cell movements of the UB epithelial cells (Chi 

et al. 2009), oriented cell divisions (Karner et al. 2009) and changes in cell shapes 

(Meyer et al. 2004). Branching morphogenesis is essential for kidney 

development. The branching process can be characterized by a number of defined 

parameters such as the site and type of branching, the angle of each ureteric bud 

branch, the rate of elongation and tubular diameter (Costantini & Kopan 2010).  

Undifferentiated UB cells are maintained by the activity of the canonical Wnt 

pathway. The absence of β catenin in the UB cells leads to premature expression 

of certain genes at the UB tip cells that are usually localised in the maturing 

collecting duct regions, in the distal segments (Bridgewater et al. 2008).  
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Time lapse analysis in organ culture and the introduction of labelled cells into 

the ureteric bud have indicated that the ureteric tip cells represent the progenitors 

of the entire epithelium of the branching kidney and the CD system (Shakya et al. 

2005). The UB tips secrete molecules such as Wnt11 or expressed transcription 

factors Etv4/Etv5 which act on the MM for up-regulating the Gdnf signal 

(Majumdar et al. 2003, Lu et al. 2009). In that respect, a positive feedback loop 

between Gdnf-Ret-Wnt11 acts on Gdnf signalling for a higher expression of 

Wnt11 and Ret at the tip level (Majumdar et al. 2003). Also, one downstream gene 

of the Ets variant gene 4/5 (Etv4/Etv5) is Met which is critical for the expression 

of Hepatocyte growth factor (HGF) that regulates UB branching (Lu et al. 2009).  

During the formation of new branches, the UB epithelium cells differentiate, 

and the UB cells become positioned either closer to the tip or to the trunk region 

(Costantini & Kopan 2010). During UB development, genes are localized in a 

spatially specific manner. There are, for example, genes that are expressed in the 

ureteric tip cells and control branching growth, while certain trunk genes have a 

defined function for CD development including genes that encode, for example, 

the ion channels (Lu et al. 2009). 

As the kidney develops, the degree of differentiation of the CD cells is 

coordinated by the differentiation of the cells that surround the MM, namely the 

stromal cells and those of the MM cells that form the nephron epithelia. The 

mature CDs become located in the distal nephron segment and connect to the 

non-mature CD and ureter. The CD contains a few key cells types such as the 

intercaled cells (IC) and principal cells (PC). Both of these cell types have distinct 

functions in the adult kidney which involve maintaining acid-base homeostasis 

and the balance between water and electrolytes. One of the first markers observed 

for the CD cells was aquaporin 2 in PC and carbonic anhydrase II in IC 

(Blomqvist et al. 2004).  

Two Wnt genes have been demonstrated to be crucial for proper CD 

development. Wnt7b regulates the epithelial cells of the kidney medullary zone 

where most of the CDs are localised. The Wnt7b knock-out mouse fails to form 

proper CDs due to disturbed cell divisions, especially in the set up of the angle of 

mitotic divisions during the development of the CD. More specifically, cell 

division in the Wnt7b deficient embryonic kidney is more radially oriented 

instead of being divided longitudinally. Such a defect was speculated to be the 

reason for the increase in diameter of the Wnt-7b deficient ducts (Yu et al. 2009).  

Similar observations were noted in the cases of Wnt-9b CDs. The mitotic 

divisions were randomly oriented which was believed to affect the planar cell 
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polarity of the CD epithelium and, consequently, increase the diameter of the 

tubules (Karner et al. 2009). These observations clearly indicate that the Wnt 

signalling pathway, more specifically, the Wnt-7b and Wnt-9b pathways, are 

critical signals for the cell division of the epithelium ducts.  

Table 2. Genes controlling ureter bud branching (modified from Dressler 2009, 

Costantini and Kopan 2010). 

Gene Expression Mutant phenotype 

Lhx1 UB UB outgrowth fails to develop (Shawlot & Behringer 1995) 

Emx2 UB Kidney agenesis (Miyamoto et al. 1997) 

Gata3 UB Nephric duct and UB failure (Grote et al. 2006) 

Pax2 UB UB outgrowth fails to develop (Torres et al. 1995) 

Ret UB UB outgrowth fails to develop (Schuchardt et al. 1994) 

GFRα1 UB UB outgrowth fails to develop (Cacalano et al. 1998) 

FGFR2 UB Small kidneys with aberrant UB branching (Zhao et al. 2004) 

Wnt11 tip of UB Smaller kidney reduced kidney (Majumdar et al. 2003) 

Gdfl1 UB UB outgrowth fails to develop (Esquela & Lee 2003) 

Met UB Reduction in nephrons number (Ishibe et al. 2009) 

Spry1 UB Multiple ureters and kidney (Basson et al. 2005) 

EGF UB Defect in UB branching (Threadgill et al. 1995) 

Etv4/Etv5 UB Renal agenesis or severe hypodysplasia (Lu et al. 2009) 

Wnt-9b UB, CD Cellular orientation mis-lead, increased CD diameter (Karner et al. 2009) 

Wnt-7b CD Increased apoptosis in CD (Yu et al. 2009) 

UB: CD: collecting duct 

2.4.2 Mesenchymal-epithelial transition 

When UB invades the MM, the tissues layers interact which advances MM 

development. The ureteric bud induces condensation of the MM cells that are 

adjacent to the tip regions of the UB. These cells represent the precursor cells of 

the nephrons. Soon after condensation, the MM cells, representing the cap, start to 

polarize and transform into epithelial cells of the nephron. This process represents 

mesenchymal-epithelial transition, MET, which in many other cases occurs as 

epithelial mesenchymal transition, EMT (Saxen & Sariola 1987, Gilbert & Epel 

2009). MET is induced at each of the ureteric bud branches that have been 

generated during ureteric bud branching morphogenesis, and each of the MET 

processes gives rise to a nephron. The condensed kidney mesenchymal cells 

undergo transition to a renal vesicle which goes on to generate a nephron via S-

shaped and comma-shaped stages. By E13.5, some of the early formed S-shaped 
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bodies have already started to compartmentalize into a primitive glomerular tuft, 

which is invaded by endothelial cells to generate the capillary loops. Also, the 

process of nephrogenesis generates the mesangium and the podocyte cells 

(Dressler 2009).  

Several Wnt genes are expressed in the early embryonic kidney (Carroll et al. 

2005). When Wnt-9b function is inactivated, the MM does not aggregate due to a 

failure in the MET. The UB invades into the MM, but Wnt-9b-deficient UB is not 

able to induce nephrogenesis in the MM. Another Wnt molecule, Wnt-4 is 

expressed in the MM and its function is to induce formation of polarized renal 

vesicles (Stark et al. 1994). From time-lapse movies of the Wnt4+/EGFPCre; 

Rosa26YFP reporter mouse, Wnt4 was detected in the first few pretubular cell 

aggregates which go on to form the nephrons, providing evidence that the MM 

cells indeed serve as the stem cells of the nephrons (Shan et al. 2010). Both the 

Wnt-9b and Wnt-4 knock-out mice are characterized by failure in nephrogenesis 

due to impairment of MET. According to the most recent hypothesis, the cap 

mesenchyme may require β-catenin-mediated Wnt signaling to initiate 

nephrogenesis, but the actual MET would be regulated by a non-canonical 

Wnt/PCP pathway. This suggestion is based on findings involving β-catenin 

(Ctnnb1) transgenic mice which produce a similar phenotype in the embryonic 

kidney as was noted with the Wnt-4 and Wnt-9b-deficient embryos (Park et al. 

2007). 

Fate mapping studies using the Cre-lox recombinase system have also made 

cell fate tracking during kidney development possible. Lineage tracing with the 

aid of Wnt-4 Cre (Shan et al. 2010), Six2 Cre (Kobayashi et al. 2008) or Cited 1 

Cre (Boyle et al. 2008) genes which activate a reporter gene in the cap 

mesenchyme, demonstrated that the cap mesenchyme gives rise to epithelial cell 

types with different fates, such as glomerular, proximal tubular and distal tubular 

epithelia. Based on these results, it appears that the cap mesenchyme represents a 

pluripotent cellular compartment, out of which the cells go on to proliferate and 

aggregate to form the segmented nephrons.  

Sine oculis-related homeobox 2 homolog (Six2) may play a role in the control 

of the stem cell population in the cap mesenchyme. This idea is based on an 

analysis of Six2 knock-out mice. In the Six2 -/- null embryonic kidney, epithelial 

structures of the nephron were detected alongside the entire T-shaped UB, and 

very little stem cells remained in the Six2-deficient kidneys (Self et al. 2006). 

Hence, without the activity of Six2, most of the cap mesenchyme stem cells were 
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induced to form nephrons at the expense of the renewal of the kidney 

mesenchymal cells.  

Additional critical secreted signaling molecules that are expressed in MM and 

are involved in the formation of the nephron are Fgf8 and Bmp7. Loss of Fgf8 

leads to increased cell death and reduction in the number of nephrons. Also Lhx1 

and Wnt-4 gene expression in the MM is inhibited (Perantoni et al. 2005, 

Grieshammer et al. 2005). In the case of Bmp7 deficiency, the MM become 

gradually depleted, indicating that Bmp7 functions as a survival factor for the 

MM cells (Dudley et al. 1995). In conclusion, Bmp7 deficiency reduces the 

capacity of the UB to undergo branching, and at the same time mesenchymal 

condensation, and the subsequent nephron epithelialization process, is impaired. 

2.4.3 Wnt signalling pathways and control of cell polarity in 
embryonic kidney 

Cell polarity is connected to cell differentiation processes that take place during 

organogenesis. Epithelial cells in particular are known to be highly polarized, but 

it is emerging that many cell types possess properties of polarization.  
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Fig. 5. Simplified Wnt/β-catenin signalling and PCP pathways in mice. The canonical 

pathway is activated by a Wnt molecule which leads to the phosphorylation of β-

catenin and its migration into the nucleus. When the canonical pathway is switched-

off due to the non-fixation of a Wnt molecule, β-catenin is degraded into the 

cytoplasm by the proteasome complex. The PCP pathway involves a Wnt signal which 

activates RhoA/Rac/Jnk down-stream of its receptor, which at the end, affects 

changes at the cytoskeletal level in the cytoplasm and at the transcription level in the 

nucleus. 

The canonical Wnt/β-catenin signalling pathway (see Fig. 5) is a highly conserved 

process in evolution. Signalling is based on the binding of a Wnt ligand to the 

frizzled receptor (Fz) which activates Dishevelled (Dsh). Dsh inhibits a protein 

complex called the “destruction complex” through Axin/GSK3β (glycogen 

synthase kinase-3 β). The activation of the complex directs accumulation of β-

catenin into the cytosol and the increased β-catenin is able to enter into the 

nucleus and bind to the TCF transcription factors, resulting in activation of the 
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transcription of the Wnt target genes. When the Wnt molecule is absent, the β-

catenin is degraded by a proteasome because when it becomes phosphorylated by 

the GSK3β containing “the destruction complex”. 

During kidney development, the planar cell polarity (PCP) pathway is one 

pathway that is involved in the control of polarised cell movement and tissue 

organisation (Fig. 5). The PCP pathway was identified in Drosophila 

melanogaster and its role has been extensively studied in developing fly wings 

and eyes (Fanto & McNeill 2004). PCP regulates the organisation of the cells in 

the plane of a tissue on an apical-basolateral axis, and several proteins, like 

frizzled, dishevelled, prickle, vang gogh, and flamingo, have been identified in 

the PCP pathway using the fly as a model (Saburi & McNeill 2005, McNeill 

2009).  

The PCP pathway is composed of the Fz receptor which is activated by a Wnt 

ligand. Fz down-regulates Dsh which in turn down-regulates RhoA and Junk. The 

RhoA and Junk mediate the PCP signal as changes in the organization of the 

cytoskeletal proteins take place. The regulation of the cytoskeleton proteins may 

coordinate the planar cell polarity response. Changes in the organization of the 

cytoskeleton are likely connected to changes in the oriented cell divisions and the 

movements of convergent extensions of cells which collectively contribute to the 

formation of a functional tissue with a proper length and width.  

2.4.4  Establishment of renal function 

The kidney is important for the homeostasis of the body. The kidney reabsorbs 

glucose, amino acids, regulates the balance of electrolytes and body fluids, and 

maintains acid-base osmolality and blood pressure. The kidney also produces 

hormones. Kidney function depends critically on the nephron. The nephrons are 

units of the mature kidney that filtrate the entering blood through a glomerular 

tuft, and the different parts of the tubules separate the waste from the blood to 

generate urine, and reabsorb excreted water from the filtrate to the blood. 

To identify if the functions of the kidney are working properly, several tests 

which are based on the use of biomarkers are available to detect, for example, 

kidney diseases based on diagnostics of serum and urine. The tests commonly 

used for this purpose are the blood urea nitrogen (BUN) test and the glomerular 

filtration rate (GFP) test based on creatinine clearance (Ccr). Both markers are 

derived from protein metabolism and products of the kidney. The BUN is a 

measure of the amount of nitrogen in the blood in the form of urea which is 
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excreted by the kidney. The GFP gives an idea about the volume of fluid filtered 

by the glomerular capillaries into the Bowman capsule (Fesler & Mimran 2011, 

Tesch 2010). Other biomarkers are used to detect the evolution of chronic kidney 

diseases like oxidative stress markers and albumin for early kidney, podocyte and 

tubular injuries.  

Creatinine clearance (mL/min) is calculated from the urine creatinine 

concentration in the sample (UCr, mg/mL), urine that has been collected for 24 

hours (V, mL), and the plasma concentration (PCr, mg/mL). 
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The BUN is the blood urea concentration divided by a constant, 2.14. 2.14 is the 

molecular weight of urea divided by the molecular weight of nitrogen in the urea 

molecule. 

Urea [mg/dl] = BUN [mg/dl] * 2.14 

An elevated BUN and Ccr indicate kidney malfunction, which left untreated, 

could lead to injury. 

2.4.5  Human kidney malformations 

Each human kidney contains between 300 000 and 1.8 million nephrons before 

birth (Nyengaard & Bendtsen 1992). This difference in nephron number is the 

result of genetic regulation and also the influence of environmental factors in 

utero (Little et al. 2010). Several defects in the human kidney can be studied in 

mice, which provide a simple model organism for detailed molecular 

pathogenetic studies. Knock-out or gain-of-function of one or more genes which 

have been observed to affect human kidney development or function can be 

genocopied in the mouse by using embryonic stem cells. Kidney diseases develop 

from failures which occur early on in the initiation stages of organogenesis and 

can affect the ureter or the nephron or both (Little et al. 2010). Recent studies 

have revealed that several cystic kidney diseases involve genetic alterations in 

canonical and non-canonical Wnt signalling (Lancaster & Gleeson 2010).  

CAKUT, congenital anomalies of the kidney and urinary tract, is the name 

given to a group of diseases caused by the most common human kidney 

deficiencies. CAKUT occurs in 1 out of every 500 humans (Schedl 2007) and is 

characterized by a wide variety of defects (aberrant ureteric budding, duplicated 
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collecting systems, duplex kidneys, magaureter, abnormal glomerulogenesis, 

pappilary hypoplasia, hydronephrosis and vesicoureteric reflux). One common 

determinant in CAKUT is likely due to disturbed development of the ureteric bud 

when it invades the MM (Ichikawa et al. 2002). Genetic studies on CAKUT 

patients identified mutations on the BMP4 and SIX2 genes which are expressed in 

the MM and are crucial for the organization of tubulogenesis during kidney 

development (Weber et al. 2006). 

Genetic defects in the genes which are expressed in the MM can have an 

effect on the formation of the nephron. The process involves the MET, but also 

indirectly, UB branching due to the dependence of kidney morphogenesis on 

sequential and reciprocal tissue interactions. Mutation in WNT4 results in renal 

hypoplasia (Biason-Lauber et al. 2004), whereas an aberrant splicing or large 

deletion of the WT1 is behind Denys-Drash syndrome, Frasier syndrome, Wilm’s-

Aniridia-Genital Anomoloies-Retardation syndrome and Wilm’s tumors, which 

consist of solid kidney tumours in children. The Wilm´s tumors contain 

embryonic kidney tissues, mostly tubular- and glomerular-like structures (Schedl 

2007, Khoury 2005). One hypothesis for the appearance of the phenotypes that 

are associated with Wilm´s tumor in the case of WT1 mutations is that the MM 

fails to undergo the MET process (Little et al. 2010).  

Polycystic kidney diseases (PKD) represent a common group of genetic 

diseases and are divided into the autosomal dominant polycystic kidney diseases 

(ADPKD) and autosomal recessive polycystic kidney diseases (ARPKD). These 

diseases are characterized by cyst formation in the cortex and the medulla zones 

of the kidney and can lead to nephropathies and kidney failures (Bacallao & 

McNeill 2009). Cystic diseases are characterized by a defect in primary cilia as is 

the case, for example, in Bardet-Biedl syndrome (Davenport & Yoder 2005). 

Defects in the PCP pathway also associate with ciliopathies in human (Ross et al. 

2005, Fischer et al. 2006). In mammals, inversin which was one of the first 

mutated genes found in cystic kidney disease, is involved in the control of the 

balance between canonical and non-canonical Wnt signalling via the protein 

Diego (Simons et al. 2005). During the formation of the lumen, spatial 

distribution of the proliferative cells along the ducts depends on the angle of cell 

division, and the interaction of PKD proteins with Wnt-canonical signalling 

through β-catenin. Several other components in connection with the PCP pathway 

and cell division which contribute to cystic kidney disease have been identified 

and include Pkd1 (Piontek et al. 2004), Fat4 (Saburi et al. 2008), Ahi1 (Lancaster 

et al. 2009), Wnt9b (Karner et al. 2009), and Wnt7b (Yu et al. 2009). 



 44

2.5 Signalling pathways 

2.5.1  Wnt signalling in sexual differentiation 

Disorders of sex development (DSD), also known as “intersex”, “sex reversal”, 

and “pseudo-hermaphrodite”, are a designation which covers congenital 

conditions which are a result of an error during the development of the 

chromosomal or gonadal or anatomical sex. Wnt signalling has been shown to be 

a player in DSD in humans, and, more specifically, the Wnt-4 gene (Table 3). 

Wnt-4 deficiency during gonad development results in sex reversal in female mice, 

which was demonstrated by Vainio et al. (Vainio et al. 1999). A few years later, 

Jääskelainen et al. (Jaaskelainen et al. 2010) demonstrated that WNT-4 is 

expressed in human foetal and adult ovaries and may prevent cell death in the 

developing ovary.  

Table 3. Human mutations in Wnt-4 gene. 

Gene Chromosome Molecular defect Karyotype Sexual development phenotype Reference 

Wnt-4 1p35 Duplication 46XY -Dysgenetic testes 

-ambiguous external genitalia 

-Müllerian ducts 

Jordan et al. 

2001 

Wnt-4 E226-G 

Glu226 

Exon5 

LOF 

Heterozygote 

46XX -ovarian hyperandrogenism 

-Müllerian aplasia 

-uterus absent 

-ovotestis/testis 

Biason-Lauber 

et al. 2004 

Wnt-4 R83-C 

Arg83 

Exon2 

LOF 

Heterozygote 

46XX -ovarian hyperandrogenism 

-ambigous external genitalia 

-uterus absent 

-ovotestis/testis 

Biason-Lauber 

et al. 2007 

Wnt-4 A114V 

Ala114 

LOF 

Homozygote 

46XX -ambiguous external genitalia 

(SERKAL syndrome) 

-ovotestis/testis 

Mandel et al. 

2008 

LOF loss of function  

A 46XY DSD newborn infant overexpressing WNT-4 had multiple congenital 

anomalies including the non-descent of the gonads which consisted of the rete 

testes and rudimentary seminiferous tubules (Jordan et al. 2001). Overexpression 

in this patient was the consequence of the duplication of the 1p31-p35 segment 

that includes the WNT-4 gene. To understand better the roles of Wnt-4 in gonad 

development, the gene was over-expressed in mouse Leydig and Sertoli cells. 
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Overexpression of Wnt-4 in vivo leads to over-expression of the Dax-1 gene. This 

finding suggested that Wnt-4 may act in a dose-dependent manner which would 

play a role in suppression of Leydig cell development in females. 

A single base exchange in exon 5 (Biason-Lauber et al. 2004) and exon 2 

(Biason-Lauber et al. 2007) of the WNT-4 gene leads to the inactivation of the 

WNT-4 gene in 46XX. Inactivation of WNT-4 function disturbs Müllerian duct 

formation and the steroidogenesis pathway with an increase of androgen synthesis. 

A more severe phenotype has been described when a homozygous null mutation 

of WNT4 gene in humans was observed. The WNT-4 misense mutation causes 

SERKAL (SEx Reversion, Kidneys, Adrenal and Lung dysgenesis) syndrome 

which leads to fetal lethality and testes or ovotestes formation in XX foetuses 

(Mandel et al. 2008). The hypothesis is that the mutation might affect the stability 

of WNT4 mRNA and, furthermore, the secondary structure which leads to 

impairment of WNT4 protein function. 

Certain other Wnts are also expressed in the female genital tract, namely Wnt-

5a and Wnt-7a. Wnt-5a is expressed in the genital primordia and the genital 

tubercule. The Wnt-5a knock-out embryo is truncated caudally with a shortening 

of the antero-posterior axis and a failure of the tail to develop. At birth, the Wnt-

5a deficient mice lack a cervix and vagina, and uterine horns are shortened. The 

genital tubercule is also compeletely missing (Yamaguchi et al. 1999, Mericskay 

et al. 2004). At present, very little is known about the potential function of Wnt-

5a during urogenital system development. 

Wnt-7a is expressed in the Müllerian duct, suggesting its function in the 

development of the duct. Indeed, male Wnt-7a knock-out mice are 

pseudohermaphrodites and have female Müllerian reproductive ducts. Male Wnt-

7a knock-out mice are also reduced in their fertility. Similarly to the males, Wnt-

7a deficient females are infertile due to disturbed development of the oviducts, a 

septate vagina, and a failure in the coiling of the oviduct. Besides these defects, 

Wnt-7a is also important for the patterning of the uterus (Parr & McMahon 1998, 

Mericskay et al. 2004). Hence, studies of Wnt-4, Wnt-5a and Wnt-7 mice 

demonstrate that the Wnt signalling pathways are important and deeply 

implicated in the differentiation of sex. 

2.5.2  ErbB4 signalling in development and diseases 

The ErbBs are receptor tyrosine kinases and, with their ligands, are involved in 

mediation of cell-cell interactions in organogenesis and adulthood (Yarden & 
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Sliwkowski 2001). The ErbB family contains four receptors, namely EGF or 

ErbB1, ErbB2, ErbB3 and ErbB4.  

ErbBs are EGF-like growth factors and are composed of a glycosylated 

extracellular domain, a single transmembrane domain and an intracellular domain. 

In the case of ErbB4, when the ligand (neureguline 1 or 4) binds to the 

extracellular domain, ErbB4 receptor can dimerise with itself or with the EGF or 

the ErbB2 receptors which leads to the activation of the ErbB signalling network. 

ErbB4 exists as four isoforms which have both common and distinct functions 

(Fig. 6, Elenius et al. 1999). The ErbB4 isoforms differ either in their intracellular 

cytoplasmic domain, which can be either CYT-1 or CYT-2, or in their 

extracellular juxtamembrane domain, which can be either JM-a or JM-b. These 

combinations of the various domains can result in expression of JM-a CYT1, JM-

a CYT-2, JM-b CYT-1 and JM-b CYT-2 ErbB4 isoforms (Hollmen & Elenius 

2010).  

The difference in the CYT-containing isoforms is that CYT-1 binds to 

phosphoinositide 3-kinase. The difference in the JMs is that JM-a contains a 

sequence for TNFα-converting enzyme (TACE) that cleaves a part of the 

intracellular domain (Yarden & Sliwkowski 2001, Hollmen & Elenius 2010). For 

example, the JM-a CYT-2 isoform induces tubulogenesis in kidney-derived 

epithelial cells called MDCK cells (Zeng et al. 2007).  

The isoforms of ErbB4 have specific expression patterns during embryonic 

development (Elenius et al. 1999). ErbB4 function is essential for cardiogenesis, a 

conclusion based on the finding that the ErbB4 knock-out mice die in utero at 

E11.0 (Gassmann et al. 1995) likely due to cardiac failure. To bypass the lethality 

of the ErbB4-deficient embryos, the phenotype was rescued by expressing human 

ERBB4 cDNA under the cardiac-specific myosin promoter (α-MHC). The 

surviving ErbB4 knock-outs still had defects in the neural crest, mammary glands 

(Tidcombe et al. 2003) and in lung development, indicating a function for ErbB4 

in the organogenesis of these organs (Liu et al. 2010). ErbB4 controls brain 

development, especially during astrogenesis and when dysfunction occurs it 

contributes later to Alzheimer's disease development (Sardi et al. 2006). 

Therefore, knock-out and transgenic mice demonstrate that ErbB4 is crucial for 

embryonic development.  
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Fig. 6. ErbB4 isoforms. The ErbB4 are alternatively spliced depending on their 

expression in the tissues in four types JM-a CYT1, JM-a CYT2, JM-b CYT1 and JM-b 

CYT2. PI3K: phosphor inositol 3 kinase, ICD: intracellular domain. 

Besides the embryonic tissues, ErbB4 is expressed in malignant breast, brain, 

colon, ovarian, endometrial, bladder, lung, thyroid, and prostate cancers, and in 

squamous cell carcinoma and sarcoma, suggesting a critical role for ErbB4 in 

cancer development as well (Hollmen & Elenius 2010). Indeed, overexpression of 

ErbB4 in granulosa cell cancers activates mitogen-activated protein kinases 

(Erk1/2) resulting in the activation of mitogenesis in ovarian cells (Furger et al. 

1998). In the double homozygote mouse carrying a deletion of the TACE enzyme 

linked to Bpk mutation and mimicking PKD disease, ErbB4 expression was 

highly up-regulated compared to the other ErbBs (Nemo et al. 2005). On the 
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contrary, in the case of renal cell carcinoma (RCC), the down-regulation of the 

ErbB4 gene is associated with dysfunction of ErbB4 as a tumor suppressor in 

RCC (Thomasson et al. 2004). Hence, ErbB4 overexpression or partial functional 

deletion is implicated in cancer.  

 



 49

3 Outline of the present study 

The overall goal of the project was to reveal the detailed roles of Wnt-4 and 

ErbB4 function in the control of urogenital system development which generates 

the gonads and the permanent kidney. The genes implicated in the organogenesis 

process are not completely understood and in order to get a better picture of these 

complex networks, further studies must be done. For example, disorders in sex 

development occur in one in every 100 births in humans and polycystic kidney 

diseases (PKD) have a frequency of one in every 1000 births. 

Wnt-4 appears to be a key player in female sex determination, and ovary and 

germ cell development since its deficiency leads to a partial female to male sex 

reversal. ErbB4, on the other hand, is a receptor-tyrosine kinase which has been 

associated with neurodegenerative diseases and cancer, including cancers of the 

kidney. ErbB4 is also connected to PKD in humans.  

 

The aims of this work were: 

1. To study the effect of the lack of Wnt4 signalling on female germ cell 

development and maturation pre-birth.  

2. To uncover genes critical to sex determination which are directly affected by 

the absence of Wnt-4 in knock-out mice. 

3. To generate a Rosa26 locus mouse overexpressing human ERBB4 protein 

and conditionally delete ErbB4 expression in order to study the function of 

the ErbB4 gene in the embryonic and adult kidney. 
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4 Material and methods 

Detailed descriptions of the material and methods can be found in original articles 

I-III. 

Table 4.  Methods. 

Method Original publication 

Mouse line and genotyping I-III 

Tissue preparation I-III 

RNA extraction and real time PCR I-III 

Whole mount and section in situ hybridization I-III 

Immunohistochemistry I-III 

Hematoxylin Eosin staining I-III 

Statistical analysis I-III 

Microarray I, II 

Gonad culture with Wnt4 expressing cells I, II 

Western Blotting I, III 

Transmission electron microscopy I 

Dissociation/reaggregation gonad culture II 

Granulosa cell line culture II 

ex vivo organ cultures II, III 

Blood sampling, plasma, urine analysis III 

Morphometry studies III 

Culture of MDCK cells III 

Cloning techniques III 

Southern blot III 

Masson Trichrome staining III 
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5 Results 

5.1 Wnt4/Wnt5a signalling coordinates cell adhesion and meiosis 

(article I) 

5.1.1 Wnt-4 is a somatic ovarian signal with a role in controlling 
germ cell localization within the embryonic ovary and 
maintaining the cyst  

By crossing Wnt-4EGFPCre knock-in mice with Rosa26LacZ reporter mice, the 

LacZ staining, resulting from the permanent activation of the Cre recombinase-

encoded gene under the Wnt-4 promoter, was observed in the somatic cells of the 

Wnt-4EGFPCre;Rosa26LacZ positive newborn ovaries.  

As Wnt-4 is a somatic ovarian signal and as a secreted protein generally 

exerts a paracrine action, we analysed the effect of the lack of Wnt-4 signalling on 

female germ cell development. In the Wnt-4-deficient embryos, PGC seemed to 

migrate properly into the gonadal ridges. At E16.5, however, the localisation of 

the oocyte within the mutated ovary appeared altered in comparison to the wild 

type. Most of the oocytes were mislocalised in the medulla and instead to be 

clustered into cysts they remained mostly as single cells (Supplementary figure 2 

in I). Electron microscopy of the Wnt-4 deficient ovaries at E13.5 revealed 

physical gaps between the germ cells themselves and between germ cells and 

somatic cells. Alteration of germ cell adhesion in the Wnt-4-deficient ovary was 

also supported by the reduced expression of the transcripts of Connexin 43 (Cx43) 

and Iroquois 3 (Irx3), two proteins involved in cell-cell adhesion (Gittens & 

Kidder 2005, Jorgensen & Gao 2005), in these ovaries compared to wild-type 

ones (Figure 1 in I).  

5.1.2 Wnt-4 deficiency shifts the β-catenin and E-cadherin 
expression pattern of embryonic germ cells from the female 
type to the male type  

In order to identify the molecular pathways by which Wnt-4 could regulate 

female germ cell adhesion, we investigated two specific molecules which are 

important for the control of cell-cell adhesion, namely β-catenin and E-cadherin. 

β-catenin is implicated in the Wnt signalling pathway and binds to the plasma 
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membrane and E-cadherin (Bernard et al. 2008). E-cadherin is expressed in 

mouse primordial and foetal germ cells (Di Carlo & De Felici 2000). At E12.5 

and E14.5, β-catenin was weakly expressed in female germ cells compared to 

male germ cells where it was found to accumulate at the immediate border of the 

germ cells. We found that in the Wnt-4-deficient ovary, β-catenin showed 

expression and distribution patterns similar to those of the wild-type male (Figure 

2 in I). As for E-cadherin, we confirmed its expression by immunohistochemistry 

and immunobloting in both female and male wild-type germ cells until E14.5, but 

a down-regulation appears at E15.5 in oocytes which is not observed in male 

germ cells (Di Carlo & De Felici 2000). Interestingly, we found that in the Wnt-4-

deficient ovary, E-cadherin was still expressed in oocytes after E14.5, similar to 

wild-type male germ cells (Supplementary figure 3 in I). 

5.1.3 Wnt4 signalling controls germ cell entry into meiosis in 
synergy with Wnt5a in the embryonic ovary  

Trans-retinoic acid is produced by the cells of the mesonephros, and RA is 

excreted into the developing gonad from the mesonephric tubules. In the 

embryonic ovary, RA induces meiosis in the germ cells starting at E13.5 (Bowles 

et al. 2006). RA up-regulates the expression of the Stra8 protein (Baltus et al. 

2006, Menke & Page 2002), which is believed to have a crucial role in the 

mitotic-meiotic switch in female and male germ cells (De Felici et al. 2009). In 

the embryonic testis, RA is degraded by an enzyme, Cyp26b1, which starts to be 

expressed in Sertoli cells. Consequently, Stra8 is not expressed in significant 

levels (Bowles et al. 2006). We found that in the Wnt-4-deficient ovary, Stra8 

expression was significantly down-regulated, while Cyp26b1 was first ectopically 

expressed in the female mesonephros at E12.5 and then shifted at E13.5 to the 

ovary (Figure 3 in I). 

Since Stra8 expression was deregulated in the Wnt-4-deficient ovary, we 

analysed in more detail, with a panel of meiotic markers, the beginning and 

progression of meiosis in the case of Wnt-4 deficient ovaries. The results showed 

that only 20% of the Wnt-4-deficient germ cells (versus 80% in the wild type) was 

able to enter meiosis as evaluated by the number of germ cells which were 

identified by Vasa staining and which expressed the γH2AX and Xlr meiotic 

markers (Fujiwara et al. 1994, Rogakou et al. 1998, Escalier et al. 2002) at E14.5 

to E16.5. The expression of the meiotic DNA-repair protein-encoding genes 

Spo11 and Msh5 (Morelli & Cohen 2005) were also decreased (Figure 4 in I). It 
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is likely that the Wnt-4 deficient female germ cells may be kept in a state of 

pluripotency resembling that of male germ cells at these developmental stages. In 

fact, they continue to express Oct4 (Bullejos & Koopman 2004, Figure 3 in I).  

We next set up a gonad organ culture and reintroduced the Wnt-4 signal to the 

Wnt-4-deficient ovary to examine if a rescue of the Wnt-4-deficient germ cell fate 

would take place. A small increase in the expression of Irx3 was noted and 

Cyp26b1 expression was inhibited in the Wnt-4-deficient ovary by exogenous 

Wnt-4 when it was compared to the non-treated controls. Finally, when RA was 

added to the ovarian cultures, Stra8 expression was induced in the wild-type 

ovaries and testes and in the Wnt-4-deficient ovaries as well (Figure 5 in I).  

Since 20% of the Wnt-4-deficient germ cells had initiated meiosis, it seems 

possible that other Wnt molecules could contribute to the control of meiosis. 

Indeed, Wnt-5a was found to be up-regulated in the Wnt-4-deficient ovary at 

E12.5 and E14.5 and was expressed in the cells under the germinal epithelium. 

Moreover, the number of germ cells expressing Stra8 and γH2AX were markedly 

reduced in the Wnt-5a knock-out ovaries. Strikingly, in the Wnt-4/Wnt-5a-

deficient ovary, the expressions of Stra8, γH2AX and Xlr were completely lost 

(Figure 6 in I).  

5.2 Mechanism by which Wnt4 signalling regulates gonad 
development (article II) 

5.2.1 Identification of Wnt-4 target genes  

To learn about the details of how Wnt-4 controls gonad development, we used 

Wnt-4-deficient ovaries and testes to compare changes in transcriptome between 

Wnt-4 deficiency and wild-type controls. Screenings of the Wnt-4 wild type and 

mutant female and male gonads at E12.5 and E14.5 by microarrays identified a 

number of candidate genes that may be involved in sex determination, germ cell 

differentiation or their maturation. The expression of a certain number of genes 

which changed in a statistically significant manner between the Wnt-4-deficient 

and wild-type gonads was found. The screen identified, for example, significant 

changes in Fst, Bmp2, Prdm1, Ktl, Igfbp3, Ren1, and Tex14 that have been 

implicated in gonad development (Table 2 in II), (Edson et al. 2009, Coveney et 

al. 2007). These findings suggest that the screen revealed reliable changes in 

those genes that may regulate sex determination and organogenesis. 
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5.2.2 Changes in gene expression due to Wnt-4 deficiency 

A number of microarray screens have been done to identify candidate genes 

controlling gonad development and sex differentiation (Nef et al. 2005, Bouma et 

al. 2007, Coveney et al. 2007). In our microarray analysis, from the 45 000 gene 

probes that were present in the gene chip, we identified 101 genes at E12.5 and 93 

genes at E14.5 with a statistically significant increase of two or greater folds in 

their expression in the Wnt-4-deficient ovaries. Moreover, 75 genes and 137 genes 

were down-regulated, showing statistical significance in females at E12.5 and at 

E14.5. When comparisons of transcriptome were made between the Wnt-4-

deficient and wild-type male, 113 genes at E12.5 and 18 genes at E14.5 were 

found to be up-regulated, and 36 genes at E12.5 and 29 genes at E14.5 were 

down-regulated (Figure 1 in II). A certain number of genes in males and females 

were identified in previous screening analyses, confirming the reliability of our 

results (Beverdam & Koopman 2006, Coveney et al. 2008). Given this 

information, we believe that the genes identified may faithfully represent primary 

or secondary genes that are regulated by Wnt-4 signalling.  

The down-regulated genes in females were generally associated with female 

development. Besides the genes already detected by us, such as Adamts, Kitl, 

Figla, Nobox, Gdf9, Irx3, and Bmp15, and those involved in meiosis (Stra8, Scp1, 

Scp3, Spo11, Msh5, Cpeb1 (see article I)), and among those reported in Table I 

and II (in II), four genes were selected for further studies. They were Notum, 

Hmgb2, Phlda2 and Runx1 which are associated with the Wnt signalling pathway 

in some other systems (Torisu et al. 2008, Taniguchi et al. 2009, Salas et al. 2004, 

Samokhvalov et al. 2006). Real time PCR and in situ hybridization validated the 

microarray results. As expected, these genes were expressed either in the somatic 

cells or the germ cells (Figure 2 in II).  

The up-regulated genes in the Wnt-4-deficient female are related to those 

associated with male gonad development. They include some involved in the 

inhibition of meiosis in the embryonic testis, such as Nanos2, Fgf9, germ cell 

pluripotency Sox2 and Dnmt3l, and in the differentiation of somatic cells (Pdgfra, 

Sox9). Out of the panel of genes changed due to Wnt-4 deficiency (Table II in II), 

we selected Dkk1, Cbln1, Osr2, Dach2, Pitx2 and Tacr3 for further analysis by 

using real time PCR and RNA in situ hybridization. The in situ hybridization 

revealed that these genes were expressed in the developing testis, in the 

interstitium, the testis cord or the germ cells (Figure 3 in II).  
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Taken together, the gene expression analyses of our microarray of Wnt-4-

deficient ovaries proved a useful tool in identifying new genes involved in sex 

differentiation of the embryonic gonads and germ cells. Moreover, the results 

obtained support the crucial role of Wnt-4 in controlling ovarian development, 

regulating female germ cell differentiation (i.e. the beginning of meiosis) and 

folliculogenesis and at the same time by inhibiting some male differentiation 

pathways (i. e. Leydig and Sertoli cell differentiation). 

5.2.3 Status of the meiosis in Wnt-4 deficient female and role of 
Runx-1 as a putative Wnt4 signalling target gene 

Our studies have shown that only 20% of the Wnt-4 deficient germ cells are able 

to enter into meiosis. In the embryonic testis, the male germ cell’s entrance into 

meiosis is prevented by degradation of RA by the Cyp26b1 enzyme and by the 

inhibitory action of Nanos2 (Suzuki & Saga 2008), likely stimulated by Fgf9 

secreted by the somatic cells (Barrios et al. 2010, Bowles et al. 2010). Fgf9 

signalling also activates pluripotent markers, namely Dnmt3l and Sox2 in the 

male germ cells (Bowles et al. 2010).  

When we analysed the Wnt-4 deficient ovaries at E13.5, we found that the 

expression of Cyp26b1 was significantly increased (see I) and that germ cells 

expressed Nanos2 both at the mRNA and protein levels. As expected at this stage, 

Nanos2 was highly expressed in the male germ cells and undetectable in wild-

type female germ cells (figure 4 in II). Similarly, we also identified that, at this 

stage, Fgf9, Dnmt3l and Sox2 were all expressed at much higher mRNA levels in 

Wnt-4-deficient ovaries in comparison to wild-type testes (Figure 4 in II). All 

together, these results supported the notion that Wnt promotes female germ cell 

entrance into meiosis mainly by inhibiting the expression of anti-meiotic factor 

that could be potentially produced by the surrounding somatic cells. 

Runx-1 is a transcription factor expressed in the Aortic Gonad Mesonephros 

region. It functions as a hematopoietic stem cell regulator (Samokhvalov et al. 

2006) and is expressed in rat granulosa cells (Liu et al. 2009). The Runx-1 knock-

out embryos die in utero due to liver failure (Samokhvalov et al. 2006). Our 

microarray and real time PCR analysis revealed that Runx-1 expression is rather 

specific for the ovary. We also noted that Wnt4 expression is down-regulated in 

the Runx-1 knock-out (Runx-1 LacZ/LacZ) embryos analysed at E12.5. To bypass the 

lethality of the Runx-1-deficient embryos due to hematopoietic defects, Runx-1 
LacZ/+ females were crossed with Tie2-Cre:Runx-1LacZ/+ males to obtain Tie2-
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Cre:Runx-1LacZRev/Rev embryos. In these embryos Runx-1 expression was rescued 

in the vasculature compartments of the embryo which leads to the recovery of the 

hematopoietic process in the liver (Liakhovitskaia et al. 2009), while the Runx-1 

expression is still deleted in the ovaries. As expected, the analysis of the 

expression of Wnt-4 in the Tie2-Cre:Runx-1Rev/Rev embryonic ovaries showed that 

Wnt-4 expression was severely down-regulated at E14.5. Using Vasa staining to 

identify germ cells and γH2AX as meiotic markers, we found that in the Tie2-

Cre:Runx-1Rev/Rev ovaries, only a few germ cells showed these markers, 

suggesting impaired meiosis similar to the Wnt-4 knock-out embryos (Figure 5 in 

II). 

To address in more detail the relationship between Runx-1 and Wnt-4, we 

designed an assay with KK1 granulosa cell line. We used expression vectors that 

contain Wnt-4 and Runx-1 cDNA for gain-of-functions experiments. When Wnt-4 

or Runx-1 overexpressing vector was transfected alone, no significant changes in 

the Runx-1 or Wnt-4 expression respectively were observed in the KK1 cells. 

When the Runx-1 and Wnt-4 cDNAs were transfected simultaneously, Runx-1 

gene expression, but not that of Wnt-4, was up-regulated compared to controls 

(Figure 5 in II). To confirm the results from the KK1 cell line, we dissociated and 

re-aggregated the gonad in culture in the presence of Wnt-4 protein. This assay 

was reliable in uncovering the possible effects of Wnt-4 in vitro because up-

regulation of Fst expression in wild-type males was observed when Wnt-4 protein 

was added, as published by Yao et al. (Yao et al. 2004). The expression of Runx-1, 

Fst and Wnt-4 was up-regulated in both wild-types when Wnt-4 protein was 

added. Particularly, the expression level of Runx-1 in male tissues became similar 

to that of wild-type females without added Wnt-4 protein (Figure 6 in II). We 

explain our findings by deducing that Runx-1 may represent a target of Wnt-4 

signalling and that these factors act synergistically to regulate Runx-1 expression.  
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5.3 Cell division and polarity of developing kidney tubular 
epithelial cells are controlled by ErbB4 signalling (article III) 

5.3.1  ErbB4 JMa isoform is expressed in the developing ureteric 
bud epithelium  

Changes in the expression of the four isoforms of the ErbB4 family were analysed 

by real time PCR during kidney development. JMa CYT-1 and JMa CYT-2 are 

dominant ErbB4 isoforms which are expressed in the developing kidney detected 

from E12.5 onwards and at birth. These isoforms are expressed in the developing 

nephrons in their proximal and distal tubules, loops of Henle, and in the ureteric 

epithelium of the collecting ducts of the medulla and kidney papilla region. These 

data substantiated the previous findings of Srinivasana made in humans 

(Srinivasan et al. 1998). Also, ErbB4 expression was induced in kidney 

mesenchymal cells in tissue recombinants between the early kidney mesenchyme 

and embryonic spinal cord, which is a heterologous inducer tissue of kidney 

tubules. Also, in the tissue recombinants, expression was confined to the 

developing tubules and JMa-CYT1 and JMa-CYT2 were highly expressed in these 

structures at 96 hours of induction when compared to non-induced control 

mesenchyme (Figure 1 in III). Hence, JMa-CYT1 and JMa-CYT2 are the only 

isoforms expressed in embryonic kidney. 

5.3.2  Over expression of ERBB4 disrupts polarisation of kidney 
epithelium and leads to formation of epithelial cysts  

To gain an understanding of the potential role of identified ErbB4 isoforms during 

kidney epithelium development, we used MDCK cells as a model cell line. The 

MDCK epithelial cells were infected with either a control vector or with the 

retroviruses that contained the ErbB4 JMa-CYT2 cDNA, and the transduced cells 

were cultured five days in matrigel. Under these conditions, the MDCK cells 

epithelializes and formed cysts. We monitored these processes and changes in cell 

proliferation. The MDCK cells infected with the ErbB4 cDNA containing the 

virus had a greater proliferative rate than the control (P = 0.017). The cells also 

exhibited abnormal cysts and the polarisation of the cells was deregulated. 

Moreover, the cysts in the ErbB4 overexpressing cysts had multiple lumens inside 

the cysts (P = 0.004) (Figure 2 in III).  
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A transgenic mouse line that overexpressed the human ERBB4 JM-a CYT-2 

cDNA under a floxed transcriptional cassette in the Rosa26 locus was generated 

to address the roles of ErbB4 function in vivo. The mice that had inherited the 

floxed ErbB4 cDNA were crossed with the mice that contained the Pax8Cre 

which recombines a floxed reporter in the ureteric epithelial cells at E11.5 and 

later in the renal vesicle (Bouchard et al. 2004). The R26ERBB4+/-/Pax8-Cre+ 

lead to an increased amount of ERBB4 gene and of phosphorylated Erk 

expression. Erk is a down-stream of the ErbB4 signalling pathway 

(Supplementary figure 1 and 2 in III).  

Histological inspection of the kidneys of newborn transgenic mice 

demonstrated irregular tissue structures in the medulla region so that the 

collecting ducts were increased in diameter (CD, P = 0.01). The proximal tubules 

(PT) also had a reduced lumen, but the distal tubules appeared normal (Figure 3 

and 4 in III). We also noted formation of cortical cysts in 50% of the kidneys of 

newborn transgenic mice which expressed ErbB4. The cyst formation correlated 

with the dose of ErbB4 in the developing kidney.  

In an effort to understand the defect in the CD and in the PT, certain markers 

of epithelial cell polarisation were used. CDs are composed of cuboidal epithelial 

cells and aquaporin -2 marks in wild-type embryonic kidneys on the apical side of 

the tubules (Saburi & McNeill 2005). In the CD of the ERBB4 mutant mice, the 

cells were disorganised and aquaporin-2 was more dispersed throughout the 

cytosol of the cells. Another marker Dolichos bifloris agglutinin (DBA, Karner et 

al. 2009) expression was localized to the apical side of the CD in the 

R26ERBB4+/-/Pax8-Cre+ CD and its expression was different in the wild-type CD. 

The DBA staining was found in the apical and the baso-lateral sides of the cells 

(Figure 5 in III). To gain understanding of the defects in the PT development, 

aquaporin-1 was used as a marker. Antibodies against aquaporin-1 stained the 

apical surfaces of the PT cells in the wild-type, but staining was observed 

dominantly in the cytosol in the kidneys of the ERBB4 mutant mice (Figure 6 in 

III).  

To understand better the changes that were noted in the developing CD in the 

R26ERBB4+/-/Pax8cre+ mice, potential changes in the orientation of the cell 

division was analysed. When the cells of the CD epithelium divide during 

development along the longitudinal axis, the duct length increases, but when the 

cells divide radially the diameter of the duct increases instead (Fischer et al. 

2006). By carrying on staining of the phosphorylated histone H3 which can be 

used as the criteria of the axis of cell division and E-cadherin to identify the 
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overall cell shapes, we observed that ERBB4 overexpression in the CDs lead to 

more cell divisions longitudinally when compared to the wild-type CDs (P = 

0.001) (Figure 5 in III). Collectively, our data indicated that ErbB4 controls the 

polarisation status of the kidney epithelial cells. ErbB4 signalling is connected to 

the formation of the cell division axis and when this process is deregulated by 

ErbB4, gain-of-function cysts will form, as noted in vitro and in vivo. 

5.3.3 Conditional knock-out of ErbB4 function disturbs polarisation 
of developing collecting ducts leading to kidney defects in the 
adult 

To address further the role of ErbB4 in tubulogenesis, gene activity was 

inactivated conditionally by using the same Cre mouse that was applied to 

generate the overexpression mouse. We noted that the ErbB4 knock-out embryos 

were under-represented due to in utero death of the embryos (P < 0.001). We 

obtained only a few viable pups (P = 0.0019), (Table 1 in III). It has been reported 

that the ErbB4 null embryos die in utero due to heart failure (Gassmann et al. 

1995). The Pax8 gene is also expressed in the developing heart (Yang et al. 2010) 

which could explain the in utero loss of ErbB4 conditional mutant embryos in our 

study. The surviving conditional ErbB4 mutants were examined in detail at the 

age of four-months. The hearts of such mice did not show any notable signs of 

failure and the kidneys did not appear to be hypoxic. 

We confirmed that the Erbb4flox/flox/Pax8-Cre+ had indeed lead to a loss of 

ErbB4 expression. It was also evident that the conditional ErbB4 knock-out led to 

a reduced signal in the down-stream markers of the ErbB4 pathway 

(Supplementary figure 3 in III). The kidney tissue of the ErbB4 knock-out mice 

showed fibrotic tissue and a decrease of cell density with disorganised and dilated 

CDs (Figure 7 in III). Potential changes in the polarisation markers such as 

aquaporine-2 and DBA in the CDs were analysed. Their expression pattern in the 

mutant was compared to the kidneys of wild-type mice. As it was the case in the 

ErbB4 gain-of-function, the ErbB4 knock-out lead to mispolarized expression of 

aquaporin-2, DBA in CDs, aquaporin-1 and the Lotus tetragonolobus lectin (LTL) 

in the PTs (Figure 8 in III).  

Due to the changes in kidney epithelium, blood and urine samples from 

ErbB4 mutant and wild-type mice at the age of four months were collected to 

check the performance of the kidneys (Table 5 and Fig. 7). Creatinine, sodium, 

potassium, chlore and albumin were measured in the plasma and urine. Urinary 
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proteins were also analysed. BUN and Ccr were calculated as explained in 

chapter 2.4.4.  

The Erbb4flox/flox/Pax8-Cre+mice were decreased in their overall and kidney 

weight compared to the wild-type. Also, the amount of urine collected over 24 

hours was reduced. However, the concentration of the electrolytes in the plasma 

was not different in the mutant mouse versus the wild-type mouse. Urea is a 

byproduct of metabolised proteins in the liver, and urea is removed from the 

blood by the kidneys. When the BUN was calculated we noted an increase in the 

amount of urea in the ErbB4 knock-out mice when compared to the wild-type. 

Since multiple variables can influence the BUN, we also measured the rate of 

creatinine clearance, since it is considered to be a more accurate marker of kidney 

function. The Ccr of the Erbb4flox/flox/Pax8-Cre+ was 0.125 ml/min compared to 

the wild-type value of 0.153 ml/min. The results indicate that the ErbB4-deficient 

kidneys do not function properly.  

Collectively, the data from the ErbB4 loss-of-function shows that ErbB4 is 

needed for tubular epithelial cell growth, tubular polarisation and proper 

physiological kidney function. 
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Table 5. : Plasma and urine analysis of the wild type and mutant kidney of four-month-

old mice. 

Variables Erbb4flox/flox/Pax8Cre- Erbb4flox/flox/Pax8Cre+ 

Plasma creatinine (mg/dl) 0.150 0.156 

Plasma Na (mmol/l) 149.5 153 

Plasma K (mmol/l) 8.1 7.3 

Plasma Cl (mmol/l) 117 114 

Plasma albumin 30.3 30.4 

Urine creatinine (mg/dl) 25.5 46.5 

Urinary protein (mg/dl) 133 501 

BUN (mg/dl) 27.67 30.4 

 

Fig. 7.  Functional status of the kidney of Erbb4flox/flox/Pax8cre+ mice at 4 months old. 

Weight of the mouse, kidney and rates of urine production, creatinine clearance in 

wild type mouse (black bars) and Erbb4flox/flox/pax8cre+ (white bars) mice. (n = 4) Error 

bars represent std. * P < 0.05, WT wild type, MT mutant. 
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6 Discussion 

6.1 Wnt-4 signalling in the control of female germ cell adhesion 

and entering into meiosis (I-II) 

The Wnt4 gene is expressed in the somatic cells of the embryonic ovary (Shan et 

al. 2010) and its deficiency causes partial female to male sex reversal in mice and, 

as recent evidence has also demonstrated, in humans (Vainio et al. 1999, Jordan et 

al. 2001). In the mouse, it is coupled to a reduction in the number of germ cells 

since only 10% remained at birth (Vainio et al. 1999). These studies showed that 

Wnt-4 promotes female development by repressing certain genes which regulate 

the male differentiation pathway. It is still not known in the embryonic ovary 

which Wnt-4 receptor/s is expressed, by which cell types and what its 

downstream signal transduction is. Hence, the Wnt-4 signal has either a direct or 

indirect role in the control of, not only the somatic component of the gonad, but 

also in the differentiation of the female germ line.  

In order to investigate this latter situation, we studied in more detail the 

embryonic ovaries of Wnt-4-deficient mice. We found that the germ cells were 

sufficient to enter the gonad, but that the cells had a reduced capacity to colonise 

the ovarian cortex and were unable to form cysts which are composed of a certain 

number of germ cells surrounded by somatic cells (Pepling & Spradling 2001). 

These defects are two characteristics of the male germ cells at these stages and 

suggested a role for Wnt-4 in this process. In line with this, we observed physical 

gaps between germ cells and somatic cells by using electron microscopy and such 

gaps between the cells were not found in the wild-type ovary. We speculated that 

changes in germ cell adhesion (mislocalisation) and cytoskeleton (incomplete 

cytokinesis responsible for cyst formation) may be connected to these alterations. 

In HEK-293T cells, Wnt-4 signalling is involved in the control of cell-cell 

adhesion by relocalising β-catenin to the cell membrane and forming a complex 

with the cell adhesion molecule E-cadherin (Bernard et al. 2008). In line with 

these cell culture-based results, we found that in the Wnt-4-deficient female germ 

cells, E-cadherin and β-catenin were altered in their expression. Later the 

expression of both proteins was not down-regulated, but persisted as observed in 

the embryonic wild-type male. We interpret these results as supporting the notion 

that the Wnt-4-deficient germ cells have indeed acquired some male-type 



 66

adhesive properties. Such changes might explain their mis-localisation, their 

inability to form cysts and their predisposition to premature apoptosis.  

Another critical defect that we identified in Wnt-4-deficient female germ cells 

was a reduction of their ability to enter into meiosis. The defects in cell adhesion 

may be also coupled to a failure in proper initiation of meiosis. In this regard, Di 

Carlo et al. (Di Carlo & De Felici 2000) observed a temporal correlation between 

the initiation of meiosis in female germ cells and a down-regulation of E-cadherin 

expression. Moreover, it is well known that the germ cell microenvironment is 

crucial for their proper development which refers not only to the somatic cells 

compartment, but also to the whole gonad organisation. Yao et al. (2003) 

demonstrated that in females, the meiotic germ cells suppress the formation of the 

sex cord which is a typical structure for the embryonic testis (Yao et al. 2003). 

Since we observed in the anterior part of the Wnt-4-deficient ovary a “sex-like 

cord” which resembled the seminiferous tubules, we can speculate that the 

morphology of the Wnt-4-deficient gonad might affect the development of the 

female germ cells.  

Our studies provided substantial evidence that Wnt-4 signalling is critical for 

the control of meiosis and this conclusion is based on the finding that in the Wnt-

4-deficient ovaries, several signals involved in entering or inhibiting meiosis were 

altered. Cyp26b1 enzyme which degrades the pro-meiotic RA in the embryonic 

testis and Fgf9/Nanos2 which inhibits Stra8 expression controlling the mitotic-

meiotic switch in the female germ cells (Bowles et al. 2006, Suzuki & Saga 2008) 

were all up-regulated. We interpret these findings as supporting the conclusion 

that Wnt-4 signalling normally suppresses Cyp26B1 to allow synthesis of RA and 

induction of meiosis via Stra8. Besides these changes, we also noted that the 

expression of Dnmt3l and the expression of the transcription factors Sox2 and 

Oct4 which promote mitosis and, in male germ cell development, the 

pluripotency in stem cells, were up-regulated (Bowles et al. 2010, Barrios et al. 

2010). Our studies also pointed to a role for Wnt-5a signalling in the control of 

ovary development. Wnt-5a, known to be a non-canonical Wnt specifically 

expressed in the testicular interstitium (Chawengsaksophak et al. 2011), was up-

regulated in the Wnt-4-deficient ovary and no expression of meiotic markers was 

detectable in the double Wnt-4/Wnt-5a knock-out ovary, suggesting that Wnt-4 

regulates meiosis in synergy with Wnt-5a. Together, it should be considered that 

Wnt-4 signalling may be coupled to changes in the meiosis/mitosis switch and 

pluripotency of the germ line cells in the female. 
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Based on earlier discoveries, Vainio et al. (Vainio et al. 1999) found that most 

of the Wnt-4-deficient germ cells start to be lost around E16.5 and undergo 

apoptosis. This finding suggested that an additional role of Wnt-4 signalling may 

indeed be to prevent oocyte apoptosis. Liu et al. (2010) reported further data 

showing that in the absence of Wnt-4 or β-catenin, female germ cells went into 

apoptosis. They also found that Activin betaB (ActB) was up-regulated in the 

Wnt-4- and β-catenin-deficient ovaries, suggesting that ActB could be a signal 

that contributes to the loss of female germ cells which are expressing for activin 

receptors (Liu et al. 2010). Indeed, they showed that by removing ActB 

expression in the Wnt-4-deficient ovaries, female germ cells survived and entered 

meiosis properly. Further studies are required to reveal how Wnt-4 coordinates 

cell adhesion, germ line cystogenesis and the mitosis/meiosis switch during 

ovarian development.  

6.2 Screening of the Wnt4 signalling target genes in the gonads 

and identification of Runx-1 as a putative candidate (II) 

A number of microarray analysis studies on the germ cells and the somatic cells 

which sought to identify novel candidate genes that control gonad development 

have been generated over the last ten years (Small et al. 2005, Nef et al. 2005, 

Beverdam & Koopman 2006, Bouma et al. 2007, Coveney et al. 2007, Bouma et 

al. 2010). Irrespective of this, we still know relatively little about the molecular 

cascades that coordinate gonad development, especially the female sexual 

differentiation pathway. Since Wnt-4 was identified as a signal that is critical for 

female development, we used the Wnt-4-deficient ovaries as a model for 

identifying candidate developmental control genes for gonad ontogeny. We 

screened female and male gonads from the Wnt-4-deficient and control embryos 

at E12.5 and E14.5, since our transcriptome analyses identified a panel of known 

genes which have been shown to be relevant for female and male gonad 

organogenesis. For this reason, we consider our microarray screens reliable 

(Small et al. 2005, Nef et al. 2005, Bouma et al. 2007). 

By comparing wild-type gonads to Wnt-4-deficient gonads, our microarray 

analysis revealed that 320 genes had a sexually dimorphic pattern of expression 

with a difference in expression ≥ and ≤ 2 folds at E12.5. At this stage, 176 had 

been changed in the ovary while 144 genes were altered in the testis. At E14.5, 

277 genes were altered and out of them, 230 were different in the ovary while the 
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number was 47 for the testis. Hence Wnt-4 signalling is coupled to the control of 

several genes directly or indirectly via the Wnt-4 signal transduction pathway.  

Out of the genes identified with the microarrays, we analysed in greater detail 

the changes in the expression of eleven genes. They were selected on the basis of 

their possible connection to the Wnt signalling pathway or endocrine functions. 

Seven genes were already found in a previous microarray (Small et al. 2005, Nef 

et al. 2005, Coveney et al. 2007, Rolland et al. 2011) and the remaining five 

genes were selected from the current microarray study based on the robust 

changes in their expression. 

Notum is a negative regulator of the Wnt pathway (Vincent et al. 2011) and 

its role in the developing ovary has not been reported. We found that Notum 

expression was down-regulated in the Wnt-4-deficient ovary. In the Drosophila 

melanogaster wing, Notum may act as secreted glypican-specific phospholipase 

and reduce the ability of Wingless to bind with its receptors (Vincent et al. 2011). 

When the wing cells lack Wnt pathway components APC or axin, the Wingless 

pathway is induced and they secrete high levels of Notum. This may reduce 

Wingless signaling in the surrounding cells and also lead to apoptosis in some 

cells (Vincent et al. 2011). Hence similarly, Notum may influence the degree of 

Wnt-4 signalling in the ovary and can be addressed in the future by creating, for 

example, Notum tissue-specific knock-out in the ovary.  

The Hmgb2 gene encodes a chromatin factor and is involved in the control of 

transcription and DNA modification. Hmgb2 interacts with estrogen hormone 

receptors to control gene expression (Boonyaratanakornkit et al. 1998). During 

embryognesis, signalling via the estrogen receptors α (ERα) and ERβ maintains 

female sexual characteristics (Britt & Findlay 2003). These receptors are also 

down-regulated in the Wnt-4-deficient ovary (Heikkila et al. 2005) as was the 

case with Hmgb2. These results raise the possibility that Hmgb2 function may be 

connected to control mediated by Wnt-4, and that the hormonal regulation also 

involves Wnt-4 signalling. Indeed, in the pituitary gland, for example, estrogen 

induces Wnt-4 expression (Giles et al. 2011). It remains to be studied if the 

expression of estrogens induced Wnt-4 expression to promote the female pathway 

through the activation of Hmgb2 and through coupled control of steroidogenesis. 

Runx-1 controls cellular proliferation and differentiation during 

embryogenesis (Coffman 2003). We found that Runx-1 is expressed in the ovarian 

somatic cells. In zebrafish embryos, overexpression of the Wnt-8 signal increases 

Runx1 positive hematopoietic stem cells in the bone marrow (Goessling et al. 

2009). Our results indicated that Wnt-4 expression was reduced in the Runx-1-
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deficient ovary. Similarly, Wnt-4 gain-of-function induced Runx1 expression in 

wild-type male aggregates whereas no Runx-1 expression is noted in the controls. 

Based on these results, we suggest that Runx-1 activity is connected to Wnt-4 

function. This suggestion is in line with the findings of Osario et al. (2011) who 

showed that in the stem cells of the mouse hair follicle, Runx-1 interacts with the 

Wnt signalling pathway to coordinate tissue interactions (Osorio et al. 2011). The 

detailed role of Runx-1 in the control of gonad development and its association 

with Wnt-4 signalling warrants further investigation. 

Dach2 was discovered in Drosophila melanogaster and was named daschund 

(dac). In the fly, it is expressed in a sex-specific manner and its function is 

important for the development of both male and female genitalia. Male dac 

mutants have abnormal external genital structures, whereas corresponding female 

mutants have defective ovarian duct formation (Keisman et al. 2001). In the fly, 

another gene named Eya controls the differentiation of somatic follicle cells into 

polar cells (Bai & Montell 2002). In mouse myogenesis, Dach2 expressed in the 

endoderm may interact with Wnt-4 which is expressed in the dorsal ectoderm and 

also with Eya2. The Dach gene is conserved in vertebrates and is widely 

expressed (Davis et al. 2001). Since we found that Dach2 expression is up-

regulated in the Wnt-4-deficient female, it may be surmised that the Dach2 and 

Eya genes regulated by the Wnt-4 signal may also control mammalian gonad 

development. But again, this remains to be seen.  

We selected Tacr3 which is involved in the tachykinin pathway for closer 

studies since it is important for the coordination of the hypothalamic-pituitary-

gonadal axis. Tacr3 encodes a G protein-coupled receptor and is expressed in the 

Leydig cells (Topaloglu et al. 2009). Wnt-4-deficient females present a partial 

somatic sex reversal which is revealed by ectopic Leydig cells and the production 

of male steroids (Heikkila et al. 2005). Interestingly, this reversal is characterized 

by an up-regulation in Tacr3 expression. Wnt-4 signaling may contribute to the 

inhibition of Tacr3 gene expression connected to Wnt-4-mediated inhibition of 

the male pathway. 
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Fig. 8. Schematic model of possible role of Wnts function in female germ cells. RA 

secreted by mesonephric cells and transferred into the somatic cells (light pink) 

activates the expression of Stra8 which induces meiosis in the female germ cell (dark 

pink); Wnts might regulate RA signalling. Also, Wnts regulates localisation of β-

catenin and E-cadherin expression in the germ cell, and consequently, its adhesion. 

Wnts might also repress Fgf9 and Nanos2 expression in females, favouring the switch 

between mitosis and meiosis. In males, RA produced in the mesonephros is degraded 

by Cyp26b1 expressed in the male somatic cell (light blue) and meiosis induction is 

inhibited. Nanos2 and Fgf9 are expressed in the male germ cell (dark blue) inducing 

mitosis and pluripotent markers Dnmt3l and Sox2. 

Overall, our data suggest that Wnt4 plays an important role in the control of germ 

cell and ovary development. A speculative summary model is presented in Figure 

8 according to which the Wnt-4 signal is expressed in the female somatic cells 

and would be a signal between the germ cell via a Wnt receptor expressed by 

these cells. We propose that Wnt-4 signalling influences RA expression to 

regulate the meiosis-entry genes. At the same time, Wnt-4 may repress the 
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activity of the Cyp26b1 enzyme, Nanos2 and Fgf9 which induce mitosis and 

certain pluripotent markers. Concurrently, Wnt-4 may influence cell adhesion 

between the germ cells and contribute to germ line cyst formation, and this may 

be mediated in part by β–catenin and E-cadherin. 

6.3 ErbB4 signalling is necessary for proper kidney epithelium 

development (III) 

Previously, ErbB4 JM-a CYT-2 isoforms have been shown to be expressed in the 

human kidney (Srinivasan et al. 1998) and cultured MDCK cells (Zeng et al. 

2007). Our studies showed that the ErbB4 JM-a CYT-1 and CYT-2 isoforms are 

the dominant isoforms found in the mouse kidney in vivo and ErbB4 expression 

was confined to the epithelial cell of the tubules and of the collecting ducts.  

ErbB4 function was addressed throughout kidney development by using gain-

of-function and loss-of-function mice. The ErbB4 gene, the JM-a CYT-2 isoform, 

was successfully overexpressed from the floxed Rosa26 locus that was engineered 

to express ERBB4 after Cre activation in vivo. Indeed, we obtained ERBB4 gain-

of-function when the generated Roasa26 transgenic mice were crossed with the 

Pax8Cre mouse in which Cre becomes expressed in developing ureteric bud cells 

and in the renal vesicles (Bouchard et al. 2004). ErbB4 signalling was also 

conditionally inactivated using Cre recombinase under the Pax8 promoter to 

generate ErbB4flox/flox Pax8Cre+ mice. We were able to efficiently create a 

situation where ErbB4 was either overexpressed or inactivated, specifically in the 

defined tissues in the developing kidney. These transgenic mice served as good 

models for addressing the roles of ErbB4 in kidney development.  

We noted an increase in epithelial cell proliferation in the collecting ducts in 

R26ERBB4+/-/Pax8-Cre+ embryonic kidneys, and a decrease in Erbb4flox/flox/Pax8-

Cre+. These phenotypes were associated with changes in the density of the kidney 

medulla. Our results are in line with other published results and demonstrated that 

cell proliferation is indeed promoted by the JM-a CYT-2 isoform in vivo in the 

context of the normal organogenesis process (Sundvall et al. 2010).  

Besides the effect in cell proliferation due to changes in ErbB4 function, cell 

polarity and cell orientation were also disturbed in the collecting duct of the 

kidney in the gain and loss of ErbB4 function. Yu et al (Yu et al. 2009) showed 

that when cell divisions occur radially in the collecting duct, an increase in the 

diameter of the epithelial duct is observed instead of an increase of the duct length. 

Also, defects in planar cell polarity (PCP) might be regulated by non-canonical 
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Wnt signaling and might contribute to cystogenesis (Fischer et al. 2006). In the 

R26ERBB4+/-/Pax8-Cre+ kidneys, the axis of cell division was more radial than 

longitudinal, which is the likely explanation for the increase in lumen diameter 

due to changes in ErbB4 function. We also noted that mis-orientation of cell 

division was associated with cyst formation (Saburi et al. 2008) and cysts in the 

R26ERBB4+/-/Pax8-Cre+ kidneys were especially localised in the cortical region. 

All the current data indicate a role for ErbB4 signalling in the development of the 

kidney epithelium and when ErbB4 signalling is deregulated, it contributes to cyst 

formation. These results suggest that both in mice and humans, altered ErbB4 

signalling might be involved in polycystic kidney disease (PKD) (Nemo et al. 

2005, Backx et al. 2009). From our data, we can speculate that ErbB4 signalling 

might be implicated in the convergent extension process for regulating the tubule 

diameter and an interaction between the complex signalling pathways of PCP and 

ErbB4 could be hypothetical, but plausible.  

Since most of Erbb4flox/flox/Pax8-Cre+ embryos died in utero, we speculated 

that this could be due to heart failure. Indeed, both of these genes are expressed 

during heart development (Gassmann et al. 1995, Yang et al. 2010). However, we 

did not notice any defects in the heart due to ErbB4 deficiency. The kidneys of the 

adult Erbb4flox/flox/Pax8-Cre+ mice were lighter and showed signs of fibrosis. In 

fact, urine production was reduced and associated with an increase in urine 

creatinine and urea. In conclusion, these results suggest that the changes in the 

polarization of the ErbB4 gain- and loss-of-function situation are reflected as 

changes in the overall performance of the kidney. We propose that ErbB4 

functions in the control of tubular epithelial cell development and regulates 

polarisation by affecting the degree of cell orientation. These primary events are 

important for the establishment of proper kidney function in adults. 
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7 Future perspectives 

This thesis presents our findings on Wnt-4 signalling during gonad and germ cell 

development and maturation in the embryonic Wnt-4 knock-out mouse, and on 

ErbB4 function during kidney organogenesis by using gain- and loss-of-function 

mice. 

The first part of the study provided evidence to support the theory that Wnt-4 

signalling is crucial for maintaining genotype and female downstream genes for 

gonad development at sex determination, and for sustaining the proper function of 

female germ cell development in utero. When Wnt-4 gene function is deleted, a 

panel of crucial genes for follicular development and, more specifically, meiotic 

genes, is changed. These changes are believed to contribute to the loss of most of 

the germ cells due to Wnt-4 deficiency. 

The second part of this project revealed that ErbB4 is a new player for 

epithelial tubular development in the embryonic kidney. Its overexpression leads 

to mis-polarisation of essential markers for functional tubules and collecting ducts 

and defects in cell orientation which ended with the formation of cortical cyst. Its 

deletion produced a damaged adult kidney with a tubular phenotype which is 

associated with a defect in renal function. These findings broaden our 

understanding of ErbB4 function. 

Although this study has provided important novel information on the role of 

Wnt-4 signalling during gonad and germ cell development, and on the function of 

ErbB4 in the embryonic and adult kidneys, several questions still need to be 

answered.  

1. Wnt-4 is crucial for sex determination, female germ cell formation and 

development, and for the entry of the germ cell into meiosis I. Because of the 

death of Wnt-4-deficient embryos at birth due to kidney defects, it would be 

of utmost interest to study the deletion of Wnt-4 by using conditional knock-

out driven by a promoter exclusively expressed in the gonad and to follow the 

germ cells development from embryo to puberty and fertile mouse. This 

would increase our understanding of human female fertility. 

2. Over-expression of ErbB4 leads to cyst formation in the kidney and patients 

affected by PKD diseases do not have proper medication to address this 

situation. It would be of great advantage to study in more detail ErbB4 

signalling related to PKD to find out if ErbB4 signalling could have potential 

markers for drug development. 



 74



 75

References 

Adams IR & McLaren A (2002) Sexually dimorphic development of mouse primordial 
germ cells: switching from oogenesis to spermatogenesis. Development 129(5): 1155–
1164. 

Airik R & Kispert A (2007) Down the tube of obstructive nephropathies: the importance of 
tissue interactions during ureter development. Kidney Int 72(12): 1459–1467. 

Anderson EL, Baltus AE, Roepers-Gajadien HL, Hassold TJ, de Rooij DG, van Pelt AM & 
Page DC (2008) Stra8 and its inducer, retinoic acid, regulate meiotic initiation in both 
spermatogenesis and oogenesis in mice. Proc Natl Acad Sci U S A 105(39): 14976–
14980. 

Ara T, Nakamura Y, Egawa T, Sugiyama T, Abe K, Kishimoto T, Matsui Y & Nagasawa 
T (2003) Impaired colonization of the gonads by primordial germ cells in mice 
lacking a chemokine, stromal cell-derived factor-1 (SDF-1). Proc Natl Acad Sci U S 
A 100(9): 5319–5323. 

Bacallao RL & McNeill H (2009) Cystic kidney diseases and planar cell polarity signaling. 
Clin Genet 75(2): 107–117. 

Backx L, Ceulemans B, Vermeesch JR, Devriendt K & Van Esch H (2009) Early 
myoclonic encephalopathy caused by a disruption of the neuregulin-1 receptor ErbB4. 
Eur J Hum Genet 17(3): 378–382. 

Bai J & Montell D (2002) Eyes absent, a key repressor of polar cell fate during Drosophila 
oogenesis. Development 129(23): 5377–5388. 

Bakke M, Zhao L, Hanley NA & Parker KL (2001) SF-1: a critical mediator of 
steroidogenesis. Mol Cell Endocrinol 171(1–2): 5–7. 

Baltus AE, Menke DB, Hu YC, Goodheart ML, Carpenter AE, de Rooij DG & Page DC 
(2006) In germ cells of mouse embryonic ovaries, the decision to enter meiosis 
precedes premeiotic DNA replication. Nat Genet 38(12): 1430–1434. 

Barrios F, Filipponi D, Pellegrini M, Paronetto MP, Di Siena S, Geremia R, Rossi P, De 
Felici M, Jannini EA & Dolci S (2010) Opposing effects of retinoic acid and FGF9 on 
Nanos2 expression and meiotic entry of mouse germ cells. J Cell Sci 123(Pt 6): 871–
880. 

Basson MA, Akbulut S, Watson-Johnson J, Simon R, Carroll TJ, Shakya R, Gross I, 
Martin GR, Lufkin T, McMahon AP, Wilson PD, Costantini FD, Mason IJ & Licht JD 
(2005) Sprouty1 is a critical regulator of GDNF/RET-mediated kidney induction. Dev 
Cell 8(2): 229–239. 

Behringer RR, Cate RL, Froelick GJ, Palmiter RD & Brinster RL (1990) Abnormal sexual 
development in transgenic mice chronically expressing mullerian inhibiting substance. 
Nature 345(6271): 167–170. 

Behringer RR, Finegold MJ & Cate RL (1994) Mullerian-inhibiting substance function 
during mammalian sexual development. Cell 79(3): 415–425. 

Bernard P, Fleming A, Lacombe A, Harley VR & Vilain E (2008) Wnt4 inhibits beta-
catenin/TCF signalling by redirecting beta-catenin to the cell membrane. Biol Cell 
100(3): 167–177. 



 76

Berta P, Hawkins JR, Sinclair AH, Taylor A, Griffiths BL, Goodfellow PN & Fellous M 
(1990) Genetic evidence equating SRY and the testis-determining factor. Nature 
348(6300): 448–450. 

Beverdam A & 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(3): 
417–431. 

Biason-Lauber A, De Filippo G, Konrad D, Scarano G, Nazzaro A & Schoenle EJ (2007) 
WNT4 deficiency--a clinical phenotype distinct from the classic Mayer-Rokitansky-
Kuster-Hauser syndrome: a case report. Hum Reprod 22(1): 224–229. 

Biason-Lauber A, Konrad D, Navratil F & Schoenle EJ (2004) A WNT4 mutation 
associated with Mullerian-duct regression and virilization in a 46,XX woman. N Engl 
J Med 351(8): 792–798. 

Birk OS, Casiano DE, Wassif CA, Cogliati T, Zhao L, Zhao Y, Grinberg A, Huang S, 
Kreidberg JA, Parker KL, Porter FD & Westphal H (2000) The LIM homeobox gene 
Lhx9 is essential for mouse gonad formation. Nature 403(6772): 909–913. 

Bitgood MJ, Shen L & McMahon AP (1996) Sertoli cell signaling by Desert hedgehog 
regulates the male germline. Curr Biol 6(3): 298–304. 

Blomqvist SR, Vidarsson H, Fitzgerald S, Johansson BR, Ollerstam A, Brown R, Persson 
AE, Bergstrom GG & Enerback S (2004) Distal renal tubular acidosis in mice that 
lack the forkhead transcription factor Foxi1. J Clin Invest 113(11): 1560–1570. 

Boonyaratanakornkit V, Melvin V, Prendergast P, Altmann M, Ronfani L, Bianchi ME, 
Taraseviciene L, Nordeen SK, Allegretto EA & Edwards DP (1998) High-mobility 
group chromatin proteins 1 and 2 functionally interact with steroid hormone receptors 
to enhance their DNA binding in vitro and transcriptional activity in mammalian cells. 
Mol Cell Biol 18(8): 4471–4487. 

Botquin V, Hess H, Fuhrmann G, Anastassiadis C, Gross MK, Vriend G & Scholer HR 
(1998) New POU dimer configuration mediates antagonistic control of an osteopontin 
preimplantation enhancer by Oct-4 and Sox-2. Genes Dev 12(13): 2073–2090. 

Bouchard M, Souabni A & Busslinger M (2004) Tissue-specific expression of cre 
recombinase from the Pax8 locus. Genesis 38(3): 105–109. 

Bouma GJ, Affourtit JP, Bult CJ & Eicher EM (2007) Transcriptional profile of mouse 
pre-granulosa and Sertoli cells isolated from early-differentiated fetal gonads. Gene 
Expr Patterns 7(1–2): 113–123. 

Bouma GJ, Hudson QJ, Washburn LL & Eicher EM (2010) New candidate genes 
identified for controlling mouse gonadal sex determination and the early stages of 
granulosa and Sertoli cell differentiation. Biol Reprod 82(2): 380–389. 

Bowles J, Feng CW, Spiller C, Davidson TL, Jackson A & Koopman P (2010) FGF9 
suppresses meiosis and promotes male germ cell fate in mice. Dev Cell 19(3): 440–
449. 

Bowles J, Knight D, Smith C, Wilhelm D, Richman J, Mamiya S, Yashiro K, 
Chawengsaksophak K, Wilson MJ, Rossant J, Hamada H & Koopman P (2006) 
Retinoid signaling determines germ cell fate in mice. Science 312(5773): 596–600. 



 77

Boyer A, Lapointe E, Zheng X, Cowan RG, Li H, Quirk SM, Demayo FJ, Richards JS & 
Boerboom D (2010) WNT4 is required for normal ovarian follicle development and 
female fertility. FASEB J . 

Boyle S, Misfeldt A, Chandler KJ, Deal KK, Southard-Smith EM, Mortlock DP, Baldwin 
HS & de Caestecker M (2008) Fate mapping using Cited1-CreERT2 mice 
demonstrates that the cap mesenchyme contains self-renewing progenitor cells and 
gives rise exclusively to nephronic epithelia. Dev Biol 313(1): 234–245. 

Brennan J & Capel B (2004) One tissue, two fates: molecular genetic events that underlie 
testis versus ovary development. Nat Rev Genet 5(7): 509–521. 

Bridgewater D, Cox B, Cain J, Lau A, Athaide V, Gill PS, Kuure S, Sainio K & 
Rosenblum ND (2008) Canonical WNT/beta-catenin signaling is required for ureteric 
branching. Dev Biol 317(1): 83–94. 

Bristol-Gould SK, Kreeger PK, Selkirk CG, Kilen SM, Mayo KE, Shea LD & Woodruff 
TK (2006) Fate of the initial follicle pool: empirical and mathematical evidence 
supporting its sufficiency for adult fertility. Dev Biol 298(1): 149–154. 

Britt KL & Findlay JK (2003) Regulation of the phenotype of ovarian somatic cells by 
estrogen. Mol Cell Endocrinol 202(1–2): 11–17. 

Bullejos M & Koopman P (2004) Germ cells enter meiosis in a rostro-caudal wave during 
development of the mouse ovary. Mol Reprod Dev 68(4): 422–428. 

Byskov AG & Saxen L (1976) Induction of meiosis in fetal mouse testis in vitro. Dev Biol 
52(2): 193–200. 

Cacalano G, Farinas I, Wang LC, Hagler K, Forgie A, Moore M, Armanini M, Phillips H, 
Ryan AM, Reichardt LF, Hynes M, Davies A & Rosenthal A (1998) GFRalpha1 is an 
essential receptor component for GDNF in the developing nervous system and kidney. 
Neuron 21(1): 53–62. 

Carroll TJ, Park JS, Hayashi S, Majumdar A & McMahon AP (2005) Wnt9b plays a 
central role in the regulation of mesenchymal to epithelial transitions underlying 
organogenesis of the mammalian urogenital system. Dev Cell 9(2): 283–292. 

Chaboissier MC, Kobayashi A, Vidal VI, Lutzkendorf S, van de Kant HJ, Wegner M, de 
Rooij DG, Behringer RR & Schedl A (2004) Functional analysis of Sox8 and Sox9 
during sex determination in the mouse. Development 131(9): 1891–1901. 

Chambers I, Colby D, Robertson M, Nichols J, Lee S, Tweedie S & Smith A (2003) 
Functional expression cloning of Nanog, a pluripotency sustaining factor in 
embryonic stem cells. Cell 113(5): 643–655. 

Chassot AA, Ranc F, Gregoire EP, Roepers-Gajadien HL, Taketo MM, Camerino G, de 
Rooij DG, Schedl A & Chaboissier MC (2008) Activation of beta-catenin signaling by 
Rspo1 controls differentiation of the mammalian ovary. Hum Mol Genet 17(9): 1264–
1277. 

Chawengsaksophak K, Svingen T, Ng ET, Epp T, Spiller CM, Clark C, Cooper H & 
Koopman P (2011) Loss of Wnt5a Disrupts Primordial Germ Cell Migration and Male 
Sexual Development in Mice. Biol Reprod . 



 78

Chi X, Michos O, Shakya R, Riccio P, Enomoto H, Licht JD, Asai N, Takahashi M, 
Ohgami N, Kato M, Mendelsohn C & Costantini F (2009) Ret-dependent cell 
rearrangements in the Wolffian duct epithelium initiate ureteric bud morphogenesis. 
Dev Cell 17(2): 199–209. 

Chuva de Sousa Lopes SM, Hayashi K, Shovlin TC, Mifsud W, Surani MA & McLaren A 
(2008) X chromosome activity in mouse XX primordial germ cells. PLoS Genet 4(2): 
e30. 

Coffman JA (2003) Runx transcription factors and the developmental balance between cell 
proliferation and differentiation. Cell Biol Int 27(4): 315–324. 

Costantini F & Kopan R (2010) Patterning a complex organ: branching morphogenesis and 
nephron segmentation in kidney development. Dev Cell 18(5): 698–712. 

Coveney D, Ross AJ, Slone JD & Capel B (2007) A microarray analysis of the XX Wnt4 
mutant gonad targeted at the identification of genes involved in testis vascular 
differentiation. Gene Expr Patterns 7(1–2): 82–92. 

Coveney D, Ross AJ, Slone JD & Capel B (2008) A microarray analysis of the XX Wnt4 
mutant gonad targeted at the identification of genes involved in testis vascular 
differentiation. Gene Expr Patterns 8(7–8): 529–537. 

Cui S, Ross A, Stallings N, Parker KL, Capel B & Quaggin SE (2004) Disrupted 
gonadogenesis and male-to-female sex reversal in Pod1 knockout mice. Development 
131(16): 4095–4105. 

Davenport JR & Yoder BK (2005) An incredible decade for the primary cilium: a look at a 
once-forgotten organelle. Am J Physiol Renal Physiol 289(6): F1159–69. 

Davis RJ, Shen W, Sandler YI, Heanue TA & Mardon G (2001) Characterization of mouse 
Dach2, a homologue of Drosophila dachshund. Mech Dev 102(1–2): 169–179. 

De Felici M, Sorrentino E, Klinger F, De Felici C & Farini D (2009) Regulators of mitotic 
proliferation in mouse primordial germ cells. Reproduction 138(1): 185. 

de Sousa Lopes SM, Hayashi K & Surani MA (2007) Proximal visceral endoderm and 
extraembryonic ectoderm regulate the formation of primordial germ cell precursors. 
BMC Dev Biol 7: 140. 

de Sousa Lopes SM, Roelen BA, Monteiro RM, Emmens R, Lin HY, Li E, Lawson KA & 
Mummery CL (2004) BMP signaling mediated by ALK2 in the visceral endoderm is 
necessary for the generation of primordial germ cells in the mouse embryo. Genes 
Dev 18(15): 1838–1849. 

Di Carlo A & De Felici M (2000) A role for E-cadherin in mouse primordial germ cell 
development. Dev Biol 226(2): 209–219. 

Dressler GR (2009) Advances in early kidney specification, development and patterning. 
Development 136(23): 3863–3874. 

Dudley AT, Lyons KM & Robertson EJ (1995) A requirement for bone morphogenetic 
protein-7 during development of the mammalian kidney and eye. Genes Dev 9(22): 
2795–2807. 

Edson MA, Nagaraja AK & Matzuk MM (2009) The mammalian ovary from genesis to 
revelation. Endocr Rev 30(6): 624–712. 



 79

Elenius K, Choi CJ, Paul S, Santiestevan E, Nishi E & Klagsbrun M (1999) 
Characterization of a naturally occurring ErbB4 isoform that does not bind or activate 
phosphatidyl inositol 3-kinase. Oncogene 18(16): 2607–2615. 

Escalier D, Eloy L & Garchon HJ (2002) Sex-specific gene expression during meiotic 
prophase I: Xlr (X linked, lymphocyte regulated), not its male homologue Xmr (Xlr 
related, meiosis regulated), is expressed in mouse oocytes. Biol Reprod 67(5): 1646–
1652. 

Esquela AF & Lee SJ (2003) Regulation of metanephric kidney development by 
growth/differentiation factor 11. Dev Biol 257(2): 356–370. 

Ewen KA & Koopman P (2010) Mouse germ cell development: from specification to sex 
determination. Mol Cell Endocrinol 323(1): 76–93. 

Fanto M & McNeill H (2004) Planar polarity from flies to vertebrates. J Cell Sci 117(Pt 4): 
527–533. 

Farini D, La Sala G, Tedesco M & De Felici M (2007) Chemoattractant action and 
molecular signaling pathways of Kit ligand on mouse primordial germ cells. Dev Biol 
306(2): 572–583. 

Fesler P & Mimran A (2011) Estimation of glomerular filtration rate: what are the pitfalls? 
Curr Hypertens Rep 13(2): 116–121. 

Fischer E, Legue E, Doyen A, Nato F, Nicolas JF, Torres V, Yaniv M & Pontoglio M 
(2006) Defective planar cell polarity in polycystic kidney disease. Nat Genet 38(1): 
21–23. 

Fujiwara Y, Komiya T, Kawabata H, Sato M, Fujimoto H, Furusawa M & Noce T (1994) 
Isolation of a DEAD-family protein gene that encodes a murine homolog of 
Drosophila vasa and its specific expression in germ cell lineage. Proc Natl Acad Sci U 
S A 91(25): 12258–12262. 

Furger C, Fiddes RJ, Quinn DI, Bova RJ, Daly RJ & Sutherland RL (1998) Granulosa cell 
tumors express erbB4 and are sensitive to the cytotoxic action of heregulin-
beta2/PE40. Cancer Res 58(9): 1773–1778. 

Garcia-Ortiz JE, Pelosi E, Omari S, Nedorezov T, Piao Y, Karmazin J, Uda M, Cao A, 
Cole SW, Forabosco A, Schlessinger D & Ottolenghi C (2009) Foxl2 functions in sex 
determination and histogenesis throughout mouse ovary development. BMC Dev Biol 
9: 36. 

Gassmann M, Casagranda F, Orioli D, Simon H, Lai C, Klein R & Lemke G (1995) 
Aberrant neural and cardiac development in mice lacking the ErbB4 neuregulin 
receptor. Nature 378(6555): 390–394. 

Gilbert SF & Epel D (2009) Ecological developmental biology : integrating epigenetics, 
medicine, and evolution. Sunderland Mass., Sinauer. 

Giles A, Madec F, Friedrichsen S, Featherstone K, Chambers T, Harper CV, Resch J, 
Brabant G & Davis JR (2011) Wnt signaling in estrogen-induced lactotroph 
proliferation. J Cell Sci 124(Pt 4): 540–547. 

Ginsburg M, Snow MH & McLaren A (1990) Primordial germ cells in the mouse embryo 
during gastrulation. Development 110(2): 521–528. 



 80

Gittens JE & Kidder GM (2005) Differential contributions of connexin37 and connexin43 
to oogenesis revealed in chimeric reaggregated mouse ovaries. J Cell Sci 118(Pt 21): 
5071–5078. 

Goessling W, North TE, Loewer S, Lord AM, Lee S, Stoick-Cooper CL, Weidinger G, 
Puder M, Daley GQ, Moon RT & Zon LI (2009) Genetic interaction of PGE2 and 
Wnt signaling regulates developmental specification of stem cells and regeneration. 
Cell 136(6): 1136–1147. 

Gougeon A (2010) Human ovarian follicular development: from activation of resting 
follicles to preovulatory maturation. Ann Endocrinol (Paris) 71(3): 132–143. 

Grieshammer U, Cebrian C, Ilagan R, Meyers E, Herzlinger D & Martin GR (2005) FGF8 
is required for cell survival at distinct stages of nephrogenesis and for regulation of 
gene expression in nascent nephrons. Development 132(17): 3847–3857. 

Griswold SL & Behringer RR (2009) Fetal Leydig cell origin and development. Sex Dev 
3(1): 1–15. 

Grote D, Souabni A, Busslinger M & Bouchard M (2006) Pax 2/8-regulated Gata 3 
expression is necessary for morphogenesis and guidance of the nephric duct in the 
developing kidney. Development 133(1): 53–61. 

Heikkila M, Prunskaite R, Naillat F, Itaranta P, Vuoristo J, Leppaluoto J, Peltoketo H & 
Vainio S (2005) The partial female to male sex reversal in Wnt-4-deficient females 
involves induced expression of testosterone biosynthetic genes and testosterone 
production, and depends on androgen action. Endocrinology 146(9): 4016–4023. 

Hollmen M & Elenius K (2010) Potential of ErbB4 antibodies for cancer therapy. Future 
Oncol 6(1): 37–53. 

Ichikawa I, Kuwayama F, Pope JC,4th, Stephens FD & Miyazaki Y (2002) Paradigm shift 
from classic anatomic theories to contemporary cell biological views of CAKUT. 
Kidney Int 61(3): 889–898. 

Ishibe S, Karihaloo A, Ma H, Zhang J, Marlier A, Mitobe M, Togawa A, Schmitt R, 
Czyczk J, Kashgarian M, Geller DS, Thorgeirsson SS & Cantley LG (2009) Met and 
the epidermal growth factor receptor act cooperatively to regulate final nephron 
number and maintain collecting duct morphology. Development 136(2): 337–345. 

Jaaskelainen M, Prunskaite-Hyyrylainen R, Naillat F, Parviainen H, Anttonen M, 
Heikinheimo M, Liakka A, Ola R, Vainio S, Vaskivuo TE & Tapanainen JS (2010) 
WNT4 is expressed in human fetal and adult ovaries and its signaling contributes to 
ovarian cell survival. Mol Cell Endocrinol 317(1–2): 106–111. 

Jeays-Ward K, Hoyle C, Brennan J, Dandonneau M, Alldus G, Capel B & Swain A (2003) 
Endothelial and steroidogenic cell migration are regulated by WNT4 in the developing 
mammalian gonad. Development 130(16): 3663–3670. 

Jordan BK, Mohammed M, Ching ST, Delot E, Chen XN, Dewing P, Swain A, Rao PN, 
Elejalde BR & Vilain E (2001) Up-regulation of WNT-4 signaling and dosage-
sensitive sex reversal in humans. Am J Hum Genet 68(5): 1102–1109. 

Jorgensen JS & Gao L (2005) Irx3 is differentially up-regulated in female gonads during 
sex determination. Gene Expr Patterns 5(6): 756–762. 



 81

Karner CM, Chirumamilla R, Aoki S, Igarashi P, Wallingford JB & Carroll TJ (2009) 
Wnt9b signaling regulates planar cell polarity and kidney tubule morphogenesis. Nat 
Genet 41(7): 793–799. 

Kashimada K, Pelosi E, Chen H, Schlessinger D, Wilhelm D & Koopman P (2011) 
FOXL2 and BMP2 act cooperatively to regulate follistatin gene expression during 
ovarian development. Endocrinology 152(1): 272–280. 

Katoh-Fukui Y, Tsuchiya R, Shiroishi T, Nakahara Y, Hashimoto N, Noguchi K & 
Higashinakagawa T (1998) Male-to-female sex reversal in M33 mutant mice. Nature 
393(6686): 688–692. 

Keisman EL, Christiansen AE & Baker BS (2001) The sex determination gene doublesex 
regulates the A/P organizer to direct sex-specific patterns of growth in the Drosophila 
genital imaginal disc. Dev Cell 1(2): 215–225. 

Khoury JD (2005) Nephroblastic neoplasms. Clin Lab Med 25(2): 341–61, vi–vii. 
Kim Y, Bingham N, Sekido R, Parker KL, Lovell-Badge R & Capel B (2007) Fibroblast 

growth factor receptor 2 regulates proliferation and Sertoli differentiation during male 
sex determination. Proc Natl Acad Sci U S A 104(42): 16558–16563. 

Kim Y, Kobayashi A, Sekido R, DiNapoli L, Brennan J, Chaboissier MC, Poulat F, 
Behringer RR, Lovell-Badge R & Capel B (2006) Fgf9 and Wnt4 act as antagonistic 
signals to regulate mammalian sex determination. PLoS Biol 4(6): e187. 

Kobayashi A, Shawlot W, Kania A & Behringer RR (2004) Requirement of Lim1 for 
female reproductive tract development. Development 131(3): 539–549. 

Kobayashi A, Stewart CA, Wang Y, Fujioka K, Thomas NC, Jamin SP & Behringer RR 
(2011) {beta}-Catenin is essential for Mullerian duct regression during male sexual 
differentiation. Development 138(10): 1967–1975. 

Kobayashi A, Valerius MT, Mugford JW, Carroll TJ, Self M, Oliver G & McMahon AP 
(2008) Six2 defines and regulates a multipotent self-renewing nephron progenitor 
population throughout mammalian kidney development. Cell Stem Cell 3(2): 169–181. 

Koopman P, Gubbay J, Vivian N, Goodfellow P & Lovell-Badge R (1991) Male 
development of chromosomally female mice transgenic for Sry. Nature 351(6322): 
117–121. 

Koopman P, Munsterberg A, Capel B, Vivian N & Lovell-Badge R (1990) Expression of a 
candidate sex-determining gene during mouse testis differentiation. Nature 348(6300): 
450–452. 

Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier J, Housman D & Jaenisch R 
(1993) WT-1 is required for early kidney development. Cell 74(4): 679–691. 

Lancaster MA & Gleeson JG (2010) Cystic kidney disease: the role of Wnt signaling. 
Trends Mol Med 16(8): 349–360. 

Lancaster MA, Louie CM, Silhavy JL, Sintasath L, Decambre M, Nigam SK, Willert K & 
Gleeson JG (2009) Impaired Wnt-beta-catenin signaling disrupts adult renal 
homeostasis and leads to cystic kidney ciliopathy. Nat Med 15(9): 1046–1054. 



 82

Lavery R, Lardenois A, Ranc-Jianmotamedi F, Pauper E, Gregoire EP, Vigier C, 
Moreilhon C, Primig M & Chaboissier MC (2011) XY Sox9 embryonic loss-of-
function mouse mutants show complete sex reversal and produce partially fertile XY 
oocytes. Dev Biol 354(1): 111–122. 

Lawson KA, Dunn NR, Roelen BA, Zeinstra LM, Davis AM, Wright CV, Korving JP & 
Hogan BL (1999) Bmp4 is required for the generation of primordial germ cells in the 
mouse embryo. Genes Dev 13(4): 424–436. 

Liakhovitskaia A, Gribi R, Stamateris E, Villain G, Jaffredo T, Wilkie R, Gilchrist D, 
Yang J, Ure J & Medvinsky A (2009) Restoration of Runx1 expression in the Tie2 
cell compartment rescues definitive hematopoietic stem cells and extends life of 
Runx1 knockout animals until birth. Stem Cells 27(7): 1616–1624. 

Little M, Georgas K, Pennisi D & Wilkinson L (2010) Kidney development: two tales of 
tubulogenesis. Curr Top Dev Biol 90: 193–229. 

Liu CF, Bingham N, Parker K & Yao HH (2009) Sex-specific roles of beta-catenin in 
mouse gonadal development. Hum Mol Genet 18(3): 405–417. 

Liu CF, Parker K & Yao HH (2010) WNT4/beta-catenin pathway maintains female germ 
cell survival by inhibiting activin betaB in the mouse fetal ovary. PLoS One 5(4): 
e10382. 

Liu J, Park ES & Jo M (2009) Runt-related transcription factor 1 regulates luteinized 
hormone-induced prostaglandin-endoperoxide synthase 2 expression in rat 
periovulatory granulosa cells. Endocrinology 150(7): 3291–3300. 

Liu W, Purevdorj E, Zscheppang K, von Mayersbach D, Behrens J, Brinkhaus MJ, Nielsen 
HC, Schmiedl A & Dammann CE (2010) ErbB4 regulates the timely progression of 
late fetal lung development. Biochim Biophys Acta 1803(7): 832–839. 

Lu BC, Cebrian C, Chi X, Kuure S, Kuo R, Bates CM, Arber S, Hassell J, MacNeil L, 
Hoshi M, Jain S, Asai N, Takahashi M, Schmidt-Ott KM, Barasch J, D'Agati V & 
Costantini F (2009) Etv4 and Etv5 are required downstream of GDNF and Ret for 
kidney branching morphogenesis. Nat Genet 41(12): 1295–1302. 

Luo X, Ikeda Y & Parker KL (1994) A cell-specific nuclear receptor is essential for 
adrenal and gonadal development and sexual differentiation. Cell 77(4): 481–490. 

Maatouk DM, DiNapoli L, Alvers A, Parker KL, Taketo MM & Capel B (2008) 
Stabilization of beta-catenin in XY gonads causes male-to-female sex-reversal. Hum 
Mol Genet 17(19): 2949–2955. 

MacLean G, Li H, Metzger D, Chambon P & Petkovich M (2007) Apoptotic extinction of 
germ cells in testes of Cyp26b1 knockout mice. Endocrinology 148(10): 4560–4567. 

Majumdar A, Vainio S, Kispert A, McMahon J & McMahon AP (2003) Wnt11 and 
Ret/Gdnf pathways cooperate in regulating ureteric branching during metanephric 
kidney development. Development 130(14): 3175–3185. 

Mandel H, Shemer R, Borochowitz ZU, Okopnik M, Knopf C, Indelman M, Drugan A, 
Tiosano D, Gershoni-Baruch R, Choder M & Sprecher E (2008) SERKAL syndrome: 
an autosomal-recessive disorder caused by a loss-of-function mutation in WNT4. Am 
J Hum Genet 82(1): 39–47. 



 83

Manuylov NL, Smagulova FO, Leach L & Tevosian SG (2008) Ovarian development in 
mice requires the GATA4-FOG2 transcription complex. Development 135(22): 3731–
3743. 

McLaren A (1999) Signaling for germ cells. Genes Dev 13(4): 373–376. 
McLaren A (2000) Germ and somatic cell lineages in the developing gonad. Mol Cell 

Endocrinol 163(1–2): 3–9. 
McLaren A & Southee D (1997) Entry of mouse embryonic germ cells into meiosis. Dev 

Biol 187(1): 107–113. 
McNeill H (2009) Planar cell polarity and the kidney. J Am Soc Nephrol 20(10): 2104–

2111. 
Menke DB, Koubova J & Page DC (2003) Sexual differentiation of germ cells in XX 

mouse gonads occurs in an anterior-to-posterior wave. Dev Biol 262(2): 303–312. 
Menke DB & Page DC (2002) Sexually dimorphic gene expression in the developing 

mouse gonad. Gene Expr Patterns 2(3–4): 359–367. 
Mericskay M, Kitajewski J & Sassoon D (2004) Wnt5a is required for proper epithelial-

mesenchymal interactions in the uterus. Development 131(9): 2061–2072. 
Meyer TN, Schwesinger C, Bush KT, Stuart RO, Rose DW, Shah MM, Vaughn DA, Steer 

DL & Nigam SK (2004) Spatiotemporal regulation of morphogenetic molecules 
during in vitro branching of the isolated ureteric bud: toward a model of branching 
through budding in the developing kidney. Dev Biol 275(1): 44–67. 

Michos O, Goncalves A, Lopez-Rios J, Tiecke E, Naillat F, Beier K, Galli A, Vainio S & 
Zeller R (2007) Reduction of BMP4 activity by gremlin 1 enables ureteric bud 
outgrowth and GDNF/WNT11 feedback signalling during kidney branching 
morphogenesis. Development 134(13): 2397–2405. 

Miyamoto N, Yoshida M, Kuratani S, Matsuo I & Aizawa S (1997) Defects of urogenital 
development in mice lacking Emx2. Development 124(9): 1653–1664. 

Miyamoto Y, Taniguchi H, Hamel F, Silversides DW & Viger RS (2008) A GATA4/WT1 
cooperation regulates transcription of genes required for mammalian sex 
determination and differentiation. BMC Mol Biol 9: 44. 

Molyneaux KA, Stallock J, Schaible K & Wylie C (2001) Time-lapse analysis of living 
mouse germ cell migration. Dev Biol 240(2): 488–498. 

Morelli MA & Cohen PE (2005) Not all germ cells are created equal: aspects of sexual 
dimorphism in mammalian meiosis. Reproduction 130(6): 761–781. 

Nef S, Schaad O, Stallings NR, Cederroth CR, Pitetti JL, Schaer G, Malki S, Dubois-
Dauphin M, Boizet-Bonhoure B, Descombes P, Parker KL & Vassalli JD (2005) Gene 
expression during sex determination reveals a robust female genetic program at the 
onset of ovarian development. Dev Biol 287(2): 361–377. 

Nel-Themaat L, Jang CW, Stewart MD, Akiyama H, Viger RS & Behringer RR (2011) 
Sertoli cell behaviors in developing testis cords and postnatal seminiferous tubules of 
the mouse. Biol Reprod 84(2): 342–350. 

Nemo R, Murcia N & Dell KM (2005) Transforming growth factor alpha (TGF-alpha) and 
other targets of tumor necrosis factor-alpha converting enzyme (TACE) in murine 
polycystic kidney disease. Pediatr Res 57(5 Pt 1): 732–737. 



 84

Nyengaard JR & Bendtsen TF (1992) Glomerular number and size in relation to age, 
kidney weight, and body surface in normal man. Anat Rec 232(2): 194–201. 

Ohinata Y, Payer B, O'Carroll D, Ancelin K, Ono Y, Sano M, Barton SC, Obukhanych T, 
Nussenzweig M, Tarakhovsky A, Saitou M & Surani MA (2005) Blimp1 is a critical 
determinant of the germ cell lineage in mice. Nature 436(7048): 207–213. 

Osorio KM, Lilja KC & Tumbar T (2011) Runx1 modulates adult hair follicle stem cell 
emergence and maintenance from distinct embryonic skin compartments. J Cell Biol 
193(1): 235–250. 

Ottolenghi C, Omari S, Garcia-Ortiz JE, Uda M, Crisponi L, Forabosco A, Pilia G & 
Schlessinger D (2005) Foxl2 is required for commitment to ovary differentiation. 
Hum Mol Genet 14(14): 2053–2062. 

Park JS, Valerius MT & McMahon AP (2007) Wnt/beta-catenin signaling regulates 
nephron induction during mouse kidney development. Development 134(13): 2533–
2539. 

Parr BA & McMahon AP (1998) Sexually dimorphic development of the mammalian 
reproductive tract requires Wnt-7a. Nature 395(6703): 707–710. 

Payer B, Saitou M, Barton SC, Thresher R, Dixon JP, Zahn D, Colledge WH, Carlton MB, 
Nakano T & Surani MA (2003) Stella is a maternal effect gene required for normal 
early development in mice. Curr Biol 13(23): 2110–2117. 

Pepling ME & Spradling AC (2001) Mouse ovarian germ cell cysts undergo programmed 
breakdown to form primordial follicles. Dev Biol 234(2): 339–351. 

Perantoni AO, Timofeeva O, Naillat F, Richman C, Pajni-Underwood S, Wilson C, Vainio 
S, Dove LF & Lewandoski M (2005) Inactivation of FGF8 in early mesoderm reveals 
an essential role in kidney development. Development 132(17): 3859–3871. 

Piontek KB, Huso DL, Grinberg A, Liu L, Bedja D, Zhao H, Gabrielson K, Qian F, Mei C, 
Westphal H & Germino GG (2004) A functional floxed allele of Pkd1 that can be 
conditionally inactivated in vivo. J Am Soc Nephrol 15(12): 3035–3043. 

Rogakou EP, Pilch DR, Orr AH, Ivanova VS & Bonner WM (1998) DNA double-stranded 
breaks induce histone H2AX phosphorylation on serine 139. J Biol Chem 273(10): 
5858–5868. 

Rolland AD, Lehmann KP, Johnson KJ, Gaido KW & Koopman P (2011) Uncovering 
gene regulatory networks during mouse fetal germ cell development. Biol Reprod 
84(4): 790–800. 

Ross AJ, May-Simera H, Eichers ER, Kai M, Hill J, Jagger DJ, Leitch CC, Chapple JP, 
Munro PM, Fisher S, Tan PL, Phillips HM, Leroux MR, Henderson DJ, Murdoch JN, 
Copp AJ, Eliot MM, Lupski JR, Kemp DT, Dollfus H, Tada M, Katsanis N, Forge A 
& Beales PL (2005) Disruption of Bardet-Biedl syndrome ciliary proteins perturbs 
planar cell polarity in vertebrates. Nat Genet 37(10): 1135–1140. 

Ross AJ, Tilman C, Yao H, MacLaughlin D & Capel B (2003) AMH induces mesonephric 
cell migration in XX gonads. Mol Cell Endocrinol 211(1–2): 1–7. 

Runyan C, Schaible K, Molyneaux K, Wang Z, Levin L & Wylie C (2006) Steel factor 
controls midline cell death of primordial germ cells and is essential for their normal 
proliferation and migration. Development 133(24): 4861–4869. 



 85

Saburi S, Hester I, Fischer E, Pontoglio M, Eremina V, Gessler M, Quaggin SE, Harrison 
R, Mount R & McNeill H (2008) Loss of Fat4 disrupts PCP signaling and oriented 
cell division and leads to cystic kidney disease. Nat Genet 40(8): 1010–1015. 

Saburi S & McNeill H (2005) Organising cells into tissues: new roles for cell adhesion 
molecules in planar cell polarity. Curr Opin Cell Biol 17(5): 482–488. 

Sainio K, Suvanto P, Davies J, Wartiovaara J, Wartiovaara K, Saarma M, Arumae U, 
Meng X, Lindahl M, Pachnis V & Sariola H (1997) Glial-cell-line-derived 
neurotrophic factor is required for bud initiation from ureteric epithelium. 
Development 124(20): 4077–4087. 

Saitou M, Barton SC & Surani MA (2002) A molecular programme for the specification of 
germ cell fate in mice. Nature 418(6895): 293–300. 

Salas M, John R, Saxena A, Barton S, Frank D, Fitzpatrick G, Higgins MJ & Tycko B 
(2004) Placental growth retardation due to loss of imprinting of Phlda2. Mech Dev 
121(10): 1199–1210. 

Samokhvalov IM, Thomson AM, Lalancette C, Liakhovitskaia A, Ure J & Medvinsky A 
(2006) Multifunctional reversible knockout/reporter system enabling fully functional 
reconstitution of the AML1/Runx1 locus and rescue of hematopoiesis. Genesis 44(3): 
115–121. 

Sardi SP, Murtie J, Koirala S, Patten BA & Corfas G (2006) Presenilin-dependent ErbB4 
nuclear signaling regulates the timing of astrogenesis in the developing brain. Cell 
127(1): 185–197. 

Saxen L & Sariola H (1987) Early organogenesis of the kidney. Pediatr Nephrol 1(3): 385–
392. 

Schedl A (2007) Renal abnormalities and their developmental origin. Nat Rev Genet 8(10): 
791–802. 

Schmidt D, Ovitt CE, Anlag K, Fehsenfeld S, Gredsted L, Treier AC & Treier M (2004) 
The murine winged-helix transcription factor Foxl2 is required for granulosa cell 
differentiation and ovary maintenance. Development 131(4): 933–942. 

Schuchardt A, D'Agati V, Larsson-Blomberg L, Costantini F & Pachnis V (1994) Defects 
in the kidney and enteric nervous system of mice lacking the tyrosine kinase receptor 
Ret. Nature 367(6461): 380–383. 

Sekido R, Bar I, Narvaez V, Penny G & Lovell-Badge R (2004) SOX9 is up-regulated by 
the transient expression of SRY specifically in Sertoli cell precursors. Dev Biol 274(2): 
271–279. 

Sekido R & Lovell-Badge R (2008) Sex determination involves synergistic action of SRY 
and SF1 on a specific Sox9 enhancer. Nature 453(7197): 930–934. 

Self M, Lagutin OV, Bowling B, Hendrix J, Cai Y, Dressler GR & Oliver G (2006) Six2 is 
required for suppression of nephrogenesis and progenitor renewal in the developing 
kidney. EMBO J 25(21): 5214–5228. 

Shakya R, Watanabe T & Costantini F (2005) The role of GDNF/Ret signaling in ureteric 
bud cell fate and branching morphogenesis. Dev Cell 8(1): 65–74. 



 86

Shan J, Jokela T, Skovorodkin I & Vainio S (2010) Mapping of the fate of cell lineages 
generated from cells that express the Wnt4 gene by time-lapse during kidney 
development. Differentiation 79(1): 57–64. 

Shawlot W & Behringer RR (1995) Requirement for Lim1 in head-organizer function. 
Nature 374(6521): 425–430. 

Simons M, Gloy J, Ganner A, Bullerkotte A, Bashkurov M, Kronig C, Schermer B, 
Benzing T, Cabello OA, Jenny A, Mlodzik M, Polok B, Driever W, Obara T & Walz 
G (2005) Inversin, the gene product mutated in nephronophthisis type II, functions as 
a molecular switch between Wnt signaling pathways. Nat Genet 37(5): 537–543. 

Small CL, Shima JE, Uzumcu M, Skinner MK & Griswold MD (2005) Profiling gene 
expression during the differentiation and development of the murine embryonic gonad. 
Biol Reprod 72(2): 492–501. 

Srinivas S, Goldberg MR, Watanabe T, D'Agati V, al-Awqati Q & Costantini F (1999) 
Expression of green fluorescent protein in the ureteric bud of transgenic mice: a new 
tool for the analysis of ureteric bud morphogenesis. Dev Genet 24(3–4): 241–251. 

Srinivasan R, Poulsom R, Hurst HC & Gullick WJ (1998) Expression of the c-erbB-
4/HER4 protein and mRNA in normal human fetal and adult tissues and in a survey of 
nine solid tumour types. J Pathol 185(3): 236–245. 

Stark K, Vainio S, Vassileva G & McMahon AP (1994) Epithelial transformation of 
metanephric mesenchyme in the developing kidney regulated by Wnt-4. Nature 
372(6507): 679–683. 

Sundvall M, Veikkolainen V, Kurppa K, Salah Z, Tvorogov D, van Zoelen EJ, Aqeilan R 
& Elenius K (2010) Cell death or survival promoted by alternative isoforms of ErbB4. 
Mol Biol Cell 21(23): 4275–4286. 

Suzuki A & Saga Y (2008) Nanos2 suppresses meiosis and promotes male germ cell 
differentiation. Genes Dev 22(4): 430–435. 

Taniguchi N, Carames B, Kawakami Y, Amendt BA, Komiya S & Lotz M (2009) 
Chromatin protein HMGB2 regulates articular cartilage surface maintenance via beta-
catenin pathway. Proc Natl Acad Sci U S A 106(39): 16817–16822. 

Tedesco M, La Sala G, Barbagallo F, De Felici M & Farini D (2009) STRA8 shuttles 
between nucleus and cytoplasm and displays transcriptional activity. J Biol Chem 
284(51): 35781–35793. 

Tesch GH (2010) Review: Serum and urine biomarkers of kidney disease: A 
pathophysiological perspective. Nephrology (Carlton) 15(6): 609–616. 

Thomasson M, Hedman H, Junttila TT, Elenius K, Ljungberg B & Henriksson R (2004) 
ErbB4 is downregulated in renal cell carcinoma--a quantitative RT-PCR and 
immunohistochemical analysis of the epidermal growth factor receptor family. Acta 
Oncol 43(5): 453–459. 

Threadgill DW, Dlugosz AA, Hansen LA, Tennenbaum T, Lichti U, Yee D, LaMantia C, 
Mourton T, Herrup K & Harris RC (1995) Targeted disruption of mouse EGF receptor: 
effect of genetic background on mutant phenotype. Science 269(5221): 230–234. 



 87

Tidcombe H, Jackson-Fisher A, Mathers K, Stern DF, Gassmann M & Golding JP (2003) 
Neural and mammary gland defects in ErbB4 knockout mice genetically rescued from 
embryonic lethality. Proc Natl Acad Sci U S A 100(14): 8281–8286. 

Topaloglu AK, Reimann F, Guclu M, Yalin AS, Kotan LD, Porter KM, Serin A, Mungan 
NO, Cook JR, Ozbek MN, Imamoglu S, Akalin NS, Yuksel B, O'Rahilly S & Semple 
RK (2009) TAC3 and TACR3 mutations in familial hypogonadotropic hypogonadism 
reveal a key role for Neurokinin B in the central control of reproduction. Nat Genet 
41(3): 354–358. 

Torisu Y, Watanabe A, Nonaka A, Midorikawa Y, Makuuchi M, Shimamura T, Sugimura 
H, Niida A, Akiyama T, Iwanari H, Kodama T, Zeniya M & Aburatani H (2008) 
Human homolog of NOTUM, overexpressed in hepatocellular carcinoma, is regulated 
transcriptionally by beta-catenin/TCF. Cancer Sci 99(6): 1139–1146. 

Torres M, Gomez-Pardo E, Dressler GR & Gruss P (1995) Pax-2 controls multiple steps of 
urogenital development. Development 121(12): 4057–4065. 

Trautmann E, Guerquin MJ, Duquenne C, Lahaye JB, Habert R & Livera G (2008) 
Retinoic acid prevents germ cell mitotic arrest in mouse fetal testes. Cell Cycle 7(5): 
656–664. 

Uda M, Ottolenghi C, Crisponi L, Garcia JE, Deiana M, Kimber W, Forabosco A, Cao A, 
Schlessinger D & Pilia G (2004) Foxl2 disruption causes mouse ovarian failure by 
pervasive blockage of follicle development. Hum Mol Genet 13(11): 1171–1181. 

Uhlenhaut NH, Jakob S, Anlag K, Eisenberger T, Sekido R, Kress J, Treier AC, Klugmann 
C, Klasen C, Holter NI, Riethmacher D, Schutz G, Cooney AJ, Lovell-Badge R & 
Treier M (2009) Somatic sex reprogramming of adult ovaries to testes by FOXL2 
ablation. Cell 139(6): 1130–1142. 

Vainio S, Heikkila M, Kispert A, Chin N & McMahon AP (1999) Female development in 
mammals is regulated by Wnt-4 signalling. Nature 397(6718): 405–409. 

Veitia R, Ion A, Barbaux S, Jobling MA, Souleyreau N, Ennis K, Ostrer H, Tosi M, Meo T, 
Chibani J, Fellous M & McElreavey K (1997) Mutations and sequence variants in the 
testis-determining region of the Y chromosome in individuals with a 46,XY female 
phenotype. Hum Genet 99(5): 648–652. 

Vidal VP, Chaboissier MC, de Rooij DG & Schedl A (2001) Sox9 induces testis 
development in XX transgenic mice. Nat Genet 28(3): 216–217. 

Vincent JP, Kolahgar G, Gagliardi M & Piddini E (2011) Steep differences in wingless 
signaling trigger myc-independent competitive cell interactions. Dev Cell 21(2): 366–
374. 

Weber S, Moriniere V, Knuppel T, Charbit M, Dusek J, Ghiggeri GM, Jankauskiene A, 
Mir S, Montini G, Peco-Antic A, Wuhl E, Zurowska AM, Mehls O, Antignac C, 
Schaefer F & Salomon R (2006) Prevalence of mutations in renal developmental 
genes in children with renal hypodysplasia: results of the ESCAPE study. J Am Soc 
Nephrol 17(10): 2864–2870. 



 88

West JA, Viswanathan SR, Yabuuchi A, Cunniff K, Takeuchi A, Park IH, Sero JE, Zhu H, 
Perez-Atayde A, Frazier AL, Surani MA & Daley GQ (2009) A role for Lin28 in 
primordial germ-cell development and germ-cell malignancy. Nature 460(7257): 909–
913. 

Yamaguchi TP, Bradley A, McMahon AP & Jones S (1999) A Wnt5a pathway underlies 
outgrowth of multiple structures in the vertebrate embryo. Development 126(6): 
1211–1223. 

Yamaji M, Seki Y, Kurimoto K, Yabuta Y, Yuasa M, Shigeta M, Yamanaka K, Ohinata Y 
& Saitou M (2008) Critical function of Prdm14 for the establishment of the germ cell 
lineage in mice. Nat Genet 40(8): 1016–1022. 

Yang D, Lai D, Huang X, Shi X, Gao Z, Huang F, Zhou X & Geng YJ (2010) The defects 
in development and apoptosis of cardiomyocytes in mice lacking the transcriptional 
factor Pax-8. Int J Cardiol . 

Yao HH, DiNapoli L & Capel B (2003) Meiotic germ cells antagonize mesonephric cell 
migration and testis cord formation in mouse gonads. Development 130(24): 5895–
5902. 

Yao HH, Matzuk MM, Jorgez CJ, Menke DB, Page DC, Swain A & Capel B (2004) 
Follistatin operates downstream of Wnt4 in mammalian ovary organogenesis. Dev 
Dyn 230(2): 210–215. 

Yao HH, Whoriskey W & Capel B (2002) Desert Hedgehog/Patched 1 signaling specifies 
fetal Leydig cell fate in testis organogenesis. Genes Dev 16(11): 1433–1440. 

Yarden Y & Sliwkowski MX (2001) Untangling the ErbB signalling network. Nat Rev 
Mol Cell Biol 2(2): 127–137. 

Ying Y, Liu XM, Marble A, Lawson KA & Zhao GQ (2000) Requirement of Bmp8b for 
the generation of primordial germ cells in the mouse. Mol Endocrinol 14(7): 1053–
1063. 

Ying Y & Zhao GQ (2001) Cooperation of endoderm-derived BMP2 and extraembryonic 
ectoderm-derived BMP4 in primordial germ cell generation in the mouse. Dev Biol 
232(2): 484–492. 

Yu J, Carroll TJ, Rajagopal J, Kobayashi A, Ren Q & McMahon AP (2009) A Wnt7b-
dependent pathway regulates the orientation of epithelial cell division and establishes 
the cortico-medullary axis of the mammalian kidney. Development 136(1): 161–171. 

Zeng F, Zhang MZ, Singh AB, Zent R & Harris RC (2007) ErbB4 isoforms selectively 
regulate growth factor induced Madin-Darby canine kidney cell tubulogenesis. Mol 
Biol Cell 18(11): 4446–4456. 

Zhao H, Kegg H, Grady S, Truong HT, Robinson ML, Baum M & Bates CM (2004) Role 
of fibroblast growth factor receptors 1 and 2 in the ureteric bud. Dev Biol 276(2): 
403–415. 

 

 



 89

List of original articles 

I  Naillat F, Prunskaite-Hyyryläinen R, Pietilä I, Sormunen R, Jokela T, Shan J & Vainio 
SJ (2010) Wnt4/5a signalling coordinates cell adhesion and entry into meiosis during 
presumptive ovarian follicle development. Hum Mol Genet. 19:1539–1550.  

II  Naillat F, Karjalainen R, Railo A, Veikkolainen V, Liakhovitskaia A, Medvinsky A & 
Vainio S (2011) Identification of target genes of Wnt-4 signalling pathway that 
controls female sex determination. Manuscript 

III  Veikkolainen V, Naillat F, Railo R, Chi L, Manninen A, Hohenstein P, Hastie N, 
Vainio S & Elenius K (2012) ErbB4 modulates tubular cell polarity and lumen 
diameter during kidney development. J Am Soc Nephrol 23:1–11.  

Reprint with permission from Oxford University Press (I) and from American 

Society of Nephrology (III). 

Original publications are not included in the electronic version of the dissertation. 



 90

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

S E R I E S  D  M E D I C A

1107. Marttala, Jaana (2011) First trimester screening and Down syndrome

1108. Kauppila, Anna-Maija (2011) Multidisciplinary rehabilitation after primary total
knee arthroplasty : A study of its effects on health- related quality of life,
functional capacity and cost-effectiveness

1109. Paalanne, Niko (2011) Postural balance, isometric trunk muscle strength and low
back symptoms among young adults

1110. Salminen, Annamari (2011) Surfactant proteins and cytokines in inflammation-
induced preterm birth : experimental mouse model and study of human tissues

1111. Pradhan-Palikhe, Pratikshya (2011) Matrix metalloproteinase-8 as a diagnostic
tool for the inflammatory and malignant diseases

1112. Kaakinen, Mika (2011) Functional microdomains in the specialized membranes of
skeletal myofibres

1113. Nissinen, Antti (2011) Humoral immune response to phosphatidylethanol

1114. Vuoti, Maire (2011) Pohjoissuomalaisten suurten ikäluokkien tulevaisuudenkuvat
ikääntymisestään, hyvinvoinnistaan ja sosiaali- ja terveyspalveluistaan

1115. Hakalahti, Anna (2011) Human β1-adrenergic receptor : biosynthesis, processing
and the carboxyl-terminal polymorphism

1116. Peltonen, Jenni (2011) TP53 as clinical marker in head and neck cancer

1117. Kariniemi, Juho (2011) Magnetic resonance imaging-guided percutaneous
abdominal interventions

1118. Suorsa, Eija (2011) Assessment of heart rate variability as an indicator of
cardiovascular autonomic dysregulation in subjects with chronic epilepsy

1119. Mikkola, Ilona (2011) Prevalence of metabolic syndrome and changes in body
composition, physical fitness and cardiovascular risk factors during military
service

1120. Venhola, Mika (2011) Vesicoureteral reflux in children

1121. Naillat, Florence (2011) Roles of Wnt4/5a in germ cell differentiation and gonad
development & ErbB4 in polarity of kidney epithelium

1122. Nurmenniemi, Sini (2011) Analysis of cancer cell invasion with novel in vitro
methods based on human tissues



A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P.O.B . 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Senior Assistant Jorma Arhippainen

Lecturer Santeri Palviainen

Professor Hannu Heusala

Professor Olli Vuolteenaho

Senior Researcher Eila Estola

Director Sinikka Eskelinen

Professor Jari Juga

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-9574-4 (Paperback)
ISBN 978-951-42-9575-1 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1121

AC
TA

Florence N
aillat

OULU 2011

D 1121

Florence Naillat

ROLES OF WNT4/5A IN GERM 
CELL DIFFERENTIATION AND 
GONAD DEVELOPMENT & 
ERBB4 IN POLARITY OF 
KIDNEY EPITHELIUM

UNIVERSITY OF OULU,
FACULTY OF MEDICINE,
INSTITUTE OF BIOMEDICINE,
DEPARTMENT OF MEDICAL BIOCHEMISTRY AND MOLECULAR BIOLOGY;
BIOCENTER OULU;
OULU CENTER FOR CELL-MATRIX RESEARCH


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	List of original articles
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Urogenital development
	2.2 Gonad development
	2.2.1 Bipotential gonad
	2.2.2 Sex determination

	2.3 Differentiation of the germ cells and their migration
	2.3.1 Germ cell maturation
	2.3.2 Ovarian follicle formation

	2.4 Metanephric kidney development
	2.4.1 Ureteric bud branching morphogenesis
	2.4.2 Mesenchymal-epithelial transition
	2.4.3 Wnt signalling pathways and control of cell polarity inembryonic kidney
	2.4.4 Establishment of renal function

	2.5 Signalling pathways
	2.5.1 Wnt signalling in sexual differentiation
	2.5.2 ErbB4 signalling in development and diseases


	3 Outline of the present study
	4 Material and methods
	5 Results
	5.1 Wnt4/Wnt5a signalling coordinates cell adhesion and meiosis(article I)
	5.1.1 Wnt-4 is a somatic ovarian signal with a role in controllinggerm cell localization within the embryonic ovary andmaintaining the cyst
	5.1.2 Wnt-4 deficiency shifts the β-catenin and E-cadherinexpression pattern of embryonic germ cells from the femaletype to the male type
	5.1.3 Wnt4 signalling controls germ cell entry into meiosis insynergy with Wnt5a in the embryonic ovary

	5.2 Mechanism by which Wnt4 signalling regulates gonaddevelopment (article II)
	5.2.1 Identification of Wnt-4 target genes
	5.2.2 Changes in gene expression due to Wnt-4 deficiency
	5.2.3 Status of the meiosis in Wnt-4 deficient female and role ofRunx-1 as a putative Wnt4 signalling target gene

	5.3 Cell division and polarity of developing kidney tubularepithelial cells are controlled by ErbB4 signalling (article III)
	5.3.1 ErbB4 JMa isoform is expressed in the developing uretericbud epithelium
	5.3.2 Over expression of ERBB4 disrupts polarisation of kidneyepithelium and leads to formation of epithelial cysts
	5.3.3 Conditional knock-out of ErbB4 function disturbs polarisationof developing collecting ducts leading to kidney defects in theadult


	6 Discussion
	6.1 Wnt-4 signalling in the control of female germ cell adhesionand entering into meiosis (I-II)
	6.2 Screening of the Wnt4 signalling target genes in the gonadsand identification of Runx-1 as a putative candidate (II)
	6.3 ErbB4 signalling is necessary for proper kidney epitheliumdevelopment (III)

	7 Future perspectives
	References
	List of original articles



