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Chi, Lijun, Sprouty and Cerberus proteins in urogenital system development
Faculty of Medicine, Department of Medical Biochemistry and Molecular Biology, Laboratory of
Developmental Biology, Biocenter Oulu, University of Oulu, P.O. Box 5000, FI-90014 University
of Oulu, Finland 
Acta Univ. Oul. D 929, 2007
Oulu, Finland

Abstract
The embryonic urogenital system (UGS) generates the metanephric kidney, gonad and the adrenal
gland. It is well known that the development of the UGS is regulated by sequential and reciprocal
epithelial and mesenchymal tissue interactions but the secreted mediators involved are still poorly
known. The action of such inductive signals is typically regulated by specific antagonists. The
Sprouty (Spry) proteins compose one family of cytoplasmic regulators that typically repress the
function of the receptor tyrosine kinase (RTK) signal transduction pathways. The DAN/Cerberus
(Cer) family that encodes secreted proteins bind and antagonize the Bmp, Wnt and Nodal signals. In
this study the roles of Spry and Cer1 was addressed during mouse UGS development by targeted
expression of SPROUTY2 (SPRY2) and Cer1 in the ureteric bud and Wolffian duct under the Pax2
promoter. Changes induced in the UGS assembly process were analyzed in detail to reveal the normal
developmental roles of these proteins. 

SPRY2 expression led to either complete lack of the kidney, reduction in the kidney size or
formation of unilateral kidney with reduced size. The SPRY2 mediated reduction in kidney size was
accompanied by inhibition of expression of genes that are known to regulate kidney development.
The results indicated that the Spry may take part in kidney development by coordinating the
reciprocal cell signaling between the ureteric bud, the mesenchymal cells and stromal cells. 

In addition to the kidney, the gain of SPRY2 function revealed an important role in the control of
male gonadogenesis. SPRY2 over expression in the Wolffian duct malformed the Wolffian duct
derivatives, diminished the number of seminiferous tubules and the amount of the interstitial tissue
associated with reduced mesonephric cell migration to the testis. Exogenous FGF9 rescued
mesonephric cell migration inhibited by SPRY2. It was concluded that Spry protein contribute to male
sexual organogenesis by antagonizing Fgf9 signaling.

When the Cer1 gene was over expressed in the ureteric bud this lead unexpectedly to increased
kidney size. The Cer1 mediated promotion of kidney size was demonstrated to involve enhanced
ureteric bud morphogenesis. At the molecular level Cer1 protein function lead to inhibition of Bmp4
gene expression and concurrent upregulation of Gdnf and Wnt11 expression. Notably, excess BMP4
reduced the Cer1 stimulated ureteric bud branching and downregulated normally expression of Gdnf
and Wnt11 in the embryonic kidney. Based on the presented data it is proposed that the establishment
of mammalian organ size is under the control of both systemic and the intrinsic factors.

Together the work demonstrates significant roles for the proteins that typically inhibit growth
factor signaling or signal transduction. Hence organogenesis is controlled by coordination between
positive and negative growth factor regulator signals.

Keywords: Cerberus, FGF signaling, Gdnf/Ret, kidney, organogenesis, Sprouty, testis,
transgenic mice, Wolffian duct
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 Abbreviations 

ADPKD  autosomal-dominant polycystic kidney disease 
AGTR human angiotensin type 2 receptor 
Akt v-akt thymoma viral proto-oncogene 
Amh Anti-Müllerian hormone 
Arx aristaless related homeobox, X-linked  
α–SMA  α-smooth muscle actin 
β-catenin cadherin associated protein β 1 
Bmp born morphogenetic protein 
Bmpr (ALK) bone morphogenetic protein receptor, 
BrdU  bromodeoxyuridine  
CACUT congenital anomalies of kidney and urinary tract 
CBL casitas B-lineage lymphoma 
cDNA complementary DNA  
Cer1 Cerberus 1 homolog (Xenopus laevis) 
CMPD  campomelic dysplasis syndrome 
CNS central nervous system 
CYP26B P450 cytochrome enzyme family 26 subfamily B 
DAB  diaminiobenzidine  
DAN DAN domain family 
Dax Dosage Sensitive Sex reversal-Adrenal Hypoplasia Congenital critical 

region of the X chromosome  
Dhh desert hedgehog 
dpc days post-coitum 
Drm(Grem1) down-regulated in v-mos-transformed cells (Gremlin 1) 
Dte(Dand5) DAN domain family, member 5 
dUTP deoxyuridine triphosphatase 
E embryonic. 
Egf epidermal growth factor 
Emx empty spiracles homologue 
ERK extracellular signal-regulated kinase 
Eya1 eyes absent 1 homolog (Drosophila) 



Fgf fibroblast growth factor 
Fgfr fibroblast growth factor receptor 
Fst follistantin 
Fog (Zfpm) Zinc finger protein 
Foxd forkhead box D 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
Gata GATA-binding protein  
Gdf Growth/differentiation factor  
Gdnf glial cell line-derived neurotrophic factor 
GF growth factor 
Gfrα Gdnf family receptor alpha 1   
Grb2 growth-factor receptor-bound protein-2 
GDP guanosine diphosphate  
GTP guanosine triphosphate  
HDRS  hypoparathyroidism, deafness, and renal anomaly syndrome  
Hox homeo box 
Hsd3β 3β-hydroxysteroid dehydrogenase  
Jag1 jagged1 gene 
KM kidney mesenchyme 
Lim (Lhx) LIM homeobox protein 
MD Müllerian duct 
MIS Müllerian inhibiting substance  
M33(Cbx2) chromobox homolog 2 
MM metanephric mesenchyme 
MMTV mouse mammary tumor virus 
MAPK mitogen-activated protein Kinase 
Pax paired box-containing gene 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
qPCR quantitative PCR 
Pdgfs platelet-derived growth factors 
Pdgfrα platelet derived growth factor receptor, α polypeptide 
PECAM  Platelet/endothelial cell adhesion molecule 
PFA paraformaldehyde 
PI3K  phosphatidylinositol 3-kinase 
PKD polycystic kidney disease  
Pbx1 pre B-cell leukemia transcription factor 1 
Pldf (Pgf) placental growth factor  
Pod1(Tcf21) basic-helix-loop-helix (bHLH) transcription factor 21 
Prdc(Grem2) protein related to DAN and cerberus  
qPCR quantitative PCR 
Raf1 protein kinase raf 1 
RAR retinoic acid receptor 
Ras ras p21 (encoded by Ras gene) G protein 
RBD Raf1-binding domain 
Ret ret proto-oncogene 



Robo roundabout receptor 
Rspo1 R-spondin1 
RTK receptor tyrosine kinase 
RT-PCR reverse transcriptase PCR 
Sf Steroidogenic factor 
Shh sonic hedgehog 
Six sine oculis-related homeobox gene  
Slit  slit homolog gene 
SMA smooth muscle actin 
Smad mothers against decapentaplegic homolog 
Sox SRY-box containing gene  
SOS Son of sevenless  
Spred sprouty related protein 
Spry sprouty 
Src rous sarcoma oncogene 
Sry sex determining region of the Y chromosome 
TF transcription factor  
TG  transgenic 
TGFβ transforming growth factor β 
TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nickend labelling  
UB ureteric bud  
Wnt wingless-related MMTV integration  
WD Wolffian duct 
WT wild-type  
xCer Xenopus cerberus 
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1 Introduction 

Organogenesis is regulated by epithelial and mesenchymal tissue interactions (Saxén 
1987). There is evidence that a variety of soluble growth factors, including fibroblast 
growth factors (Fgfs), epidermal growth factor (Egf), Wnts, and TGFβ, are involved in 
the organogenesis (Hogan & Kolodziej 2002, Vainio & Lin 2002). These important 
growth factor signaling pathways are modulated by several antagonists.  

The Sprouty (Spry) gene is an identified novel negative regulator of the growth factors 
signaling pathway in the Drosophila tracheal airway system (Hacohen et al. 1998). 
DSprouty also inhibits other receptor tyrosine kinases (RTKs) such as EGF receptors 
(EGFr) (Casci et al. 1999, Kramer et al. 1999). Four mammalian Sprouty proteins have 
been identified based on sequence similarity to dSprouty (Minowada et al. 1999). A 
conserved function between dSprouty and vertebrate Spry was demonstrated in the lung 
organogenesis and angiogenesis model systems (Lee et al. 2001). The expression of Spry 
1, 2 and 4 were found in the mouse embryos (Zhang et al. 2001). However, the 
expression and function of Spry2 during the reproductive organogenesis was not been 
known. 

The Cerberus (Cer1) gene was shown to encode a Spemann’s organizer signal. Cer1 is 
a secreted protein able to induce ectopic heads, hearts, and livers when injected into 
Xenopus eggs (Bouwmeester et al. 1996). Cer1 antagonizes Bmps, Wnts, and Nodal 
signaling in the extracellular space (Piccolo et al. 1999), suggesting that it plays a critical 
role during embryonic development.  

In this study, the function of Spry and Cer1 was addressed by the gain of function 
approach during kidney and gonad development. We generated the mouse lines 
expressing SPRY2 and Cer1 under the Pax2 promoter that is specifically active in the 
urogenital system.  



2 Review of the literature 

2.1  Basic principles of urogenital system development 

The mammalian urogenital system - the kidneys, gonads, and the sex ducts is derived 
from the intermediate mesoderm, which is located between the somite and lateral plate 
mesoderm (Saxén 1987). Subsequently, the development of the mammalian kidney 
progresses through three major stages: the pronephros, the mesonephros, and the 
metanephros.  

The first morphological derivative arising from the intermediate mesoderm is the 
pronephric duct. The cells of this duct migrate and induce the adjacent mesenchyme cells 
to form the tubules of the initial kidney, the pronephric kidney (E8.0 in mouse) (Figure. 
1A). The pronephric duct persists and serves as the central component for the 
development of the urogenital system. This duct is called the nephric or Wolffian duct. 
The nephric duct induces the new tubules in the middle portion and adjacent 
mesenchyme. These new tubules integrate into the mesonephric kidney (E9.5) (Fig. 1B). 
These two stages are transient. The final and functional kidney, the metanephric kidney 
(E11.0) (Fig. 1C), is induced by complex interactions between epithelial and 
mesenchymal cells of the intermediate mesoderm (Saxén 1987, Gilbert 2006). The 
nephric duct (or Wolffian duct) forms the ureteric bud. This bud enters the metanephric 
mesenchyme and induces the mesenchyme tissue to condense and differentiate, while the 
mesenchyme induces the ureteric bud to elongate, branch, and grow. 
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Fig. 1. The representation of development of the vertebrate kidney (modified from Saxén 
1987, Gilbert 2006).  

The gonads develop from each mesonephros on the ventromedial side of the nephrogenic 
cord and are first detected at E10 in the mouse. Then the action of Sry triggers the testis 
pathway in XY embryos; while lack of Sry function leads to the development of ovaries in 
XX embryos (Gubbay et al. 1990, Lovell-Badge & Robertson 1990, Koopman et al. 
1991). The early gonads initiate as genital ridges and are composed of somatic cells 
which are derived from the coelomic epithelia and the mesonephros, as well as the germ 
cells that immigrated from the extragonadal portion (Buehr et al. 1993, Merchant-Larios 
et al. 1993, Martineau et al. 1997, McLaren 1999).  

Initially, the mesonephros contains the Wolffian duct (WD) and Müllerian duct (MD) 
in both sexes (Fig.2). Müllerian inhibiting substance (MIS) secreted by the Sertoli cells 
induce regression of the MD in the male, while the absence of MIS in the female allows 
the MD to develop into the oviducts, uterus, and upper vagina. Differentiation of the WD 
and its derivatives, including the epididymis, vas deferens and seminal vesicles, are 
dependent on the testosterone secreted by embryonic Leydig cells (Fig.2) (Munsterberg 
& Lovell-Badge 1991, Behringer et al. 1994, Mishina et al. 1996). 
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Fig. 2. Mammalian reproductive development at different stages. MIS: Müllerian inhibiting 
substance; T: testosterone (modified from Colvin et al. 2001).  

2.2  Kidney organogenesis  

2.2.1  Epithelial-mesenchymal interaction during kidney morphogenesis 

The mammalian kidney or the metanephros begins to develop when the ureteric bud 
extends into the surrounding metanephric mesenchyme (MM). The ureteric bud (UB) 
epithelia invades the mesenchyme around E10.5–E11 in the mouse and E35–E37 in 
humans. The UB then undergoes growth, elongation, and branching to give rise to the 
collecting ducts and to the ureter, while the mesenchyme condenses and transforms into 
an epithelium to form the renal tubules and glomeruli (Fig.3) (Saxén 1987, Shah et al. 
2004, Gilbert 2006).  
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Fig. 3. Stages of renal branching morphogenesis and nephron formation (modified from Shah 
et al. 2004).  

If the ureter is removed, no tubules appear in the metanephric mesenchyme in vitro 
(Saxén 1987). Although this evidence indicates that the ureteric bud provides signals for 
induction of the metanephric mesenchyme, the molecular details of the inductive signals 
still remains elusive (Hogan & Kolodziej 2002, Vainio & Lin 2002, Dressler 2006). 
Separating the metanephric mesenchyme and culturing it with an inductor, such as the 
spinal cord, induces kidney tubule formation (Saxén & Lehtonen 1987). Without the 
presence of the metanephric mesenchyme, the ureteric bud would not form from the 
Wolffian duct, neither does it undergo branching, or grow further (Sariola & Sainio 1997, 
Vainio & Muller 1997). The ureteric branching pattern depends on the support from the 
metanephric mesenchyme and forms the collecting system (Saxén 1987). These 
conclusions are supported by recent genetic studies in the mouse (Table 1) and in human 
diseases which disrupt kidney development (Table 2) (Piscione & Rosenblum 2002, Shah 
et al. 2004). 
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Table 1. Targeted mutations that affect kidney branching morghogenesis (modified from 
Davies 2001, Piscione & Rosenblum 2002, Vainio & Lin 2002, Shah et al. 2004, Yu et al. 
2004). 
Gene name Expression Kidney phenotype Molecular phenotype References 
Wt1 MM Failure of UB outgrowth 

MM undergoes apoptosis 
Pax2 reduced, Gdnf 
remains 

(Kreidberg et al. 1993)  

Pax2 WD,UB,MM Failure of UB outgrowth Gdnf absent, Eya,Six 
remains 

(Torres et al. 1995, 
Brophy et al. 2001)  

Lim1 WD,UB,tubulars Failure of UB outgrowth Ret absent (Shawlot & Behringer 
1995, Kobayashi et al. 
2005) 

Emx2 WD,UB Kidney, Ureter, gonad, genital 
tract missing 

Wnt4 absent (Miyamoto et al. 1997)  

Eya1 MM Absence of UB growth 
Failure of MM induction 

Gdnf absent, Six1 remains (Xu et al. 1999)  

Sall1 MM Failure of UB outgrowth 
and tubule formation 

Gdnf absent 
Wt1, Pax2 reduced 

(Nishinakamura et al. 
2001) 

Six1 MM Failure of UB outgrowth 
MM undergoes apoptosis 

Pax2, Six2, Sall1 reduced 
Eya1, Six1 normal in  
Pax2-/- 

(Xu et al. 2003)  

Rara/Rarb2 Stroma Smaller kidney, less branching 
reduced nephrons 

c-Ret absent (Mendelsohn et al. 1999, 
Batourina et al. 2001) 

Foxc1 MM Double ureter, two kidney Gdnf expanded (Kume et al. 2000) 
Foxd1(Bf2) Stroma Small kidney,few nephrons 

fused longitudinally, reduced 
branching 

(Hatini et al. 1996)  

Pod1 Stroma Reduced branching  
delay glomerulogenesis 

c-Ret reduced (Quaggin et al. 1999, Cui 
et al. 2003) 

Pbx1 MM Small kidney, few nephrons 
reduced branching 

Pax2, Wnt11, Bf2, Wt1, 
Pod1 normal, c-Ret 
expanded 

 (Schnabel et al. 2003)  

Slit2/Robo2 Slit2:WD 
Robo2: MM 

Supernumerary UB, 
hydroureter, multilobular 
kidneys, misconnected ureter 
to the bladder 

Gdnf expanded (Grieshammer et al. 
2004) 

Hoxa11/Hoxd11 MM Failure of UB outgrow Gdnf, Bf2 absent (Davis et al. 1995, 
Patterson et al. 2001) 

Gata3 WD,UB Nephric duct and UB missing Ret absent 
Wt1, Pax2, Pax8. Emx2 
normal 

(Lim et al. 2000, Grote et 
al. 2006)  

Gdnf MM No kidney as Failure of UB 
outgrowth 

 (Moore et al. 1996, 
Pichel et al. 1996b) 

Gdf11 UB, MM UB unformed, MM undergoes 
apoptosis 

Gdnf absent  
Wt1, Pax2, Eya1, Six2,  
c-Ret, Emx2, Wt1 normal 

(Esquela & Lee 2003)  

Bmp4+/- MM Hypo/dysplasia kidneys 
hydroureter, double collecting 
duct 

Gdnf expanded (Miyazaki et al. 2000) 

Bmp7 UB, MM Few nephrons, less branch Wt1, Pax2, Wnt4 initially 
induced but gradually lost 

(Dudley et al. 1995, 
Dudley & Robertson 
1997) 

Wnt4 MM Failure of tubule formation  (Stark et al. 1994) 
Wnt9b UB UB invasion normal 

failure of UB branching 
Pax2, Eya1, Wt1, Bmp7, 
Six2 expressed; Wnt11, 
Gdnf reduced 

(Carroll et al. 2005)  

Wnt11 Tip of UB Smaller kidney reduced 
branching 

Gdnf reduced, Pax2 normal  
Wnt11 reduced, Emx2 
normal in Ret-/- 

(Majumdar et al. 2003)  

Spry1 UB, MM Multiple ureters and kidneys Gndf/Ret expanded (Basson et al. 2005)  
Ret UB Failure of UB outgrowth  (Schuchardt et al. 1994) 
Gfrα1 UB, MM Kidney agenesis, dysplasia 

same as Gdnf and Ret 
 (Cacalano et al. 1998) 
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Table 2. Human gene mutation defects in renal morphogenesis (modified from Piscione 
& Rosenblum 2002, Shah et al. 2004).  

Gene Primary disease Kidney phenotype References 
WT1 Wilms tumour/aniridia/genitourinary 

abnormalities /mental retardation 

(WAGR), Denys-Drash and Frasier 

syndrome 

Wilms tumour,unilateral 

agenesis 

(Little et al. 1993) 

PAX2 Renal-Coloboma syndrome Unilateral agenesis, vesico-

ureteral reflux 

(Sanyanusin et al. 1995) 

EYA1 BOR (Brabchio-Oto-Renal) 

syndrome 

Hypo/dysplasia,collecting 

system defect 

(Abdelhak et al. 1997) 

SALL1 Townes-Brocks syndrome (TBS) Hypo/dysplasia, vesico-ureteral 

reflux 

(Salerno et al. 2000) 

SOX9 Campomelic dysplasis syndrome 

(CMPD1) 

Hyronephrosis, dyspiasis (Wagner et al. 1994) 

AGTR2 Congenital anomalies of kidney and 

urinary tract (CAKUT) 

Hypo/dysplasia,collecting 

system defect 

(Nishimura et al. 1999) 

PKD1/PKD2 Autosomal-dominant polycystic 

kidney disease (ADPKD) 

Polycystic kidney (Brook-Carter et al. 1994, 

Mochizuki et al. 1996) 

FGFR2 Apert syndrome Hydronephrosis (Moloney et al. 1996) 

JAG1 Alagille’s syndrome Cystic kidney (Li et al. 1997, Oda et al. 1997) 

GATA3 Hypoparathyroidis deafness, and 

renal dysplasia (HDR) syndrome 

Kidney dysplasia (Van Esch et al. 2000) 

2.2.2  Signals involved in kidney branching morphogenesis  
and tubulogenesis 

The kidney branching morphogenesis results from the reciprocal inductive interactions 
between the mesenchymal cells and the ureteric epithelial cells (Saxén 1987). During 
ureteric bud branching morphogenesis, the signals that promote and direct nephrogenesis 
could be derived from a variety of sources, including the UB tips, the metanephric 
mesenchyme, and the stromal cells. The tubule induction is repeated to generate ~12,000 
nephrons in the mouse per kidney, 30,000 in the rat, and ~300,000 – 1 million nephrons 
in the human kidney (approximately 600,000) (Nyengaard & Bendtsen 1992, al-Awqati 
& Goldberg 1998, Piscione & Rosenblum 2002). Since branches develop only at the tips 
of the ureteric tree, some signals expressed specifically on the tips are likely to have an 
effect on branching and induce ureteric bud growth (Sariola & Sainio 1997, Piscione & 
Rosenblum 2002, Costantini 2006, Costantini & Shakya 2006). 

It is poorly understood whether the metanephric mesenchyme initiates the branch 
formation of the UB. How the genes determine this cellular process is an interesting 
topic. What controls the initial outgrowth, elongation, and branching of the UB is an 
important not only for the basic developmental biology (Table 1), but also in the clinical 
implications. Defects or over-stimulation of UB branching can cause reduced or 



 24

increased nephron numbers which may lead to renal diseases in humans (Table 2). It has 
been believed that the MM controls many aspects of UB growth and branching through 
inductive interactions, and more recently studies showed that the kidney stromal cells are 
also essential for normal UB development (Hatini et al. 1996, Batourina et al. 2001, 
Costantini 2006). A number of growth factors and transcription factors expressed by the 
MM and/or stromal cells or the UB itself have been implicated in the control of UB 
branching morphogenesis and in tissue interactions during kidney development (Table 1).  

2.2.2.1  Gdnf /Ret  

Glial cell line-derived neurotrophic factor (Gdnf) belongs to the TGF-β superfamily. It 
signals through a receptor tyrosine kinase, Ret, and the GPI-linked cell surface co-
receptor Gfrα1 (Pachnis et al. 1993, Durbec et al. 1996, Jing et al. 1996, Airaksinen & 
Saarma 2002). Gdnf/Ret/Gfrα1 signaling exerts its central effects on both UB ourgrowth 
and branching (Sariola & Saarma 1999). Gdnf has been implicated in cell proliferation 
and migration and might also have an effect on the UB cell-cell adhesion (Sainio et al. 
1997, Costantini 2006). GDNF can induce the expansion of UB tips (Pepicelli et al. 1997, 
Michael & Davies 2004, Michael et al. 2005) and cause the outgrowth of numerous 
ectopic buds from the WD in the cultured kidney (Sainio et al. 1997, Shakya et al. 2005). 
Ret and Gfrα1 are expressed along the WD and UB tip, while Gdnf is expressed only in 
the MM adjacent to the caudal portion of the WD and later in the surroundings of the UB 
tips (Pachnis et al. 1993, Hellmich et al. 1996, Sainio et al. 1997, Poteryaev et al. 1999). 
Mice lacking any one of Ret, Gdnf, or Gfrα1 display similar kidney phenotypes, renal 
agenesis and hypodysplasia associated with failure of the ureteric bud outgrowth 
(Schuchardt et al. 1994, Moore et al. 1996, Pichel et al. 1996a, Sanchez et al. 1996, 
Schuchardt et al. 1996, Cacalano et al. 1998), indicating a critical role for the 
Gdnf/Ret/Gfrα1 signaling pathway in controlling early developmental events during renal 
branching morphogenesis. It has been shown that the isolated UB can grow and branch 
extensively in the absence of kidney mesenchyme, when placed in an artificial matrix 
with GDNF and purified growth factors in the conditional medium (BSN cell) (Perantoni 
et al. 1991, Qiao et al. 1999). This suggests that Gdnf is a key soluble factor from the 
metanephric mesenchyme. The Gdnf/Ret/Gfrα1 system might interact with other different 
molecules during ureteric growth. Gdnf and Wnt11 were downregulated by BMP4 in 
organ culture (Raatikainen-Ahokas et al. 2000). Wnt11 as a target of Gdnf signaling is 
expressed in the ureteric tips and contributes to the regulation of ureteric branching 
formation and functions in the Gdnf/Ret positive feedback loop (Kispert et al. 1996). 
Loss of Wnt11 results in reduced levels of Gdnf in the metanephric mesenchyme and 
reduced UB branching, suggesting that Wnt11 signaling to the MM helps to maintain 
Gdnf expression and cooperate with the Gdnf/Ret pathway to regulate the ureteric 
branching morphogenesis (Majumdar et al. 2003).  

So far, the Ras/Erk/MAP kinase pathway has been well characterized as downstream 
of Ret signaling, and inhibiting (by PD98059) the Erk pathway reduces the ureteric 
branching (Fisher et al. 2001, Watanabe & Costantini 2004). The inhibitor PD98059 may 
also block signaling by other tyrosine kinase receptors (e.g. Fgfr) which are involved in 
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branching formation and the response to GDNF (Jain et al. 2006). Another target gene for 
the Gdnf/Ret pathway, Spry1, an intracellular negative regulator of tyrosine kinase 
signaling, will be discussed in section 2.4. 

2.2.2.2  Transcription factors 

Ret and Gdnf are essential mediators of kidney epithelial–mesenchymal interactions 
(Sariola & Saarma 1999). The factors that affect Gdnf /Ret signaling can result in kidney 
defects (Piscione & Rosenblum 2002, Vainio & Lin 2002, Shah et al. 2004, Costantini 
2006).  

Wilms’ tumor suppressor gene 1 (Wt1) encodes a transcription factor, and its mutation 
in human is associated with childhood kidney tumors (Wilms’ tumor) and urogenital 
malformation, the Denys-Dash syndrome (Call et al. 1990, Gessler et al. 1990, 
Miyagawa et al. 1994, Davies et al. 1999, Parker et al. 1999).  

Wt1 is the first known gene which is expressed in the metanephric mesenchyme before 
induction (Pritchard-Jones et al. 1990). In Wt1-/- mice, the ureteric bud fails to grow out 
of the WD and the metanephric mesenchyme subsequently apoptosis, leading to a 
complete failure of kidney development, although Gdnf is present in the mutant 
mesenchyme (Kreidberg et al. 1993, Donovan et al. 1999). In addition, mutant embryos 
revealed a failure of gonad development (Kreidberg et al. 1993). Wt1 mutant metanephric 
mesenchyme can not be induced by wild-type spinal cord in vitro. Wt1 might regulate the 
expression of secreted factors that mediate the mesenchymal signals which induce 
ureteric bud formation, and also probably regulates the response to inductive signals that 
are derived from the ureteric bud (Lechner & Dressler 1997, Schedl & Hastie 2000, 
Piscione & Rosenblum 2002, Vainio & Lin 2002, Bouchard 2004, Costantini 2006, 
Dressler 2006). 

Pax2 is a transcriptional regulator of the paired-box family and is widely expressed 
during the development of both ductal and mesenchymal components of the urogenital 
system (Dressler et al. 1990, Gruss & Walther 1992). Repression of Pax2 by Wt1 during 
normal kidney development indicates that Pax2 is a target gene for Wt1 (Ryan et al. 
1995). Pax2 expression is reduced in the Wt1 mutant metanephric mesenchyme, while a 
high level of Pax2 has been reported in Wilms’ tumors (Dressler & Douglass 1992, 
Donovan et al. 1999), indicating that Pax2 plays a part in the initiation of kidney 
development. Pax2-/- mice lack kidneys, ureters and genital tracts (Torres et al. 1995). 
The ureteric bud can not grow outwards, the mesenchyme fails to undergo epithelial 
transformation, and GDNF is not sufficient to stimulate ureteric bud growth from the 
Wolffian duct (Brophy et al. 2001).  

Pax8, another member of the Paired-box family, is expressed in overlapping domains 
with Pax2 in the developing kidney (Dressler et al. 1990, Plachov et al. 1990). However, 
Pax8 -/- embryos form normal kidneys (Mansouri et al. 1998). The Pax2 -/-/Pax8 -/- kidney 
fails to initiate the kidney-specific expression of Lim1 and c-Ret, indicating that Pax2 and 
Pax8 are critical regulators of nephric duct formation (Bouchard et al. 2002). Recently, it 
was shown that the transcription factor Gata3, which is associated with 
hypoparathyroidism, deafness, and renal anomaly syndrome (HDRS) in humans (Van 
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Esch et al. 2000), is expressed in the pronephric anlage together with Pax2 and Pax8, 
suggesting that it may be a direct Pax2/8 target gene. Gata3-/- embryos exhibit increased 
duct cell proliferation and misdirected ureteric bud formation, therefore Gata3 is required 
for the expression of Ret during nephric duct development (Lim et al. 2000, Grote et al. 
2006).  

The induction of ureteric budding from the WD is regulated by a network of 
transcription factors expressed in the MM and coordinated with Gdnf/Ret signaling. 
Eya1, a homolog of Drosophila eyes absent (Eya), another transcription factor of the 
homeobox gene family, is a putative upstream molecule of Gdnf (Xu et al. 1999). Eya1-
null mice lack the expression of Gdnf, but Pax2 expression remains, and the ureteric bud 
fails to invade the kidney mesenchyme (Xu et al. 1999).  

Recently, the generation of mutant embryos for all three Hox11 paralogous genes 
(Hoxa11-/-/Hoxc11-/-/Hoxd11-/-) indicated that the ureteric bud cannot form from the WD, 
and complete loss of metanephric kidney induction was observed in these triple mutants. 
Gdnf and Six2 expression is absent, but Pax2, WT1, and Eya1 expression is normal 
(Patterson et al. 2001, Wellik et al. 2002). The genetic analyses therefore suggest that 
Pax2, Eya1, and Hox11 regulate Gdnf in a parallel manner (Bouchard 2004).  

In addition, the key regulator, homeodomain transcription factor Sall1, is expressed in 
the metanephric mesenchyme surrounding the ureteric bud. In Sall1-/- mice, the level of 
Gdnf expression is reduced after E11.5, which is consistent with an incomplete ureteric 
bud outgrowth (Nishinakamura et al. 2001). Loss of Six1 leads to a failure of ureteric bud 
invasion into the mesenchyme, and the expression of Pax2, Six2, and Sall1 was markedly 
reduced in the metanephric mesenchyme of Six1-/- mice. Wt1 and Gdnf are expressed in 
the Six1-/- metanephric mesenchyme (Xu et al. 2003). The Drosophila Pax-Eya-Six 
regulatory hierarchy has been conserved in mammalian kidney development (Xu et al. 
1999).  

The Foxc1/Foxc2, which encode a winged helix protein, have been shown to play a 
role in the positioning of the ureteric buds on the Wolffian duct. In Foxc1–/– or Foxc1/2+/- 

embryos, double ureter buds and kidneys are formed, and it is thought that Foxc1/2 
repress Gdnf and Eya1 expression in the mesenchyme (Kume et al. 2000).  

A very similar phenotype is seen in embryos lacking either the secreted signaling 
molecules Slit2 or its receptor Robo2 (Grieshammer et al. 2004). Slit2 is expressed in the 
nephric duct and Robo2 is located in the mesenchyme. Slit2/Robo2 seems to repress Gdnf 
transcription in the normal metanephric mesenchyme field (Grieshammer et al. 2004).  

Lim 1 is a homeobox gene required for head and urogenital development in the mouse. 
It is expressed in the nephric duct, ureteric buds, and the induced metanephric 
mesenchyme, and Lim1-null mice lack kidneys because of a failure of nephric duct 
formation (Shawlot & Behringer 1995). Molecular analysis in Lim1 conditional embryos 
indicated that Pax2 was expressed normally, but the expression of Ret and Wnt9b 
(discussed in section 2.2.2.5) in the nephric duct was markedly altered (Tsang et al. 2000, 
Kobayashi et al. 2005, Pedersen et al. 2005, Chen et al. 2006) 

Emx2 (empty spiracles homolog 2), a homeobox gene encoding a transcription factor, 
is expressed initially in the ureteric bud. In Emx2-/- mice, the ureteric bud grew and 
invaded the metanephric mesenchyme normally, but the tubules are not induced and the 
kidney fails to develop (Miyamoto et al. 1997). Some kidney mesenchyme and epiphelial 
markers of early kidney development, such as Wt1, Gdnf, Pax2, Ret and Lim1, are 
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expressed in the Emx2 mutant, but the expression of Wnt4 is lost in the mesenchyme, and 
Wnt4 is believed to be an important initiating signal for tubulogensis (discussed in section 
2.2.2.5) (Miyamoto et al. 1997), suggesting that Emx2 regulates the ureteric bud-derived 
signals to the kidney mesenchyme and is involved in tubule induction in vivo (Piscione & 
Rosenblum 2002, Vainio & Lin 2002). 

As the mesenchymal cells surrounding the ureter tip condense to form the nephron 
progenitors, another group of mesenchymal cells gives rise to the interstitial stromal cell 
compartment. Gene targeting studies have shown that the stroma is an active signaling 
source for ureter branching, nephron cell commitment, and nephron maturation (Vainio & 
Lin 2002, Bouchard 2004).  

The importance of the stroma cell population for early kidney patterning was 
established by targeted mutation of the forkhead box D1 transcription factor Foxd1 (also 
called Bf2), which is expressed in the stromal cell compartment. Homozygous Foxd1 
mutant kidneys are small due to a defect in the nephrons and collecting duct system 
(Hatini et al. 1996), although Foxd1 is not expressed in these cell types, suggesting that 
Foxd1 might contribute to kidney development by regulating the stromal cell derived 
signals that promote the ureteric bud and tubulogenesis.  

Pre-B-cell leukemia transcription factor 1 (Pbx1) and basic-helix-loop-helix 
transcription factor 21 (Pod1/Tcf21) are primarily expressed in the stroma and 
mesenchyme. Pbx1-/- and Pod1-/- embryos have a highly similar kidney phenotype as 
Foxd1-/- mutants, and in all three mutants, the kidneys ectopically express Ret along the 
ureteric branches rather than in the ureteric tips (Hatini et al. 1996, Quaggin et al. 1999, 
Cui et al. 2003, Schnabel et al. 2003). Interestingly, a mouse transgene misexpressing Ret 
can cause severe branching abnormalities and result in kidney defects (Srinivas et al. 
1999). Another secreted signal, placental growth factor (Plgf), recently identified as a 
transcriptional target of Foxd1, is expressed in the stromal cell. Recombinant PlGF can 
stimulate branching of the ureteric bud in kidney organ cultures. It is completely absent in 
Foxd1-null kidney stroma (Zhang et al. 2003), suggesting that stromal-epithelial 
interactions play an important role in renal organogenesis. The signal balance between 
the stromal and nephron compartments is supported by kidney culture experiments 
showing that the addition of stromal-promoting growth factors such as FGF2 and BMP7 
increase the Foxd1-positive cell population at the expense of nephron differentiation 
(Dudley et al. 1999). It is, however, still unclear whether this effect is from the common 
progenitor for the stromal and nephron cell lineages or from independent neighboring 
cells (Bouchard 2004). 

Retinoids signal via nuclear transcription factors belonging to the retinoic acid 
receptor (RAR) family, RARa and RARb2 colocalize in stromal cells. A single null mutant 
of RARa or RARb2 has no kidney defect; however, a double mutant of RARa-/- and 
RaRb2-/- displays impaired ureteric bud growth and downregulation of Ret in the ureteric 
bud (Mendelsohn et al. 1999, Batourina et al. 2001). Interestingly, Ret expression in the 
UB of double mutant kidney could rescue the kidney phenotype.  

Vitamin A regulates the interactions between the epithelial and mesenchymal stromal 
cells through Ret expression (Batourina et al. 2001). Thus, this result provided evidence 
that stromal cell signals maintain the ureteric bud signal which, in turn, is triggered by the 
mesenchyme. These observations reveal a reciprocal signaling loop between the ureteric 
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bud epithelium, the stroma, and the mesenchyme for properly integrated kidney 
development (Batourina et al. 2001).  

Altogether, these data suggest that multiple signaling pathways between the ureteric 
bud, mesenchyme, and stromal tissue converge to induce ureter budding from the nephric 
duct. The identification of these signaling pathways will be critical for understanding 
kidney development. 

2.2.2.3  Bone morphogenetic proteins and their receptors 

Several members of the Bmp family have been implicated in UB branching 
morphogenesis and tubulogenesis. The expression of Bmps 2-7 and their receptors has 
been detected in the developing kidney and has overlapping patterns (Dudley & 
Robertson 1997, Godin et al. 1999, Martinez et al. 2001, Simic & Vukicevic 2005). 
Bmp2 is expressed in the pretubular aggregates of condensing mesenchyme, Bmp3 is 
expressed in the metanephric mesenchyme and the ureteric epithelium, Bmp4 and Bmp5 
are expressed in cells surrounding the metanephric mesenchyme and ureteric bud, Bmp6 
is expressed in the stromal cell, and Bmp7 expression is located in UB, the metanephric 
mesenchyme, and later in the collecting duct (Dudley & Robertson 1997). Expression 
patterns of some components of the Bmp signal transduction pathway have been 
described in the developing kidney.  

Bmp ligands transduce their signals through the type I and type II receptors. Bmpr-IA 
(Alk3) is expressed in the mesenchyme, while Bmpr-IB (Alk6) expression is restricted to 
the epithelium of the WD and UB (Dewulf et al. 1995, Miyazaki et al. 2000, Martinez et 
al. 2002). BmprII has been shown to be expressed in mesenchymal cells after E16.5 
(Roelen et al. 1997). The members of the Bmps (2-7) and their receptor have been 
analyzed using gene targeting. Bmp2, Bmp4, Alk3, and Alk6 null embryos die early during 
gastrulation prior to kidney development, and heterozygous mutants do not have 
significant kidney defects (Mishina et al. 1995, Winnier et al. 1995, Zhang & Bradley 
1996, Gu et al. 1999, Mishina et al. 1999). However, the Bmp4+/- null mutant with the 
C57BL/6 genetic background sometimes shows defects in the kidney (Dunn et al. 1997). 
Hypo/dysplastic kidneys, hydroureter, and double collecting systems mimic human 
congenital anomalies of the kidney and urinary tract (CAKUT) (Miyazaki et al. 2000). 
Bmp4 has two biological functions: one is to inhibit ectopic budding from the WD or the 
ureter stalk, the second is to promote the elongation of ureteric branching within the 
metanephros, thereby promoting kidney morphogenesis (Miyazaki et al. 2000, Miyazaki 
et al. 2003). 

In contrast to Bmp2 and Bmp4, Bmp5-/- and Bmp6-/- mice are available and display 
defects only in bone and soft tissues; no kidney defect is observed (King et al. 1994, 
Solloway et al. 1998). Bmp5-/-/Bmp7-/- embryos die by 10.5 dpc before the ureteric bud 
invades the mesenchyme (Solloway & Robertson 1999). Bmp6-/-/Bmp7-/- mutants display 
defects in heart development (Kim et al. 2001). Bmp7 has been shown to play a crucial 
role during early development of the metanephric kidney. Bmp7-/- mutant embryos exhibit 
renal dysplasia and eye defects at birth. The kidney defects are likely a result of 
progressive loss of nephrogenic mesenchyme by apoptosis (Dudley et al. 1995, Luo et al. 
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1995). Marker analysis of mesenchyme-specific genes has shown that Wnt4, Pax2, and 
Wt1 are all initially induced, but show a gradual loss of expression during development 
(Dudley et al. 1995, Luo et al. 1995, Dudley & Robertson 1997). Recent results 
demonstrated that BMP7 signaling can prevent apoptosis in explants of metanephric 
mesenchyme. BMP7 conjunction with FGF2 promotes growth and maintains competence 
of the mesenchyme in vitro. FGF2 and BMP7 also promote expansion of the stromal cell 
population in whole kidney culture, suggesting that the Fgf and Bmp signaling interaction 
regulates the development of metanephric mesenchyme (Dudley et al. 1999).  

Data obtained from whole organ cultures suggest that other members of the TGF 
family may also have inhibitory effects on ureter outgrowth and branching 
morphogenesis. A recent study showed that Activin A, located in the WD and 
mesonephros, inhibits Gdnf and suppresses ectopic UB formation, and also inhibits cell 
proliferation (Maeshima et al. 2006). Hence, Activin A and Bmp4 appear to negatively 
regulate ureteric bud formation (Miyazaki et al. 2000, Bush et al. 2004, Maeshima et al. 
2006). Similarly, TGFβ1 and TGFβ2 inhibit UB growth and branching, delaying the 
formation of primary branches and increasing the distances between the branches (Ritvos 
et al. 1995, Bush et al. 2004). The in vivo role of these factors has been analyzed by the 
knockout approach. The phenotypes range from early embryonic lethality (Bmp2, Bmp4) 
(Zhang & Bradley 1996) to no observed renal defect in TGFβ1, TGFβ3, and Activin 
mutant mice (Kulkarni & Karlsson 1993, Jhaveri et al. 1998, Martinez et al. 2001). Only 
TGFβ2-/- mice have kidney agenesis with dilation of the renal pelvis in females (Sanford 
et al. 1997). Surprisingly, embryos lacking Smad4, which is required for Smad-dependent 
transcriptional regulation by TGFβ, Bmps, and Activins, have no observed kidney defects 
(Oxburgh et al. 2004). This indicates that signaling through the Smad4 dependent 
pathway is not required for kidney development (Costantini 2006). 

Growth/differentiation factor 11 (Gdf11), another member of the TGFβ family, is 
expressed both in ureteric bud epithelium and metanephric mesenchyme. Gdf11 null 
embryos were lacking ureters and kidneys, and the ureteric bud was not able to grow 
outwards because Gdnf expression was absent from the metanephric mesenchyme. This 
suggests that Gdf11 also has a significant role in directing ureteric bud growth and 
branching by controlling the expression of Gdnf (Esquela & Lee 2003). 

2.2.2.4  Fibroblast growth factors and their receptors 

In mammals, the Fgfs family has 22 members that mediate their effects through four 
tyrosine kinase Fgf receptors (FGFrs1-4) (Cancilla et al. 2001, Ornitz & Itoh 2001, 
Zhang et al. 2006). The expression pattern of Fgfs and Fgfrs and the ability of specific 
ligand-receptor pairs to active the Ras/MAP kinase signaling pathway, and also the 
required negative regulation, such as Spry signaling (Fig.4), are important for regulating a 
variety of biological processes, including cell the cell proliferation, differentiation, and 
angiogenesis.  
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Fig. 4. Growth factor (GF) stimulation leads to receptor dimerization, tyrosine 
autophosphorylation, activation of intrinsic protein tyrosine kinase activity, and the 
subsequent recruitment of signaling molecules. Spry participates in a negative feedback loop, 
by inhibiting the activation of Ras. Through an independent mechanism, unphosphorylated 
Spry might also block the Ras–ERK MAPK pathway by inhibiting Raf1 activation (modified 
from Mason et al. 2006).  

Several members of the Fgf family, Fgfs 1, 2, 7, 8, 9 and 10, are expressed in the 
developing kidney (Table 3). The first targeted deletion of an Fgf ligand showing an 
abnormal renal phenotype was Fgf7. The phenotype is detected at E14.5 in the stroma 
surrounding the ureter and collecting duct. Fgf7 null mice are viable and have smaller 
kidneys with a reduction in ureteric bud branching and nephrons (Qiao et al. 1999) (Table 
3). Fgf10-/- (Ohuchi et al. 2000) and Fgfr2b-/- (Revest et al. 2001) mice had a renal 
phenotype similar to the Fgf7 knockout mice, consistent with findings that these two Fgfs 
bind with high affinity to Fgfr2b (Zhang et al. 2006). Fgf1, Fgf2, Fgf7, and Fgf10 also 
stimulate the growth of isolated ureteric buds (Qiao et al. 2001), indicating that these 
factors serve as growth factors for ureteric bud development (Bates 2006). 

Fgf8 is expressed throughout the metanephric mesenchyme and later in the developing 
nephros. However, Fgf8 null mice die at the gastrulation stage (Meyers et al. 1998). Fgf8 
conditional knockouts with no Fgf8 function in metanephric mesenchyme (Fgf8Mes-/-) 
survived at birth, had smaller kidneys with deficient nephron formation, and lacked the 
expression of Lim1 and Wnt4 in the kidneys, factors which are essential for 
nephrogenesis (Grieshammer et al. 2005, Perantoni et al. 2005).  
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Table 3. Targeted deletions of Fgfs and Fgfrs resulting in renal developmental anomalies 
(modified from Bates 2006). 

Targeted gene If conditional targeted Result References 
Fgf7*  Small kidneys,  

less UB branch and nephrons  
(Qiao et al. 1999) 

Fgf8 MM (Pax3Cre,T-Cre) Small kidneys,  
nephron formation defect 

(Grieshammer et al. 2005), 
(Perantoni et al. 2005) 

Fgf10*  Small kidneys, less UB branch (Ohuchi et al. 2000) 
Fgfr2IIIb*  Small kidneys,  

less UB branch and nephrons 
(Revest et al. 2001) 

Fgfr1/2 MM (Pax3Cre) Kidney agenesis,  
failure of UB outgrowth 

(Poladia et al. 2006) 

Fgfr2/Fgfr1/2  UB(Hoxb7Cre) Small kidneys,  
less UB branch and nephrons 

(Zhao et al. 2004) 

*Fgf7 and Fgf10 are the ligands for Fgfr2IIIb 

Fgfrs have also been analyzed in the developing mammalian kidney (Table 3). Fgfr1 was 
present only in the nephrogenic mesenchyme, and Fgfr2 was expressed both in the 
ureteric bud and mesenchyme (Peters et al. 1992, Cancilla et al. 2001). Mice with 
targeted deletions of Fgfr1 and Fgfr2 are embryonic lethal before kidney formation 
(Deng et al. 1994, Yamaguchi et al. 1994, Jing et al. 1996, Xu et al. 1998, Arman et al. 
1999). The absence of Fgfr1 from the UB causes no obvious kidney abnormalities. 
However, Fgfr2UB-/- or Fgfr1/2UB-/- mutants have smaller kidneys with aberrant ureteric 
bud branching and fewer ureteric bud tips (Zhao et al. 2004), suggesting that Fgfr2 is 
crucial for the UB branching morghogenesis. In contrast, when Fgfr1 and Fgfr2 are 
conditionally deleted from the mesenchyme, the kidneys appear normal. The deletion of 
both Fgfr1/2 (Fgfr1/2Mes-/-) leads to complete renal agenesis; the ureteric bud does not 
elongate or branch and the metanephric mesenchyme does not develop (Poladia et al. 
2006). The expression of Ret and Pax2 is normal in the UB, but Pax2, Sall1, and Six2 are 
not expressed in the mesenchyme and Gdnf is also absent after E11.5. Thus, Fgfr1 and 
Fgfr2 signaling together are important for normal formation of the metanephric 
mesenchyme (Bates 2006, Poladia et al. 2006).  

The Erk/MAP-kinase pathway also is required for normal ureteric bud branching 
morphogenesis. PD98059, a MAP kinase inhibitor that blocks Erk activation, could 
inhibit ureteric branching in vitro. The activity of the Erk/MAP kinase pathway is 
dependent on the known regulator, Gdnf-Ret signaling, during ureteric bud branching 
development (Fisher et al. 2001). 

2.2.2.5  Wnts 

The Wnt family encodes secreted proteins that function in a variety of patterning events 
in embryogenesis (Lechner & Dressler 1997, Dressler 2006). The kidney inductive 
signals that promote mesenchyme-to-epithelial conversion were the first demonstrated. 
The cells expressing Wnt1 proteins could mimic the spinal cord as an inducer of 
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tubulogenesis (Herzlinger et al. 1994). Several Wnts are expressed in the developing 
kidney, but not Wnt1. Wnt4 is in the condensing mesenchyme and pretubular aggregates, 
and it has been revealed as crucial for kidney development (Stark et al. 1994, Kispert et 
al. 1996). In Wnt4-/- kidneys, the mesenchyme initially condenses near the ureteric bud 
and expresses early markers of mesenchyme, such as Wt1 and Pax2, but the 
mesenchyme-to-epithelial transformation fails and no tubulogenesis follows (Stark et al. 
1994). Thus, Wnt4 is an essential signal for the transition of mesenchyme to epithelium 
(Vainio & Uusitalo 2000, Vainio & Lin 2002).  

In Emx2-/- mice, the tubules are not induced and the kidney fail to develop because 
Wnt4 expression is lost (Miyamoto et al. 1997). Interestingly, Wnt4 expressing cells were 
sufficient to induce tubules formation in the kidney mesenchyme in vitro (Kispert et al. 
1998) and could also rescue the tubulogenesis defect in the Wnt4 mutant kidney 
mesenchyme (Kispert et al. 1998, Itaranta et al. 2006). Wnt6 is expressed in the ureteric 
bud in the developing kidney. The cells that express Wnt6 can induce kidney tubule 
formation and Wnt4 expression in vitro and rescue tubulogenesis in the mesenchyme of 
the Wnt4 mutant embryo. Wnt6 might function as an epithelial signal that triggers 
tubulogenesis by activating the Wnt4 signal (Itaranta et al. 2002).  

Wnt11 is located in the ureteric bud tips. The Wnt11-/- kidney is smaller with defects in 
ureteric branching morphogenesis (Majumdar et al. 2003). Gdnf is downregulated in the 
mutant kidney, and Wnt11 expression is reduced in the absence of Ret/Gdnf signaling. 
This is consistent with the idea that reciprocal interaction between Wnt11 and Ret/Gdnf 
regulates the branching process, and they cooperate in a positive feedback loop to 
coordinate ureteric branching (Majumdar et al. 2003).  

Recently, Wnt9b was demonstrated to be expressed in the ureteric bud at E10.5-E11.0. 
Unlike Wnt11 that is expressed in the ureteric bud tips, Wnt9b is restricted to the ureter 
after E11.5 (Carroll et al. 2005). The Wnt9b-/- mutant kidney fails to induce the 
mesenchyme to aggregate and undergo tubulogenesis, and the mutant mesenchyme does 
not express any pretubular markes such as Pax2, Wt, Eya1, or Wnt4. However, Ret is 
present in the ureteric epithelium, with the ureter still undergoing early branching 
morphogenesis (Carroll et al. 2005).  

2.3  Gonadal organogenesis 

2.3.1  Bipotential gonad 

The gonad is unique among all organs. Two organs, a testis or an ovary, can develop from 
a single primordium. For this reason, the gonad primordium is called “a bipotential 
gonad” (Brennan & Capel 2004, Ross & Capel 2005, Kim & Capel 2006). The 
mammalian gonad forms from the mesonephros within the urogenital ridge. This occurs 
through somatic cell proliferation of the coelomic epithelium of the genital ridges and 
migration from the mesonephros (in male), while germ cells are completing their 
migration from the base of the allantoids along the gut tube, through the mesonephros 
and to the site where the gonad is forming (McLaren 2000).  
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In mouse, there are no differences in the mesonephros or gonad between XY and XX 
embryos at E10.0-E11.5 , and they remain morphologically undifferentiated until about 
E12.0 (Swain & Lovell-Badge 1999, McLaren 2000). 

Fig. 5. Genetic pathways in the development of XX and XY gonad (modified from Balemans 
& Van Hul 2002, Brennan & Capel 2004, Ross & Capel 2005). 

Mutations analyses in the mouse have shown that several transcription factor genes are 
required for the early formation of the indifferent genital ridges. Typically all are 
expressed in the urogenital ridge by E9.5. Several at these transcripation factors and 
knockout embryos die in uterus or shortly after birth from developmental defects in the 
kidneys, adrenal glands, and also effect the development of other vital organs. The genes 
essential for proper gonadal development include Wt1 (Kreidberg et al. 1993, Hammes et 
al. 2001), Sf1 (Steroidogenic factor 1) (Luo et al. 1994), Emx2 (empty spiracles homolog 
2) (Miyamoto et al. 1997), Gata4 (GATA-binding protein 4) and Fog2 (Zinc finger 
protein, multitype 2, Zfpm2) (Tevosian et al. 2002), Lim1 (Lim homeobox gene 1) (Fujii 
et al. 1994, Shawlot & Behringer 1995) , Lhx9 (Lim homeobox gene 9)(Birk et al. 2000), 
and M33 (chromobox homolog 2, Cbx2). Mutation of WT1 and SF1 in human also 
results in the malformation of gonads (Ozisik et al. 2002, Niaudet & Gubler 2006).  

In the absence of Sry, the bipotential gonad develops into an ovary. Wnt4 encodes a 
secreted growth factor that is one of the first known markers of ovarian differentiation. 
Wnt4 is expressed in the gonads of both sexes, but Fst (Follistatin) is located in the XX 
gonad only (Vainio et al. 1999, Menke & Page 2002). Wnt4 has been shown to be an 
upstream regulator of Fst (Yao et al. 2004). Wnt4-/- and Fst-/- embryos display similar 
ovarian defects. XX Wnt4 and Fst null gonads develop the XY-specific coelomic vessel 
(Vainio et al. 1999, Jeays-Ward et al. 2003, Jorgez et al. 2004, Yao et al. 2004). 
Overexpression of Wnt4 disrupts the male gonad vascular pattern (Jordan et al. 2003). 
Interestingly, loss of Wnt4 also causes a delay in testis development (Jeays-Ward et al. 
2004), consistent with a functional role for Wnt4 in the bipotential gonad (Brennan & 
Capel 2004, Ross & Capel 2005, Yao 2005, Kim & Capel 2006, Wilhelm & Koopman 
2006). Recently, Rspo1(R-spondin1) was shown to be a member of a small family of 
growth factors and to activate the Wnt/β-catenin signaling pathway (Kazanskaya et al. 
2004, Kim et al. 2005, Kim et al. 2006a). Mutations in RSPO1 result in complete  

female-to- male sex reversal in humans (Micali et al. 2005, Radi et al. 2005). Rspo1 is 
expressed in the coelomic epithelium of the ovary, and Rspo1-/- null mice have shown XX 
sex reversal (Parma et al. 2006), suggesting that Rspo1 may be required to block the 



 34

testis pathway and activate XX gonadal cells during the critical stage of sex 
determination (Capel 2006). 

2.3.2  Development of the male gonad  

2.3.2.1  Differentiation of Sertoli and Leydig cells 

The divergence in the development of testis and ovaries is triggered by the expression of 
Sry (Koopman et al. 1990, Sinclair et al. 1990). Sry is transiently expressed in the 
gonadal somatic cell (the coelomic epithelium) of XY embryos at 10.5 - 12.5 dpc (Hacker 
et al. 1995, Bullejos & Koopman 2001). Sry induction of cell proliferation in coelomic 
epithelium is the earliest event in the development of the male gonad (Schmahl et al. 
2000). Loss-of-function and gain-of-function of this gene is critical for testis 
development in mammals (Berta et al. 1990, Jager et al. 1990, Koopman et al. 1991). 
Several factors, including the Wt1 splice variant, Gata4/Fog2 and Ir/Irr/Igf1r(Fig.5), have 
been observed to regulate Sry expression in mouse (Hammes et al. 2001, Tevosian et al. 
2002, Nef et al. 2003). The levels of Sry expression are also important for male sex 
determination (Nagamine et al. 1999, Taketo et al. 2005). Sry initiate the proliferation 
and differentiation of Sertoli cells, a key cell type for testis differentiation. Sertoli cells 
reorganize the gonad into two compartments: the testicular cords composed of Sertoli and 
germ cells, and the interstitial tissue with the Leydig and vasculature endothelial cells. 
Peritubular myoid cells surround Sertoli cells and cooperate with the basal lamina to form 
the tubule structure (Fig.6). 

Fig. 6. The different cell types of an early embryonic testis (modified from Wilhelm & 
Koopman 2006).  

Sertoli cells are known as the supporting cell lineage because they support the growth and 
maturation of germ cells during the differentiation of the testis. They are also essential for 
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the early stage of testis development, as Sry is expressed in the precursors of Sertoli cells 
(Palmer & Burgoyne 1991, Albrecht & Eicher 2001).  

Although expression of Sry is transient, the factors downstream of Sry, such as Sox9 
(Sry-box containing gene 9), Sox8, Dax1 and Fgf9, are all important for Sertoli cell 
differentiation. Sox9 is the first candidate for a direct Sry target gene and is expressed in 
the pre-Sertoli cells. Initially Sox9 is expressed in the genital ridge of both sexes, but 
expression is upregulated in the XY gonad at E11.5 dpc, whereas it is lost in the XX 
gonad (Koopman et al. 2001). However, although all Sertoli cells become Sox9 positive, 
only a part of them express Sry initially (Sekido et al. 2004, Kidokoro et al. 2005, 
Wilhelm et al. 2005). This expression pattern suggests that some Sry negative somatic 
cells are recruited to become and differentiate into Sertoli cells (Yao 2005). Sox9 is 
required for normal testis differentiation and can induce testis development in XX gonads 
in mice and humans (Foster et al. 1994, Vidal et al. 2001, Chaboissier et al. 2004, 
Barrionuevo et al. 2006). Fgf9 signaling is required to establish Sox9 expression, and it 
works through Fgfr2, which is located in the coelomic epithelial cells. Deletion of Fgf9 
causes a failure of Sertoli cell differentiation and sex reversal (Colvin et al. 2001, 
Schmahl et al. 2004). Wnt4 expression is upregulated in Fgf9-/- XY gonads, and somatic 
cells in the gonad switch to the female developmental pathway (Kim et al. 2006b). The 
genetic interactions between Fgf9, Sox9, Sry, and Wnt4 were analyzed and shown to play 
essential sex-specific roles in gonad development (Kim & Capel 2006). These data 
indicate that Fgf9 is a critical component for regulating the testis pathway (DiNapoli et 
al. 2006, Kim & Capel 2006). 

Leydig cells are responsible for steroidogenesis in the testis and develop as distinct 
fetal and adult lineages. Although the detail of the origin and differentiation of fetal 
Leydig cells have not been fully determined (Brennan & Capel 2004, Ross & Capel 2005, 
Wilhelm & Koopman 2006), it is known that the Sf1 positive cells are shared and divided 
between the adrenal cortex and the gonad (Habert et al. 2001, Brennan & Capel 2004). 
Two signaling molecules from Sertoli cells are involved in fetal Leydig cell 
differentiation: Dhh and Pdgfs (platelet-derived growth factors). Dhh and Pdgfrα are XY-
specific factors that are crucial for fetal differentiation. Dhh is expressed by Sertoli cells 
and its receptor, Ptch1, is reciprocally expressed by the cells of the interstitium (Bitgood 
et al. 1996). Similarly, Pdgfrα is expressed in the interstitium and Pdgfrα in Sertoli cells. 
Both Dhh and Pdgfrα mutants have defects in the testis cord and interstitial 
compartments (Yao et al. 2002, Brennan et al. 2003). Arx (aristaless related homeobox, 
X-linked) is expressed in peritubular myoid cells, endothelial cells, and fibroblasts, but 
not in Leydig cells. In Arx-/- mice, genital abnormalities result from defects in fetal 
Leydig cell differentiation; however, Sertoli and peritubular myoid cell differentiation 
occurs normally (Kitamura et al. 2002). Sf1 also has a role in Leydig cell differentiation 
(Luo et al. 1994). The data indicate that Leydig cell differentiation depends on several 
signaling gradients of multipotent progenitor cells in the testis interstitium and testis cord 
(Brennan & Capel 2004, Barsoum & Yao 2006, Wilhelm & Koopman 2006). 
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2.3.2.2  Cell migration and testis cord formation 

A key sex specific event in testis development and cord formation is the migration of 
mesonephric cells into the XY gonad. The migrated cells contribute to the interstitium, 
including vascular endothelial cells and peritubular myoid cells, and are required for 
testicular cord formation (Buehr et al. 1993, Merchant-Larios et al. 1993, Martineau et al. 
1997, Capel et al. 1999). Organ culture experiments demonstrated that the migration of 
cells from the mesonephros is a male-specific event. The migrating cells consist mainly 
of endothelial cells, and the peritubular myoid cells also seem to migrate from the 
mesonephros. However, these cell types have not been identified by molecular lineage 
markers (Martineau et al. 1997, Brennan & Capel 2004). The migration for testis cord 
formation has been tested by culturing the gonad separately from the mesonephros or by 
placing a barrier between them at 11.5 dpc. The cord formation was impaired in both 
culture conditions (Buehr et al. 1993, Tilmann & Capel 1999). 

By culturing a piece of an XY gonad on the surface of the XX gonad, migration of 
cells from the mesonephros was induced in the XX gonad. This results in the formation 
of cord like structures and expression of male markers in some samples (Tilmann & 
Capel 1999), indicating that the migrating cells are critical for the cord formation. Fgf9, 
Pdgfs, and Amh (anti-Müllerian hormone) are known factors that can stimulate 
mesonephric cell migration into testes in the embryonic stage (Colvin et al. 2001). Sex-
specific cell migration is disrupted in genetic mutants of Fgf9 and Pdgfrα (Colvin et al. 
2001, Brennan et al. 2003, Smith et al. 2005).  

Another cell type in the interstitium, peritubular myoid cells, are flat, smooth muscle-
like cells that surround the testis cords and are necessary for cord development and 
structural integrity (Buehr et al. 1993, Martineau et al. 1997). Little is known about them, 
partly due to the lack of a specific marker (Jeanes et al. 2005). One Sertoli cell-specific 
marker, Dhh, is involved in the differentiation of peritubular myoid cells. Dhh-/- mice 
display impaired cord formation (Clark et al. 2000, Pierucci-Alves et al. 2001), a 
phenotype similar to the DHH mutation in human patient (Umehara et al. 2002, Canto et 
al. 2004, Canto et al. 2005). 

Another gene, Dax1 (dosage-sensitive sex reversal adrenal hypoplasia congenital 
critical region of the X chromosome gene1), is expressed in the indifferent gonad in both 
sexes (Swain et al. 1996). However, knockout and transgenic studies in mice indicate that 
Dax1 is not required for normal ovarian development (Yu et al. 1998). Dax1 mutant 
embryos have defects in the early testis development, the testis cords are disorganized 
and incompletely formed. Dax1 plays a crucial role in testis differentiation by regulating 
the development of peritubular myoid cells and the formation of intact testis cords 
(Meeks et al. 2003a, Meeks et al. 2003b). 

The endothelial cells in the testis form a characteristic vasculature with a prominent 
coelomic vessel between the testis cords. The formation of the coelomic vessel is 
suppressed by the secreted signaling molecules Wnt4 and follistantin (Fst). Null mutation 
of Wnt4 and Fst in mice resulted in the ectopic formation of a coelomic vessel in XX 
animals (Jeays-Ward et al. 2003). Pdgfrα-/- testes show defects in cell migration and 
vascular formation (Smith et al. 2005). 
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Primordial germ cells originate from the posterior extremity of the embryo through the 
hindgut to populate the genital ridges at around 10.5 dpc in the mouse. Like other cell 
types in the gonad, germ cells are influenced by Sertoli cells to differentiate (McLaren & 
Southee 1997, McLaren 2000). The Meiosis of male germ cell is retarded in fetal testis by 
the action of the retinoid-degrading enzyme CYP26B1 (P450 cytochrome enzyme family 
26 subfamily B), ultimately leading to spermatogenesis (Bowles et al. 2006, Koubova et 
al. 2006). However, the mechanism by which male germ cells arrest mitotically has not 
been determined (Wilhelm & Koopman 2006). 

2.3.3  Development of the male sex duct  

Both male and female embryos initially have two pairs of genital ducts: Müllerian ducts 
and Wolffian ducts. In males, the Wolffian ducts further develop under the influence of 
testosterone, produced by Leydig cells, into a system of organs — the epididymis, vas 
deferens, and seminal vesicle. These Wolffian duct derivatives connect the testes with the 
urethra and can be distinguished by their morphologies, specific gene expression patterns, 
and functions (Barsoum & Yao 2006, Wilhelm & Koopman 2006). 

Several genes encoding transcription factors, such as Pax2, Pax8, Lim1 and Emx2, are 
expressed in the epithelium of the Wolffian duct. Null mutations of these genes affect 
different aspects of epithelial differentiation, but eventually lead to a similar phenotype: 
degeneration of the Wolffian duct around E13.5 (Torres et al. 1995, Miyamoto et al. 
1997, Bouchard et al. 2002, Kobayashi et al. 2004). The molecular interactions among 
these transcription factors are still unclear. The essential role of androgens in male 
differentiation is apparent, but it remains unclear how androgens alone facilitate the 
complex patterning of the Wolffian duct into the various functionally and structurally 
distinct regions of the male reproductive tract (Barsoum & Yao 2006). 

The signals from the surrounding mesenchyme specify the differentiation along the 
Wolffian duct (Barsoum & Yao 2006, Wilhelm & Koopman 2006). Gdf7, Bmps,4,7,8 
(Chen et al. 1999, Settle et al. 2001, Zhao et al. 2001, Hu et al. 2004), Hoxa10 and 
Hoxa11 mutations (Davis et al. 1995, Benson et al. 1996) result in defects in specific 
areas of the epididymis and vas deferens. In addition to genetic analysis, many in vitro 
experiments have been performed to examine the involvement of various growth factors 
on Wolffian duct development. However, the functional roles of these factors in relation 
to androgens remain to be determined (Barsoum & Yao 2006, Wilhelm & Koopman 
2006). 

2.4  Negative signaling in development 

Both positive and negative signaling loops are needed regulate the developmental 
organogenesis processes; negative signals induce the expression of inhibitors and serve to 
limit the signaling (Freeman 2000, Kim & Bar-Sagi 2004). Examples of such inhibitors 
are Sprys, an identified repressor of RTK signaling, and Cerberus, an inhibitor of Bmp, 
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Wnt, and Nodal signaling during development (De Robertis et al. 2000, Kim & Bar-Sagi 
2004). 

2.4.1  Sprouty: a negative-feedback regulator 

Spry and Spred (Spry-related protein) family proteins are evolutionarily conserved 
inhibtors of tyrosine kinase signaling (Wakioka et al. 2001, Kim & Bar-Sagi 2004). Spry 
has been found to be a general inhibitor of RTKs signaling, suppressing the Ras/MAPK 
pathway and generating a negative feedback loop during development (Hanafusa et al. 
2002, Mason et al. 2006).  

The mammalian genome contains four Spry genes (Spry 1–4) encoding proteins, 
whereas Drosophila has only one Spry protein (de Maximy et al. 1999, Minowada et al. 
1999). The four mSpry gene sequences diverge at their amino termini. A cysteine-rich 
domain is present at the carboxyl terminus of all mammalian Spry proteins (Fig.7). The 
sequence divergence between the amino termini of the four mammalian Spry proteins 
might dictate their differential functions (Kim & Bar-Sagi 2004, Mason et al. 2006).  

Fig. 7. Structure of Drosophila Sprouty and mouse Sprouty proteins. Human SPRY2 is 97% 
homologous to mouse Spry2. Y: tyrosine residue; RBD: Raf1 binding domain (modified from 
Mason et al. 2006).  

DSpry localizes to the plasma membrane and binds to intracellular components of the Ras 
pathway (Casci et al. 1999). A similar localization pattern has been shown for the ectopic 
expression of SPRY2 in mammalian cells. SPRY2 interacts with c-Cbl and antagonists for 
receptor activation (Hall et al. 2003, Rubin et al. 2003). Genetic experiments have shown 
that Spry antagonizes the RTKs signaling pathway upstream of ERK/MAPK and 
downstream of the RTK (Gross et al. 2001, Yusoff et al. 2002). However, the 
investigation of the molecular basis for the negative modulation of RTKs signaling by 
Spry is still at a preliminary stage. The experimental evidence so far points to 
mechanisms which involve the interaction of Spry with essential elements of the RTK-
RAS-ERK/MAPK cascade (Fig.4) (Kim & Bar-Sagi 2004, Mason et al. 2006). 
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During vertebrate development, Spry genes are often expressed at the sites of Fgf 
activity associated with the mesenchymal-to-epithelial transition (de Maximy et al. 1999, 
Minowada et al. 1999, Chambers & Mason 2000, Chambers et al. 2000, Zhang et al. 
2001). Tissue-specific transcription factors also regulate the expression profile of the Spry 
gene. Spry1 is a direct target for Wt1 in kidney specific transcription (Gross et al. 2003). 
Spry1 is expressed in both the ureteric bud and metanephric mesenchyme in the 
developing kidney, whereas Spry2 is only expressed in the ureteric bud. The expression 
pattern of Spry1 overlaps with Wt1 (Gross et al. 2003). 

Spry1-/- embryos often develop multiple ectopic UBs and kidneys, similar to 
congenital anomalies of the kidney and urinary tract in the human syndrome. The 
supernumerary buds branch from ectopic positions along the WD in response to Gdnf 
(Basson et al. 2005). The ectopic ureteric buds in Spry1-/- embryos contain high levels of 
phosphorylated ERK1/2, indicating that the Ras–ERK MAPK pathway is active. 
However, this does not prove that the hyperactivity of this pathway is responsible for the 
phenotype (Basson et al. 2005).  

Cell culture experiments have indicated that phosphatidylinositol 3-kinase (PI3K) via 
the Ret/Gdnf signalling pathway might also be important for ureteric bud formation (Tang 
et al. 2002). Importantly, the Spry1-/- kidney phenotype is rescued by crossing these mice 
with Gdnf +/- deficient mice, suggesting that Spry can antagonize signaling downstream 
of RTKs other than Fgfr (Basson et al. 2006, Mason et al. 2006). Spry2-/- mice are viable 
at birth, but can only survive for 3-4 weeks and exhibit severe congenital hearing 
impairment (Shim et al. 2005). Reducing the Fgf8 gene dosage rescues the phenotype, 
proving genetically that Spry2 regulates Fgf8 signaling during inner ear development 
(Shim et al. 2005). It was reported that the Spry2-/- mice have defects in esophageal and 
intestinal contractions associated with enteric nerve hyperplasia because of Gdnf induced 
hyperactivation of ERK and Akt in enteric nerve cells (Taketomi et al. 2005). Similarly, 
the Spry1-deficient kidney develops abnormalities due to Gdnf/Ret hypersignaling, 
indicating that both Spry1 and Spry2 negatively regulate Ret signaling in different organs 
(Basson et al. 2005, Taketomi et al. 2005) 

Overexpression of Spry2 or Spry4 in the developing chick forelimb causes reduced 
outgrowth, consistent with a decrease in Fgf signaling (Minowada et al. 1999). 
Disruption of Spry2 expression in mouse embryonic lung explants with antisense 
oligonucleotides stimulates lung branching during development (Tefft et al. 1999). 
Similarly, treatment of mouse embryonic kidneys in culture with Spry1 antisense 
oligonucleotides affects nephron precursors and tubulogenesis (Gross et al. 2003). 

A recent report directly compared the roles of Spry-related proteins (Spred) during 
gastrulation in Xenopus (Sivak et al. 2005). Spred proteins preferentially inhibit the Ras–
ERK/MAPK cascade that directs mesoderm formation, whereas Spry proteins interfere 
with Ca2+ signalling, but have no effect on ERK/MAPK activity in Xenopus (Nutt et al. 
2001, Sivak et al. 2005). Whether SPRY proteins inhibit Ca2+ signals in a negative- 
feedback loop, however is unknown (Mason et al. 2006). Zebrafish Spry4 interferes with 
Ras/MAPK signaling downstream of Fgfr1, thereby controlling dorsoventral patterning 
via the regulation of Bmp expression (Furthauer et al. 2001). 

The SPRY proteins are key negative regulators that limit the strength, duration and 
range of activation of RTKs, allowing for controlled growth and differentiation. However, 
it remains to be learned which molecular mechanisms mediate the function of SPRY 
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proteins, and what are the physiological consequences of their activity during the 
developmental process. The identification of the signaling pathways regulated by the 
Spry proteins in vivo remains a major challenge. Therefore, the analysis of the role of 
SPRY in regulating the signaling output of RTKs will enhance our understanding of the 
molecular links between the dysregulation of RTKs signaling and human disease (Kim & 
Bar-Sagi 2004, Mason et al. 2006). 

2.4.2  Cerberus: an extracellular antagonist 

The Xenopus Cerberus (XCer) was identified as a Spemann’s organizer encoded protein 
able to induce ectopic heads with a well-defined brain, and occasionally a liver and heart, 
when injected into Xenopus eggs (Bouwmeester et al. 1996). XCer is a potent antagonist 
of Bmp, Wnt, and Nodal signaling in the extracellular space during the head and trunk 
formation (Glinka et al. 1997, Piccolo et al. 1999).The mouse Cerberus gene (also called 
mCer-1, Cer1, Cerr1 or Cer-l) is related to the Xenopus Cerberus gene. Cerberus shares 
significant homology with Dan, a putative tumor suppressor and secreted protein (Stanley 
et al. 1998). Cerberus belongs to the cysteine knot superfamily, which includes TGFβs 
and Bmps (Biben et al. 1998, Simpson et al. 1999). So far, five members of the 
Cerberus/Dan family have been described: Dan, Cer1, Gremlin/Drm, Prdc, and Dte 
(Stanley et al. 1998, Pearce et al. 1999). The binding and antagonizing properties of 
Cerberus/Dan family member vary slightly (Table 4). Cer1, however, differs markedly 
from the others.  

Table 4. Different Bmp antagonists (modified from Balemans & Van Hul 2002)  

Genes Bmp2 Bmp4 Bmp7 GDF5 GDF11 Activin Wnt Noda  
Cerberus + + +   + + + 
Germlin 
/Drm  

+ + +      

DAN + + + ++     
PRDC unknown        
Dte unknown        
Noggin ++ ++ + +     
Chordin ++ ++ ++      
Follistatin + + ++  + +++   

Misexpression of chick Cerberus (cCer) affected the polarity of both the head and heart 
by controlling Shh and Nodal signaling (Zhu et al. 1999). mCer1 is expressed in the 
anterior regions of the mouse during gastrulation (Biben et al. 1998) and also detected in 
the kidney, lung, pancreas, and nervous system in developing mouse embryos (Stanley et 
al. 2000). However, mCer1 is not necessary for anterior patterning, and when mCer1 is 
delated in mice, the embryos exhibited normal morphogenesis (Simpson et al. 1999).  

mCer-/- and Noggin -/- double mutants were defected due to lack of Noggin, suggesting 
mCer-1 and Noggin cannot compensate for each other during mouse development 
(Borges et al. 2001). Microinjection of mCer-1 mRNA into Xenopus embryos leads to an 
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enlarged head and neural structure and induced anterior CNS markers, for example Lim1 
(Belo et al. 1997). mCer-1 expression was weak or absent in most Lim1- deficient 
embryos (Shawlot & Behringer 1995, Shawlot et al. 1998). Recently, human CER1 was 
shown to inhibit Wnt and Nodal during the differentiation of human ES cells, indicating 
that Cer1 play a role in embryonic development (Katoh & Katoh 2006). 
 



3 Outline of the present study 

Spry has been identified as an essential gene for the branching of the Drosophila tracheal 
system, where it apparently antagonizes both the FGF and EGF signaling pathways 
(Hacohen et al. 1998, Casci et al. 1999, Wong et al. 2002). Four mouse Spry homologs 
have been identified to date and shown to be expressed during embryogenesis (Mailleux 
et al. 2001, Zhang et al. 2001). Of these, Spry2 gene expression is prominent in the 
ureteric buds, testes and mesonephric tubules from the early stages of organogenesis.  

Cerberus was identified as a Spemann’s organizer encoded factor that binds directly to 
Bmp, Wnt, and Nodal, and antagonizes these signals (Piccolo et al. 1999). The Cerberus 
gene is expressed in the ureteric bud and kidney mesenchyme at E11.5, and its expression 
persists during kidney development. The expression pattern of these genes raised the 
possibility that the factors might contribute to kidney and gonad organogenesis by 
controlling the inductive signaling pathways.  

To understand the cellular and molecular mechanisms of the tissue interactions during 
organogenesis, the role of Spry2 and Cer1 signaling during urogenital system 
development was studied using the gain-of-function approach in vivo. For this purpose, 
the genes were expressed in transgenic mice under the Pax2 promoter. 

The specific aims of this study were: 

1. To study the role of Spry2 during early kidney morphogenesis  
2. To study the possible function of Spry2 in gonad development 
3. To investigate the functions of Cer1 in the control of ureteric branching 

morphogenesis. Based on the initial results, a further aim to study the role of Cer1 in 
the regulation of kidney organ size was set. 

 



4 Materials and methods 

Detailed descriptions of the materials and methods can be found in the original articles I-
III. 

4.1  Mouse lines and tissues (I-III) 

Generation of the mouse line in which the expression of SPROUTY2, Cerberus and green 
fluorescent protein (GFP) was subject to the Pax2 promoter has been described in articles 
(I, III). The purified fragment (5.0 ng/ul) was microinjected into the fertilized eggs 
(C57BL/6JxDBA) by standard methods (Nagy et al. 2003) to generate the transgenic 
mouse lines (Pax2hSpry2, Pax2Cer), then crossed with a wild-type C57BL/6J strain.  

The CD-1, the Rosa26 (Soriano 1999), YFP (Srinivas et al. 2001) and HoxB7/Cre (Yu 
et al. 2002) mouse lines were also used in the study. Tissues (kidney or gonad) were 
dissected in Dulbecco’s PBS and fixed in 4% paraformaldehyde (PFA) or in 100% 
methanol. 

The developmental stage of embryo was based on the counting of tail somites. For 
example, embryos with 18–30 tail somites corresponded to E11.5–12.5 (Hacker et al. 
1995). 

4.2  Histological analysis (I-III) 

Kidneys or gonads were isolated from different embryonic stages and samples were fixed 
in Bouin’s solution, embedded in paraffin wax and sectioned by standard methods. 
Serially sectioned slices were stained with Haematoxylin and Eosin. The number of 
glomeruli was defined as described previously (Bertram et al. 1992). Testis sections 
(middle position) of newborn (NB) mice were analyzed at x10 magnification to count the 
number of seminiferous cords (Cupp et al. 2002). 
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4.3  Organ culture (I-III) 

Organ culture was performed according to Vainio et al. (1993). The dissected organ 
rudiments were placed directly on slices of Nuclepore filter (pore size 0.1 μm, Costar) 
supported by a stainless steel grid. The culture medium, i.e. Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, Invitrogen), was supplemented with 10% foetal bovine serum 
(FBS) (Gibco, Invitrogen) and penicillin/streptomycin (Gibco, Invitrogen). Human 
growth factors, recombinant FGF2, FGF7, FGF10, GDNF, and BMP4 were applied to the 
medium at different concentrations to rescue the TG kidney. The tissues were incubated 
in 5% CO2 in humidified air at 37°C, and the medium was changed every other day.  

4.4  Whole-mount and tissue sections in situ hybridization (I-III) 

In situ hybridization on whole-mount and sections were performed according to the 
method described previously (Kispert et al. 1998). WT and TG kidneys were processed in 
the same test tube (whole mounts) or at the same time (histological sections) to allow the 
comparison of staining intensities. A minimum of five hybridizations/marker gene/stage 
were performed in order to evaluate changes in gene expression. 

4.5  Separation of ureter and kidney mesenchyme (III) 

The ureter and kidney mesenchyme were separated from E11.5 embryonic kidney as 
described in Kispert et al. (1996). The kidney rudiments were incubated for one minute in 
3% pancreatin/trypsin (Gibco, Invitrogen) in Tyrode’s solution and separated ureter and 
mesenchyme in culture medium at room temperature. The tissues were then kept on ice 
and collected for RNA isolation. 

4.6  Growth factor-agarose bead experiments (I) 

FGF-soaked beads were prepared and used as reported previously (Vainio et al. 1993, 
Sainio et al. 1997). The Affi-gel blue agarose beads (100-200 mesh, 75-150 nm in 
diameter, 100 beads/unit volume, BioRad Laboratories Hercules, CA) were incubated in 
pools separately with human recombinant FGF2 (50 μg/ml) (Minowada et al. 1999), 
FGF7 (200 μg/ml) (Lin et al. 2001), FGF8 (50-100 μg/ml) (Minowada et al. 1999) or 
FGF10 (100 μg/ml) (Mailleux et al. 2001), washed and combined individually with 
isolated kidneys and co-cultured for 24 hours. BSA beads served as controls and were 
treated and used identically to those soaked with growth factor. 
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4.7  Tissue recombination, β-galactosidase staining and  
cell migration assay (II) 

For measuring the cell migration from mesonphros to the gonad, the tissues were 
recombined. The embryonic urogenital system from E12.0 was dissected and the 
mesonephros was then mechanically separated from the gonad and the metanephros. The 
combinates between the mesonephros and the testis were produced using organs of the 
same developmental stage. Testes of WT or Pax2hSpry2 TG embryos and mesonephros 
tissue from Rosa26 heterozygous embryos were combined in grooves on 2% agar 
according to a previous method (Martineau et al. 1997). FGF9 (25–50 ng/ml; PeproTech 
EC Ltd., NJ) was added to the culture medium in some experiments, and the combinants 
were subcultured for 24–32 h, after which the tissues were fixed and stained with β-Gal 
substrate for the identification of the cells that expressed the LacZ gene (Colvin et al. 
2001). 

4.8  Antibodies and whole-mount immunostaining (I-III) 

The anti-cytokeratin EndoA antibody (Troma-1) (Developmental Studies Hybridoma 
Bank, USA) was used to monitor ureteric branching, and anti-Pax2 polyclonal antibody 
(Nordic Biosite AB, Sweden) was used to stain the surrounding kidney mesenchyme. 
FITC-conjugated donkey anti-rabbit IgG and TRITC-conjugated donkey anti-rat IgG 
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were used as secondary 
antibodies (I). The anti- Laminin-5 antibody stains the Wolffian duct, mesonephric 
tubules, and seminiferous tubules; the rabbit polyclonal phosphospecific anti-ERK1 and 2 
antibodies (Biosource International, Camarillo, CA) was also used during the study. The 
secondary antibodies for these were Alexa 488 anti-rabbit IgG and Alexa 546 anti-rat IgG, 
respectively (Molecular Probes, Inc., Eugene, OR; Invitrogen Detection Technologies) (I, 
III)  

The anti-PECAM (Platelet/endothelial cell adhesion molecule) antibody (BD 
Biosciences, San Jose, CA) identifies endothelial cells and germ cells, whereas anti-α–
SMA (α-smooth muscle actin) monoclonal antibody (Sigma-Aldrich, St. Louis, MO) 
stains in the peritubular myoid cells normally surrounding the developing seminiferous 
tubules. The secondary antibodies used were peroxidase-conjugated affinity-purified 
donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) 
and horse radish peroxidase-conjugated polyclonal rabbit anti-mouse IgG 
(DakoCytomation, Carpenteria, CA), Diaminiobenzidine (DAB) (Vectstain ABC kit; 
Vector Laboratories) was used as a substrate for the color reaction (II). The whole mount 
immunostaining was performed as described previously (Sainio et al. 1997, Lin et al. 
2001).  
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4.9  RNA isolation and RT-PCR (II, III) 

Embryonic kidneys and gonads were dissected in Dulbecco’s PBS and used for RNA 
isolation. Total RNA was isolated with RNeasy Plus Mini Kit (QIAGEN) and cDNA was 
synthesized using RevertAidTM first strand cDNA synthesis kit (Fermentas) according to 
the manufacturer’s instructions. Forward and reverse primer pairs (Oligomer) used and 
the fragments amplified are described in original articles (II, III). 

For the quantitative RT-PCR, the samples were analysed in triplicate. The Applied 
Biosystems 7500 real-time PCR system was used and the fluorescence data were 
analysed with the ABI ABI Prism 7000 Sequence Detection System (III).  

4.10  Cell proliferation assay (I-III) 

The cell proliferation kit (RPN20, Amersham Biosciences, UK) was used as suggested by 
the manufacturer. Briefly, pregnant mice were injected intraperitoneally with a solution 
containing with bromodeoxyuridine (BrdU, Sigma B-5002) at a dose of 50 mg/kg/body 
weight. Diaminiobenzidine (DAB) was used as a substrate for color reaction (Vectastain 
ABC kit, Vector Laboratories). 

4.11  Apoptosis assay (I) 

Apoptosis was visualized using an in situ cell detection kit (Boehringer Mannheim), that 
is based on the terminal deoxynucleotidyl transferase-mediated dUTP nickend labelling 
(TUNEL). The paraffin wax was removed from the 6 μm sections with xylene and the 
tissues were rehydrated and incubated with 20 mg/ml of Proteinase K for 15 minutes at 
37°C. Unspecific binding was reduced with a hydrogen peroxide/methanol solution. 
Fragmented DNA was labelled using a reaction mixture, according to the manufacturer’s 
instructions (Roche Applied Science, Germany). Diaminiobenzidine (DAB) was used for 
color reaction. 

4.12  Southern blot analysis (I) 

Southern blotting, with GFP cDNA as a probe was used to analyze the copy number of 
the transgene in the SPRY2 mice. Genomic DNA was collected from the tail and was 
digested with BamHI and run on a 1% agarose gel, blotted and probed with a [32P] ATP-
labeled a fragment of GFP gene. The copy number of the transgene in the genome was 
estimated on the basis of the intensity of the GFP gene relative to controls (DePamphilis 
et al. 1988). 
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4.13  Photography and statistic analysis (I-III) 

Light microscopic sections were photographed with a Leica DFC 320 digital camera 
connected to a Leica DMLB2 microscope. GFP was detected with Olympus CC-12 
digital camera connected to an Olympus SZX12 stereo microscope. All the gonads and 
cultured kidneys, with or without growth factors, immunostaining images were collected 
with an Olympus FluoView FV1000 confocal laser scanning microscope, or Olympus 
BX51WI upright microscope connected to Hamamatsu ORCA-ER digital camera and 
Cell^M imaging software. The composites were assembled with the Adobe Photoshop CS 
and CorelDRAW 12 programs.  

SPSS for windows (Version 14) was used for the data analysis. The ANalysis Of 
Variance (ANOVA) was used to evaluate the statistical significance between the WT and 
TG groups. Dunnett’s multiple comparison procedure was used as post hoc method. 
 



5 Results 

5.1  Ectopic SPRY2 expression leads to defects in  
kidney development (I) 

Spry2 is expressed in the ureteric bud and the metanephric mesenchyme (Zhang et al. 
2001, Gross et al. 2003). This suggests a putative role for the gene in kidney 
development. In the present study, we expressed a SPRY2 together with GFP reporter 
gene under the Pax2 promoter in the ureteric bud of transgenic mice, and GFP expression 
was clearly detected in the ureteric bud of the developing kidney. 

The embryonic kidneys that expressed SPRY2 revealed three main phenotypes: the 
kidney were cystic, ectopic, and smaller in size. SPRY2 expression led to the formation of 
cystic kidneys with a blind-ended hydroureter. The presence of human SPRY2 in the 
ureteric bud led to the formation of two or even three separate lobes, which were 
frequently cystic with an ectopic second ureteric bud. The reduced size of the kidneys 
that expressed SPRY2 correlated with the diminished number of glomeruli. This suggests 
that reduced ureteric bud branching is the likely reason for the smaller organ size, as 
ureteric bud signaling controls the degree of nephrogenesis via branching (Saxén 1987).  

The reason for the reduction in size in the transgenic kidney at the cellular level was 
likely to be either deregulated cell proliferation and/or induced apoptosis. Although 
mitotic cells at the S-phase were localized to the nephrons in the normal manner, 
apoptotic cells were detected both there and in the epithelial collecting duct, which is a 
derivative of a ureteric bud. Together, these results suggest that the development of the 
kidney was disrupted due to the expression of SPRY2. 

5.2  SPRY2 expression results in changes in Gdnf, Wnt11 and Fgf7 
expression during kidney organogenesis (I) 

Analysis of transgenic kidneys indicated inhibition of organogenesis by SPRY2. The 
ureteric bud of the kidney of a mouse embryo at E12.5 branched to a lesser extent than 
that of a wild-type mouse at the corresponding developmental stage. Gdnf/Ret signaling 
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is critical for the regulation of ureteric bud growth in the early stages of kidney 
organogenesis (Sainio et al. 1997, Sariola & Sainio 1997), and has recently been shown 
to be coordinated by Wnt11 (Majumdar et al. 2003). Thus, these two genes were 
candidates for being influenced by SPRY2. Accordingly, Gdnf expression is notably 
reduced in the mesenchymal cells of the TG kidney as compared with WT controls. The 
expression of Ret, which encodes one of the Gdnf receptors, was unchanged at the 
corresponding developmental stages. Consistent with the diminished Gdnf expression, 
Wnt11, a target gene for Gdnf signaling (Pepicelli et al. 1997, Majumdar et al. 2003), was 
also expressed in lesser amounts in the transgenic ureteric bud. This supports a more 
specific notion that Spry signaling influences the Wnt11/Gdnf cooperation (Majumdar et 
al. 2003), perhaps via regulation of Ret in the ureteric bud. The espression of Foxd1 
(Bf2), a marker of stromal cells (Hatini et al. 1996), was also severely reduced in the 
transgenic kidneys relative to controls. 

In organ culture, GDNF and FGF7 treatment partially rescue the kidney phenotype in 
SPRY2 TG kidney. In addition, FGF7 induced the expression of endogenous Spry2. This 
is consistent with the reciprocal nature of inductive signaling between the epithelium and 
mesenchyme for the ureteric branching and nephrogenesis. 

5.3  Testis and Wolffian duct derivatives present structured defects 
due to SPRY2 expression (II) 

SPRY2 expression in the embryonic urogenital system did not lead to any notable changes 
in the sex ratio, and the female sex organs in the embryos and newborn mice appeared 
normal. However, the transgene expression generated dysmorphologies in the male 
reproductive organs. The epididymal coiling was reduced, and the vas deferens became 
cystic in several SPRY2-expressing mice. The SPRY2-expressing homozygous mice 
showed the defect in the ducts more frequently than heterozygotes. There was also a 
reduction of the seminiferous cords, and the associated interstitium in the testes of 
SPRY2-expressing embryos was looser, consistent with the idea that SPROUTY2 
expression directly affects organogenesis in both the testes and the mesonephric 
derivatives. 

We assayed possible changes in the expression of marker genes of the seminiferous 
tubules and Leydig cells. The Sox9 and Dhh genes are both expressed in the 
differentiating Sertoli cells, while the expression was reduced in the SPRY2 testes. 
Similarly, Hsd3β, a marker of differentiating Leydig cells, was expressed at a lower level 
in the transgenic embryos than in the WT. While FGF9 signaling is involved in the 
organogenesis of the testis and controls the processes of mesonephric cell migration into 
the testis (Colvin et al. 2001). Accordingly, we observed reduced expression of the Fgf9 
gene in the Wolffian duct and the testis. At least the testicular peritubular myoid and 
endothelial smooth muscle cells emerge from the migrated of mesonephric cells (Brennan 
et al. 1998). The studies on endothelial cells and peritubular myoid cells by 
immunostaining with PECAM and α-SMA suggested that SPRY2 expression may inhibit 
testis development by playing a role in controlling the migration of mesonephric cells 
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into the gonad, compromising at least the peritubular myoid and endothelial smooth 
muscle cells of the testis.  

The migration of mesonephric cells was investigated in the tissue combination 
experiment with testis tissues obtained from E12.0 embryos. The mesonephros was 
separated from Rosa26 embryos (Zambrowicz et al. 1997) and combined with a gonad 
either from a WT or SPRY2-expressing embryo, and evidently the mesonephric cell 
migration was delayed and reduced in SPRY2 testes. FGF9 has been implicated as a 
signal controlling mesonephric cell migration into the gonad (Colvin et al. 2001), and its 
expression was found to be reduced in this study SPRY2-expressing testes. Furthermore, 
FGF9 promoted mesonephric cell migration to the SPRY2 testis over the controls, 
suggesting FGF9 to be involved with SPRY2 in controlling testis development. 

5.4  Spry inhibits the ERK/MAP kinase pathway during kidney and 
testis organogenesis (I, II) 

Sprouty proteins are known to inhibit RTKs signaling and are involved in a negative 
feedback loop with fibroblast growth factors (Kim & Bar-Sagi 2004). To characterize the 
mechanism of signal transduction controlled by human SPRY2 in the primary kidney 
rudiments in vitro, we used the inhibitor of the ERK1/2 pathway, PD98059, to specifically 
inhibit normal ureteric development (Fisher et al. 2001). Our result showed that the drug 
had an additive effect on the human SPRY2-mediated defect in ureteric branching. The 
bud was even further reduced in development and the treatment generated a longer 
ureteric branch than in the untreated transgenic or wild-type control mice, as 
demonstrated also in skeletonized diagrams of the ureteric buds. Our data indicate that 
besides Sprouty proteins, other signal transduction pathways are likely to be mediated via 
the ERK-MAP kinase pathway to contribute to ureteric bud development in the kidney. 

We also analyzed possible changes in the expression of phosphorylated ERK (pERK) 
in testes. The expression pattern of pERK in the testis cord and mesonephric tubules 
corresponds to that of Fgf9 at E13.5. The expression is reduced in the testis, mesonephric 
tubules, and Wolffian duct relative to controls due to SPRY2 expression. Similarly, the 
intensity of the pERK immunostaining in the metanephric kidney was reduced due to 
SPRY2 expression, consistent with the reported function of SPRY2 in the embryonic 
kidney. We concluded that Spry2 potentially regulates Fgf9 signaling during male sex 
organogenesis.  

5.5  Cerberus stimulates ureteric bud branching and controls kidney 
size by antagonizing Bmp4 signaling (III) 

We addressed the potential role of Cer1 in kidney organogenesis with a gain of function 
approach. Cer1 connected with GFP reporter gene was expressed in the ureteric bud in 
vivo under the Pax2 promoter in transgenic mice (Pax2Cer). The transgene and GFP 
expression persisted in the kidney until adulthood.  
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At birth, the Cer1-expressing kidneys were larger as compared with the wild-type 
controls. Morphometric measurements (Bertram et al. 1992) indicated a 23% increase in 
the total kidney volume, and the number of glomeruli was 21% higher in Pax2Cer kidneys 
than in WT controls in NB kidney.  

The Cer1-induced enlargement of the kidney size was accompanied by a double 
ureteric bud that was noted already at E12.5. The double ureteric bud is likely the reason 
behind the development of a second kidney that was typically integrated into the primary 
kidney. The bigger size of the Pax2Cer over WT kidneys persisted in the adult. The 
Pax2Cer mice that had enlarged kidneys were otherwise healthy and fertile. Cer1 
stimulated cell proliferation with 30% more positive cells in TG kidney as compared with 
the controls at E15.5, suggesting that Cer1 is involved in the part of functions that 
controlling kidney size.  

The process of ureteric bud formation from the Wolffian duct is critically regulated by 
the GDNF secreted in the kidney mesenchymal cells. GDNF promotes ureteric bud 
development via the Ret receptor and Wnt11, which are both expressed in the ureteric bud 
(Costantini 2006, Costantini & Shakya 2006). To address when and how Cer1 starts to 
accelerate the kidney growth process, we used as a model the embryonic kidneys at 
E11.5, at this stage the bud has formed and is just invaded the kidney mesenchyme. The 
study showed that Ret expression is enhanced in the ureteric bud growth of the Pax2Cer 
kidneys. Wnt-11, a ureteric bud tip marker and a regulator of ureteric bud branching 
(Majumdar et al. 2003), was maintained in the tips of the Pax2Cer embryos with no major 
changes in the expression.  

Gdnf expression was increased in the Pax2Cer kidney mesenchyme as compared with 
the no-transgenic kidneys at E11.5. BMP4 inhibits ureteric bud development in the 
embryonic kidney (Raatikainen-Ahokas et al. 2000, Miyazaki et al. 2003). Bmp4 is 
downregulated in the Pax2Cer kidney at all developmental stages as demonstrated by qRT-
PCR. In contrast, Gdnf and Wnt11 expression was upregulated in the Cer1-expressing 
kidney. Hence, higher Cer1 activity leads to a reduction in Bmp4 and an increase in Gdnf 
and Wnt11 expression. In addition, Cer1-expressing kidney size was reduced in Wnt11-
deficient mice and was sensitized for GDNF in culture conditions, since GDNF changed 
the pattern of ureteric branching and induced supernumerary bud formation from the 
Wolffian duct.  
 



6 Discussion 

6.1  Ectopic Spry induces ureteric bud branching by regulating the 
signaling between the epithelial-mesenchymal  

and stromal cells (I) 

Ectopic SPRY2 was expressed in the ureteric bud, which normally expresses inductive 
signals and mouse Spry2. SPRY2-induced defects such as complete agenesis, reduced 
size, lobularization, or cystogenesis of the ureteric bud and an ectopic organ with a 
second complete ureteric bud. The SPRY2 TG kidney phenotype was associated with a 
reduction in the expression of the Gdnf and Wnt11 genes. Wnt11 has been shown to be a 
functional at the same stage when the phenotype in the human SPRY2 expressing 
embryos becomes noticeable (Majumdar et al. 2003). In the case of Wnt11 deficiency, 
Gndf expression is also reduced, suggesting that Wnt11 may regulate Gdnf expression in 
kidney mesenchyme, either directly or indirectly. The Wnt11 gene, in turn, is also 
regulated by Ret signaling, as Wnt11 expression is reduced in the kidneys of Ret-deficient 
embryos (Majumdar et al. 2003). The reduced expression of the Wnt11 and Gdnf genes in 
kidneys expressing SPRY2, and the finding that the ureteric bud defect in the transgenic 
kidneys was substantially reversed via stimulated Gdnf signaling in vitro, support the 
hypothesis that Spry2 affect the Wnt11/Gdnf/Ret pathways during early kidney 
development perhaps by directly antagonizing Ret signaling. 

The Spry genes are induced in response to FGFs, and are thought to antagonize FGF 
signaling (Mailleux et al. 2001). While the expression of three FGF proteins in the kidney 
was altered because of human SPRY2 expression, beads releasing FGF7 induced Spry2 
expression in the nearby cells, showing that FGF7 is also sufficient to modulate Spry2 
expression. FGF7, FGF10, and GDNF all stimulated ureteric branching in the SPRY2 
kidneys, whereas FGF2 had the opposite effect on the branching of untreated transgenic 
kidneys. We noted that the expression of the stromal genes Foxd1 and Fgf7 was reduced 
because of ectopic SPRY2 expression in the ureteric bud. Fgf7, which is normally 
expressed in the stromal cells, regulates kidney development via binding to the receptors, 
located in the ureteric bud, at the site of the targeted SPRY2 expression. Moreover, Fgf7 
knockout leads to a reduction in the number of nephrons and the size of the kidney (Qiao 
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et al. 1999). It has been proposed that a signaling loop from the stromal cells and ureteric 
bud regulates kidney development (Batourina et al. 2001). 

Spry2 contributes to kidney development by coordinating Wnt11/Gdnf/Fgf7 signaling, 
as expression of these genes was reduced in transgenic kidney and ectopic Gdnf/Fgf7 
signaling rescued ureteric bud branching in vitro. We propose that Spry2 controls ureteric 
bud branching during kidney assembly by regulating the reciprocal cooperation between 
Wnt11/Gdnf mediated epithelial-mesenchymal and stromal Fgf7 signaling. 

6.2  Spry2 regulates Fgf9 signaling during male reproductive 
organogenesis (II) 

The role of Spry2 in male reproductive organogenesis was addressed by a gain-of-
function approach. Spry2 expression was confined to the developing testis and 
mesonephric tubules. The Pax2 promoter directed SPRY2 expression to the male genital 
ridge, testis, mesonephric tubules, and Wolffian duct. SPRY2 impaired morphogenesis in 
all these major constituents of the developing male sex organs. The Wolffian duct became 
cystic in some transgenic embryos, the epididymis lost some of its coiling, the embryonic 
testis had less seminiferous tubules, and the interstitium organization was looser than in 
the controls. Consistent with the changes in the embryonic testis, we noted that the 
expression of Sertoli, Leydig, peritubular myoid, and endothelial cell markers was 
already reduced at E12.5 in the developing testis. The expression of Dhh and Sox9 is 
reduced in the Sertoli cells. Dhh encodes a Sertoli cell-derived signal that regulates 
differentiation of the peritubular myoid cells (Bitgood et al. 1996, Clark et al. 2000). The 
Sertoli cells originate from the genital ridge epithelium (Karl & Capel 1998). The 
endothelial cells, peritubular myoid cells, and perhaps also the hormone-producing 
Leydig cells may all have their origin in the mesonephros, so that their precursors migrate 
to the XY gonad at the initiation of gonad development in response to gonadal signals. 
The inhibition of mesonephric cell migration would be expected to lead to a reduction in 
the amount of interstitium and also indirectly affect the development of the seminiferous 
tubules. The results showed that the SPRY2-expressing testes had a weaker capacity for 
inducing migration of the mesonephric cells than the control testes. Fgf9 gene expression 
is reduced in the Wolffian duct, mesonephros, and testis. Fgf9 is able to control the 
migration of mesonephric cells into the embryonic testis (Colvin et al. 2001) and is 
necessary for the survival of germ cells in fetal testes (DiNapoli et al. 2006). Exogenous 
FGF9 in organ cultures, composed of tissue combinates between a SPRY2-expressed 
testis and a Rosa26 embryo-derived mesonephros, stimulated the SPRY2-inhibited 
migration of mesonephric cells into the embryonic testis. These data support the 
conclusion that mouse Spry2 normally contributes to organogenesis of the testis by 
regulating mesonephric cell migration, and this process, involves Fgf9 signaling (Fig. 8) 
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Fig. 8. Schematic model of possible role of Spry2 function during testis development. Testis 
development involves interactions between the coelomic epithelium and mesenchymal cells 
originating from the mesonephros (ligth green). Sertoli cells (in yellow) may origin in the 
coelomic epithelium, while the peritubular myoid cells (in green), Leydig cells (in purple) and 
endothelial cells (in red) may arise from the mesonephros and migrate into the testis partly in 
response to FGF9 signaling secreted by the developing testis (arrows). The black circles mark 
the germ cells within the seminiferous tubules. The mesonephric tubules (gray) contribute to 
organogenesis of the testis as well. The gain of SPRY2 function in the embryonic testis and 
mesonephros leads to decreased expression of Fgf9 and pERK and inhibition of mesonephric 
cell migration into the XY gonad, associated with reduced expression of the markers of 
Sertoli, Leydig, endothelial and peritubular myoid cells. Spry2 may regulate testis 
development normally by controlling FGF9-induced mesonephric cell migration to the XY 
gonad by antagonizing the Fgf9 signaling athway. 

The defects of the Wolffian duct development in SPRY2 embryos are similar to the Fgf3 
transgenic mice (Chua et al. 2002). Hence, overexpression of Fgf3 may be involved in 
the generation of the Wolffian duct phenotype. However, the Wolffian duct differentiates 
further into the epididymis, vas deferens, and seminal vesicle, and this is dependent on 
the androgens in the male reproductive tract. The molecular interactions and the role of 
androgens in the complex patterning of the Wolffian duct into the various structures 
remain to be established (Barsoum & Yao 2006). 

6.3  Regulation of kidney size by Cerberus protein (III) 

The secreted protein Cerberus has been demonstrated to bind directly and to antagonize 
action of BMPs and Wnts encoding growth and differentiation factors (Piccolo et al. 
1999, Katoh & Katoh 2006) critical for organogenesis also in mammals. We observed in 
this work that Cerberus (Cer1) including the other Cerberus/Dan family members are 
expressed during kidney organogenesis which suggested a developmental role for them. 
Especially of these genes the Cer1 was expressed in the ureteric epithelial bud and the 
kidney mesenchyme. We addressed the potential role of Cer1 in kidney development by a 
gain of function approach. The expression of Cer1 mRNA with the Pax2 promoter lead to 
enhanced expression of the Cer1 mRNA specifically in the ureteric bud suggesting that 
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the diffusible Cer1 protein would be expressed in higher amounts in the ureteric bud as 
well. Unexpectedly the Cer1 gain of function lead to increased kidney size which was 
apparent by the measurement of the kidney volume by means of morphometrics. By 
closer inspection we noted that the Cer1 stimulates ureteric bud development from early 
developmental stages onwards by inducing especially formation of more numerous 
ureteric bud tips. Since the ureteric bud is critical for induction of the process of 
nephrogenesis the enhanced ureteric bud can be expected to be behind the enhanced 
number of nephrons/glomeruli formation which was also noted due to Cer1 gain of 
function. The Cer1 increased kidney organ size persisted in the adult since the kidney 
volume was also increased in the adult transgenic mice. 

Based on monitoring of the gene expression profile by real time PCR we propose that 
Cer1 enhances the kidney organ size by via changes in Gdnf, Wnt11 and Bmp4. This 
suggestion is based on the results that Cer1 reduced Bmp4 expression which was 
associated with induced expression of the Gdnf and Wnt11 genes. Since Gdnf and Wnt11 
are the well known positive promoters of ureteric bud branching their induced expression 
would well explain the stimulation of ureteric bud development due to Cer1. Moreover, 
the genetic reduction of Wnt11 amount also reduced in part the Cer1-induced kidney 
organ size consistent with the notion that Wnt11 is involved in Cer1 induced kidney 
overgrowth. The role of BMP4 in the process can be speculated based on the findings that 
excess BMP4 in organ culture reduced ureteric bud branching induced by Cer1 and that 
BMP4 also inhibited Gdnf and Wnt11 expression in the kidneys of wild-type embryos.  

However even though the in vivo studies suggested a critical role of Bmp-4 in 
controlling ureteric bud development (Miyazaki et al. 2000) the recent in vitro studies 
demonstrated that heterozygous embryonic kidney ureteric bud thus with only one 
functional Bmp4 allele branched normally (Cain & Bertram 2006). At present we do not 
know if CER1 indeed binds Bmps expressed in the kidney and if such binding would 
reduce the levels of active Bmp lower then that present as a result of the heterozygote loss 
of function Bmp4 allele. It may be that Cer1 protein is more efficient in binding BMP4 
protein and thus inhibiting its action leading to changes in ureteric bud branching. 
Besides Bmp4 Bmp2 dependent signaling pathway inhibits ureteric bud branching 
(Piscione et al. 1997, Gupta et al. 1999, Hartwig et al. 2005). Given this it may well be 
that Cer1 contributes to stimulated ureteric bud overgrowth via binding and inhibiting 
action of both Bmp2 and Bmp4. Whether this is indeed the case warrants biochemical 
binding studied. As a summary based on the presented data we would like to speculate 
that Cer1 expressed in the ureteric bud may diffuse and inhibit action of BMP2/4 
proteins. This reduced BMP2/4 action would be expected to lead to increased Gdnf 
expression which in turn would stimulate via enhanced Wnt11 expression the ureteric bud 
branching behind the over growth of the kidney induced by Cer1. We can thus conclude 
that control of mammalian organ size is under systemic hormone and intrinsic signals that 
regulate the essential developmental morphogenesis. 
 



7 Future perspectives 

This thesis presented results of the gain-of-function studies of transgenic mice expressing 
SPRY2 and Cer1 during kidney organogenesis and the development of male reproductive 
organs. The transgene was expressed in the gonad and Wolffian duct under the control of  
the Pax2 promoter.  

The study provided evidence to conclude that SPRY2 contributes to the coordination 
of Wnt11/Gdnf and Ret signaling essential for ureteric branching, and thus, to 
morphogenesis of the kidney. In addition, the work showed that SPRY2 signals coordinate 
the stromal Fgf7 signal in a reciprocal manner in the ureteric bud. In the gonad, SPRY2 
signaling is involved in testicular organogenesis by antagonizing the Fgf9 signaling 
pathways. The finding contributes to a growing understanding of how sex organs develop 
in mammals. 

Ectopic expression of Cerberus in the ureteric bud promoted kidney organ size by 
stimulating epithelial ureteric bud branching from early developmental stages onwards by 
reducing Bmp4 expression associated with induced expression of Gdnf and Wnt11. This 
study provided evidence of the importance of the control of organ growth by secreted 
signals. The findings in this thesis open up the following new topics in the area of 
organogenesis and inductive signaling: 

1. As SPRY2 was proven to effect kidney development under in vivo conditions, the 
study provides an experimental model for more detailed studies for its role in human 
diseases, for example.  

2. Studies on the regulation of the Spry2 signaling pathway in Wolffian duct 
morphogenesis could increase our understanding of human male reproductive tract 
malformation. 

3. Would be at great interest to study further how the Cerberus actions regulate kidney 
size, we expect that the mechanism is a common events in mammalian organ 
development. 

 



 References 

Abdelhak S, Kalatzis V, Heilig R, Compain S, Samson D, Vincent C, Weil D, Cruaud C, Sahly I, 
Leibovici M, Bitner-Glindzicz M, Francis M, Lacombe D, Vigneron J, Charachon R, Boven K, 
Bedbeder P, Van Regemorter N, Weissenbach J & Petit C (1997) A human homologue of the 
Drosophila eyes absent gene underlies branchio-oto-renal (BOR) syndrome and identifies a 
novel gene family. Nat Genet 15(2): 157-64. 

Airaksinen MS & Saarma M (2002) The GDNF family: signalling, biological functions and 
therapeutic value. Nat Rev Neurosci 3(5): 383-94. 

al-Awqati Q & Goldberg MR (1998) Architectural patterns in branching morphogenesis in the 
kidney. Kidney Int 54(6): 1832-42. 

Albrecht KH & Eicher EM (2001) Evidence that Sry is expressed in pre-Sertoli cells and Sertoli 
and granulosa cells have a common precursor. Dev Biol 240(1): 92-107. 

Arman E, Haffner-Krausz R, Gorivodsky M & Lonai P (1999) Fgfr2 is required for limb outgrowth 
and lung-branching morphogenesis. Proc Natl Acad Sci U S A 96(21): 11895-9. 

Balemans W & Van Hul W (2002) Extracellular regulation of BMP signaling in vertebrates: a 
cocktail of modulators. Dev Biol 250(2): 231-50. 

Barrionuevo F, Bagheri-Fam S, Klattig J, Kist R, Taketo MM, Englert C & Scherer G (2006) 
Homozygous inactivation of Sox9 causes complete XY sex reversal in mice. Biol Reprod 74(1): 
195-201. 

Barsoum I & Yao HH (2006) The road to maleness: from testis to Wolffian duct. Trends 
Endocrinol Metab 17(6): 223-8. 

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): 229-39. 

Basson MA, Watson-Johnson J, Shakya R, Akbulut S, Hyink D, Costantini FD, Wilson PD, Mason 
IJ & Licht JD (2006) Branching morphogenesis of the ureteric epithelium during kidney 
development is coordinated by the opposing functions of GDNF and Sprouty1. Dev Biol. 

Bates CM (2006) Role of fibroblast growth factor receptor signaling in kidney development. 
Pediatr Nephrol. 

Batourina E, Gim S, Bello N, Shy M, Clagett-Dame M, Srinivas S, Costantini F & Mendelsohn C 
(2001) Vitamin A controls epithelial/mesenchymal interactions through Ret expression. Nat 
Genet 27(1): 74-8. 

Behringer RR, Finegold MJ & Cate RL (1994) Mullerian-inhibiting substance function during 
mammalian sexual development. Cell 79(3): 415-25. 



 58

Belo JA, Bouwmeester T, Leyns L, Kertesz N, Gallo M, Follettie M & De Robertis EM (1997) 
Cerberus-like is a secreted factor with neutralizing activity expressed in the anterior primitive 
endoderm of the mouse gastrula. Mech Dev 68(1-2): 45-57. 

Benson GV, Lim H, Paria BC, Satokata I, Dey SK & Maas RL (1996) Mechanisms of reduced 
fertility in Hoxa-10 mutant mice: uterine homeosis and loss of maternal Hoxa-10 expression. 
Development 122(9): 2687-96. 

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): 448-50. 

Bertram JF, Soosaipillai MC, Ricardo SD & Ryan GB (1992) Total numbers of glomeruli and 
individual glomerular cell types in the normal rat kidney. Cell Tissue Res 270(1): 37-45. 

Biben C, Stanley E, Fabri L, Kotecha S, Rhinn M, Drinkwater C, Lah M, Wang CC, Nash A, 
Hilton D, Ang SL, Mohun T & Harvey RP (1998) Murine cerberus homologue mCer-1: a 
candidate anterior patterning molecule. Dev Biol 194(2): 135-51. 

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): 909-13. 

Bitgood MJ, Shen L & McMahon AP (1996) Sertoli cell signaling by Desert hedgehog regulates 
the male germline. Curr Biol 6(3): 298-304. 

Borges AC, Marques S & Belo JA (2001) The BMP antagonists cerberus-like and noggin do not 
interact during mouse forebrain development. Int J Dev Biol 45(2): 441-4. 

Bouchard M (2004) Transcriptional control of kidney development. Differentiation 72(7): 295-306. 
Bouchard M, Souabni A, Mandler M, Neubuser A & Busslinger M (2002) Nephric lineage 

specification by Pax2 and Pax8. Genes Dev 16(22): 2958-70. 
Bouwmeester T, Kim S, Sasai Y, Lu B & De Robertis EM (1996) Cerberus is a head-inducing 

secreted factor expressed in the anterior endoderm of Spemann's organizer. Nature 382(6592): 
595-601. 

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. 

Brennan J & Capel B (2004) One tissue, two fates: molecular genetic events that underlie testis 
versus ovary development. Nat Rev Genet 5(7): 509-21. 

Brennan J, Karl J, Martineau J, Nordqvist K, Schmahl J, Tilmann C, Ung K & Capel B (1998) Sry 
and the testis: molecular pathways of organogenesis. J Exp Zool 281(5): 494-500. 

Brennan J, Tilmann C & Capel B (2003) Pdgfr-alpha mediates testis cord organization and fetal 
Leydig cell development in the XY gonad. Genes Dev 17(6): 800-10. 

Brook-Carter PT, Peral B, Ward CJ, Thompson P, Hughes J, Maheshwar MM, Nellist M, Gamble 
V, Harris PC & Sampson JR (1994) Deletion of the TSC2 and PKD1 genes associated with 
severe infantile polycystic kidney disease--a contiguous gene syndrome. Nat Genet 8(4): 328-
32. 

Brophy PD, Ostrom L, Lang KM & Dressler GR (2001) Regulation of ureteric bud outgrowth by 
Pax2-dependent activation of the glial derived neurotrophic factor gene. Development 128(23): 
4747-56. 

Buehr M, Gu S & McLaren A (1993) Mesonephric contribution to testis differentiation in the fetal 
mouse. Development 117(1): 273-81. 

Bullejos M & Koopman P (2001) Spatially dynamic expression of Sry in mouse genital ridges. Dev 
Dyn 221(2): 201-5. 

Bush KT, Sakurai H, Steer DL, Leonard MO, Sampogna RV, Meyer TN, Schwesinger C, Qiao J & 
Nigam SK (2004) TGF-beta superfamily members modulate growth, branching, shaping, and 
patterning of the ureteric bud. Dev Biol 266(2): 285-98. 



 59

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. 

Cain JE & Bertram JF (2006) Ureteric branching morphogenesis in BMP4 heterozygous mutant 
mice. J Anat 209(6): 745-55. 

Call KM, Glaser T, Ito CY, Buckler AJ, Pelletier J, Haber DA, Rose EA, Kral A, Yeger H, Lewis 
WH & et al. (1990) Isolation and characterization of a zinc finger polypeptide gene at the 
human chromosome 11 Wilms' tumor locus. Cell 60(3): 509-20. 

Cancilla B, Davies A, Cauchi JA, Risbridger GP & Bertram JF (2001) Fibroblast growth factor 
receptors and their ligands in the adult rat kidney. Kidney Int 60(1): 147-55. 

Canto P, Soderlund D, Reyes E & Mendez JP (2004) Mutations in the desert hedgehog (DHH) gene 
in patients with 46,XY complete pure gonadal dysgenesis. J Clin Endocrinol Metab 89(9): 
4480-3. 

Canto P, Vilchis F, Soderlund D, Reyes E & Mendez JP (2005) A heterozygous mutation in the 
desert hedgehog gene in patients with mixed gonadal dysgenesis. Mol Hum Reprod 11(11): 
833-6. 

Capel B (2006) R-spondin1 tips the balance in sex determination. Nat Genet 38(11): 1233-4. 
Capel B, Albrecht KH, Washburn LL & Eicher EM (1999) Migration of mesonephric cells into the 

mammalian gonad depends on Sry. Mech Dev 84(1-2): 127-31. 
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): 283-92. 

Casci T, Vinos J & Freeman M (1999) Sprouty, an intracellular inhibitor of Ras signaling. Cell 
96(5): 655-65. 

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): 1891-901. 

Chambers D & Mason I (2000) Expression of sprouty2 during early development of the chick 
embryo is coincident with known sites of FGF signalling. Mech Dev 91(1-2): 361-4. 

Chambers D, Medhurst AD, Walsh FS, Price J & Mason I (2000) Differential display of genes 
expressed at the midbrain - hindbrain junction identifies sprouty2: an FGF8-inducible member 
of a family of intracellular FGF antagonists. Mol Cell Neurosci 15(1): 22-35. 

Chen MY, Carpenter D & Zhao GQ (1999) Expression of bone morphogenetic protein 7 in murine 
epididymis is developmentally regulated. Biol Reprod 60(6): 1503-8. 

Chen YT, Kobayashi A, Kwan KM, Johnson RL & Behringer RR (2006) Gene expression profiles 
in developing nephrons using Lim1 metanephric mesenchyme-specific conditional mutant mice. 
BMC Nephrol 7: 1. 

Chua SS, Ma ZQ, Gong L, Lin SH, DeMayo FJ & Tsai SY (2002) Ectopic expression of FGF-3 
results in abnormal prostate and Wolffian duct development. Oncogene 21(12): 1899-908. 

Clark AM, Garland KK & Russell LD (2000) Desert hedgehog (Dhh) gene is required in the mouse 
testis for formation of adult-type Leydig cells and normal development of peritubular cells and 
seminiferous tubules. Biol Reprod 63(6): 1825-38. 

Colvin JS, Green RP, Schmahl J, Capel B & Ornitz DM (2001) Male-to-female sex reversal in 
mice lacking fibroblast growth factor 9. Cell 104(6): 875-89. 

Costantini F (2006) Renal branching morphogenesis: concepts, questions, and recent advances. 
Differentiation 74(7): 402-21. 

Costantini F & Shakya R (2006) GDNF/Ret signaling and the development of the kidney. 
Bioessays 28(2): 117-27. 



 60

Cui S, Schwartz L & Quaggin SE (2003) Pod1 is required in stromal cells for glomerulogenesis. 
Dev Dyn 226(3): 512-22. 

Cupp AS, Tessarollo L & Skinner MK (2002) Testis developmental phenotypes in neurotropin 
receptor trkA and trkC null mutations: role in formation of seminiferous cords and germ cell 
survival. Biol Reprod 66(6): 1838-45. 

Davies J (2001) Intracellular and extracellular regulation of ureteric bud morphogenesis. J Anat 
198(Pt 3): 257-64. 

Davies R, Moore A, Schedl A, Bratt E, Miyahawa K, Ladomery M, Miles C, Menke A, van 
Heyningen V & Hastie N (1999) Multiple roles for the Wilms' tumor suppressor, WT1. Cancer 
Res 59(7 Suppl): 1747s-1750s; discussion 1751s. 

Davis AP, Witte DP, Hsieh-Li HM, Potter SS & Capecchi MR (1995) Absence of radius and ulna 
in mice lacking hoxa-11 and hoxd-11. Nature 375(6534): 791-5. 

de Maximy AA, Nakatake Y, Moncada S, Itoh N, Thiery JP & Bellusci S (1999) Cloning and 
expression pattern of a mouse homologue of drosophila sprouty in the mouse embryo. Mech 
Dev 81(1-2): 213-6. 

De Robertis EM, Larrain J, Oelgeschlager M & Wessely O (2000) The establishment of Spemann's 
organizer and patterning of the vertebrate embryo. Nat Rev Genet 1(3): 171-81. 

Deng CX, Wynshaw-Boris A, Shen MM, Daugherty C, Ornitz DM & Leder P (1994) Murine 
FGFR-1 is required for early postimplantation growth and axial organization. Genes Dev 8(24): 
3045-57. 

DePamphilis ML, Herman SA, Martinez-Salas E, Chalifour LE, Wirak DO, Cupo DY & Miranda 
M (1988) Microinjecting DNA into mouse ova to study DNA replication and gene expression 
and to produce transgenic animals. Biotechniques 6(7): 662-80. 

Dewulf N, Verschueren K, Lonnoy O, Moren A, Grimsby S, Vande Spiegle K, Miyazono K, 
Huylebroeck D & Ten Dijke P (1995) Distinct spatial and temporal expression patterns of two 
type I receptors for bone morphogenetic proteins during mouse embryogenesis. Endocrinology 
136(6): 2652-63. 

DiNapoli L, Batchvarov J & Capel B (2006) FGF9 promotes survival of germ cells in the fetal 
testis. Development 133(8): 1519-27. 

Donovan MJ, Natoli TA, Sainio K, Amstutz A, Jaenisch R, Sariola H & Kreidberg JA (1999) 
Initial differentiation of the metanephric mesenchyme is independent of WT1 and the ureteric 
bud. Dev Genet 24(3-4): 252-62. 

Dressler GR (2006) The Cellular Basis of Kidney Development. Annu Rev Cell Dev Biol. 
Dressler GR, Deutsch U, Chowdhury K, Nornes HO & Gruss P (1990) Pax2, a new murine paired-

box-containing gene and its expression in the developing excretory system. Development 
109(4): 787-95. 

Dressler GR & Douglass EC (1992) Pax-2 is a DNA-binding protein expressed in embryonic 
kidney and Wilms tumor. Proc Natl Acad Sci U S A 89(4): 1179-83. 

Dudley AT, Godin RE & Robertson EJ (1999) Interaction between FGF and BMP signaling 
pathways regulates development of metanephric mesenchyme. Genes Dev 13(12): 1601-13. 

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): 2795-807. 

Dudley AT & Robertson EJ (1997) Overlapping expression domains of bone morphogenetic 
protein family members potentially account for limited tissue defects in BMP7 deficient 
embryos. Dev Dyn 208(3): 349-62. 

Dunn NR, Winnier GE, Hargett LK, Schrick JJ, Fogo AB & Hogan BL (1997) Haploinsufficient 
phenotypes in Bmp4 heterozygous null mice and modification by mutations in Gli3 and Alx4. 
Dev Biol 188(2): 235-47. 



 61

Durbec P, Marcos-Gutierrez CV, Kilkenny C, Grigoriou M, Wartiowaara K, Suvanto P, Smith D, 
Ponder B, Costantini F, Saarma M & et al. (1996) GDNF signalling through the Ret receptor 
tyrosine kinase. Nature 381(6585): 789-93. 

Esquela AF & Lee SJ (2003) Regulation of metanephric kidney development by 
growth/differentiation factor 11. Dev Biol 257(2): 356-70. 

Fisher CE, Michael L, Barnett MW & Davies JA (2001) Erk MAP kinase regulates branching 
morphogenesis in the developing mouse kidney. Development 128(21): 4329-38. 

Foster JW, Dominguez-Steglich MA, Guioli S, Kowk G, Weller PA, Stevanovic M, Weissenbach J, 
Mansour S, Young ID, Goodfellow PN & et al. (1994) Campomelic dysplasia and autosomal 
sex reversal caused by mutations in an SRY-related gene. Nature 372(6506): 525-30. 

Freeman M (2000) Feedback control of intercellular signalling in development. Nature 408(6810): 
313-9. 

Fujii T, Pichel JG, Taira M, Toyama R, Dawid IB & Westphal H (1994) Expression patterns of the 
murine LIM class homeobox gene lim1 in the developing brain and excretory system. Dev Dyn 
199(1): 73-83. 

Furthauer M, Reifers F, Brand M, Thisse B & Thisse C (2001) sprouty4 acts in vivo as a feedback-
induced antagonist of FGF signaling in zebrafish. Development 128(12): 2175-86. 

Gessler M, Poustka A, Cavenee W, Neve RL, Orkin SH & Bruns GA (1990) Homozygous deletion 
in Wilms tumours of a zinc-finger gene identified by chromosome jumping. Nature 343(6260): 
774-8. 

Gilbert S (2006) Developmental Biology. Sinauer Associates INC., Sunderland, Massachusetts. 
Glinka A, Wu W, Onichtchouk D, Blumenstock C & Niehrs C (1997) Head induction by 

simultaneous repression of Bmp and Wnt signalling in Xenopus. Nature 389(6650): 517-9. 
Godin RE, Robertson EJ & Dudley AT (1999) Role of BMP family members during kidney 

development. Int J Dev Biol 43(5): 405-11. 
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): 3847-57. 

Grieshammer U, Le M, Plump AS, Wang F, Tessier-Lavigne M & Martin GR (2004) SLIT2-
mediated ROBO2 signaling restricts kidney induction to a single site. Dev Cell 6(5): 709-17. 

Gross I, Bassit B, Benezra M & Licht JD (2001) Mammalian sprouty proteins inhibit cell growth 
and differentiation by preventing ras activation. J Biol Chem 276(49): 46460-8. 

Gross I, Morrison DJ, Hyink DP, Georgas K, English MA, Mericskay M, Hosono S, Sassoon D, 
Wilson PD, Little M & Licht JD (2003) The receptor tyrosine kinase regulator Sprouty1 is a 
target of the tumor suppressor WT1 and important for kidney development. J Biol Chem 
278(42): 41420-30. 

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. 

Gruss P & Walther C (1992) Pax in development. Cell 69(5): 719-22. 
Gu Z, Reynolds EM, Song J, Lei H, Feijen A, Yu L, He W, MacLaughlin DT, van den Eijnden-van 

Raaij J, Donahoe PK & Li E (1999) The type I serine/threonine kinase receptor ActRIA (ALK2) 
is required for gastrulation of the mouse embryo. Development 126(11): 2551-61. 

Gubbay J, Collignon J, Koopman P, Capel B, Economou A, Munsterberg A, Vivian N, Goodfellow 
P & Lovell-Badge R (1990) A gene mapping to the sex-determining region of the mouse Y 
chromosome is a member of a novel family of embryonically expressed genes. Nature 
346(6281): 245-50. 



 62

Gupta IR, Piscione TD, Grisaru S, Phan T, Macias-Silva M, Zhou X, Whiteside C, Wrana JL & 
Rosenblum ND (1999) Protein kinase A is a negative regulator of renal branching 
morphogenesis and modulates inhibitory and stimulatory bone morphogenetic proteins. J Biol 
Chem 274(37): 26305-14. 

Habert R, Lejeune H & Saez JM (2001) Origin, differentiation and regulation of fetal and adult 
Leydig cells. Mol Cell Endocrinol 179(1-2): 47-74. 

Hacker A, Capel B, Goodfellow P & Lovell-Badge R (1995) Expression of Sry, the mouse sex 
determining gene. Development 121(6): 1603-14. 

Hacohen N, Kramer S, Sutherland D, Hiromi Y & Krasnow MA (1998) sprouty encodes a novel 
antagonist of FGF signaling that patterns apical branching of the Drosophila airways. Cell 
92(2): 253-63. 

Hall AB, Jura N, DaSilva J, Jang YJ, Gong D & Bar-Sagi D (2003) hSpry2 is targeted to the 
ubiquitin-dependent proteasome pathway by c-Cbl. Curr Biol 13(4): 308-14. 

Hammes A, Guo JK, Lutsch G, Leheste JR, Landrock D, Ziegler U, Gubler MC & Schedl A (2001) 
Two splice variants of the Wilms' tumor 1 gene have distinct functions during sex determination 
and nephron formation. Cell 106(3): 319-29. 

Hanafusa H, Torii S, Yasunaga T & Nishida E (2002) Sprouty1 and Sprouty2 provide a control 
mechanism for the Ras/MAPK signalling pathway. Nat Cell Biol 4(11): 850-8. 

Hartwig S, Hu MC, Cella C, Piscione T, Filmus J & Rosenblum ND (2005) Glypican-3 modulates 
inhibitory Bmp2-Smad signaling to control renal development in vivo. Mech Dev 122(7-8): 
928-38. 

Hatini V, Huh SO, Herzlinger D, Soares VC & Lai E (1996) Essential role of stromal mesenchyme 
in kidney morphogenesis revealed by targeted disruption of Winged Helix transcription factor 
BF-2. Genes Dev 10(12): 1467-78. 

Hellmich HL, Kos L, Cho ES, Mahon KA & Zimmer A (1996) Embryonic expression of glial cell-
line derived neurotrophic factor (GDNF) suggests multiple developmental roles in neural 
differentiation and epithelial-mesenchymal interactions. Mech Dev 54(1): 95-105. 

Herzlinger D, Qiao J, Cohen D, Ramakrishna N & Brown AM (1994) Induction of kidney 
epithelial morphogenesis by cells expressing Wnt-1. Dev Biol 166(2): 815-8. 

Hogan BL & Kolodziej PA (2002) Organogenesis: molecular mechanisms of tubulogenesis. Nat 
Rev Genet 3(7): 513-23. 

Hu Q, Ueno N & Behringer RR (2004) Restriction of BMP4 activity domains in the developing 
neural tube of the mouse embryo. EMBO Rep 5(7): 734-9. 

Itaranta P, Chi L, Seppanen T, Niku M, Tuukkanen J, Peltoketo H & Vainio S (2006) Wnt-4 
signaling is involved in the control of smooth muscle cell fate via Bmp-4 in the medullary 
stroma of the developing kidney. Dev Biol 293(2): 473-83. 

Itaranta P, Lin Y, Perasaari J, Roel G, Destree O & Vainio S (2002) Wnt-6 is expressed in the 
ureter bud and induces kidney tubule development in vitro. Genesis 32(4): 259-68. 

Jager RJ, Anvret M, Hall K & Scherer G (1990) A human XY female with a frame shift mutation 
in the candidate testis-determining gene SRY. Nature 348(6300): 452-4. 

Jain S, Encinas M, Johnson EM, Jr. & Milbrandt J (2006) Critical and distinct roles for key RET 
tyrosine docking sites in renal development. Genes Dev 20(3): 321-33. 

Jeanes A, Wilhelm D, Wilson MJ, Bowles J, McClive PJ, Sinclair AH & Koopman P (2005) 
Evaluation of candidate markers for the peritubular myoid cell lineage in the developing mouse 
testis. Reproduction 130(4): 509-16. 

Jeays-Ward K, Dandonneau M & Swain A (2004) Wnt4 is required for proper male as well as 
female sexual development. Dev Biol 276(2): 431-40. 

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): 3663-70. 



 63

Jhaveri S, Erzurumlu RS, Chiaia N, Kumar TR & Matzuk MM (1998) Defective whisker follicles 
and altered brainstem patterns in activin and follistatin knockout mice. Mol Cell Neurosci 12(4-
5): 206-19. 

Jing S, Wen D, Yu Y, Holst PL, Luo Y, Fang M, Tamir R, Antonio L, Hu Z, Cupples R, Louis JC, 
Hu S, Altrock BW & Fox GM (1996) GDNF-induced activation of the ret protein tyrosine 
kinase is mediated by GDNFR-alpha, a novel receptor for GDNF. Cell 85(7): 1113-24. 

Jordan BK, Shen JH, Olaso R, Ingraham HA & Vilain E (2003) Wnt4 overexpression disrupts 
normal testicular vasculature and inhibits testosterone synthesis by repressing steroidogenic 
factor 1/beta-catenin synergy. Proc Natl Acad Sci U S A 100(19): 10866-71. 

Jorgez CJ, Klysik M, Jamin SP, Behringer RR & Matzuk MM (2004) Granulosa cell-specific 
inactivation of follistatin causes female fertility defects. Mol Endocrinol 18(4): 953-67. 

Karl J & Capel B (1998) Sertoli cells of the mouse testis originate from the coelomic epithelium. 
Dev Biol 203(2): 323-33. 

Katoh M & Katoh M (2006) CER1 is a common target of WNT and NODAL signaling pathways in 
human embryonic stem cells. Int J Mol Med 17(5): 795-9. 

Kazanskaya O, Glinka A, del Barco Barrantes I, Stannek P, Niehrs C & Wu W (2004) R-Spondin2 
is a secreted activator of Wnt/beta-catenin signaling and is required for Xenopus myogenesis. 
Dev Cell 7(4): 525-34. 

Kidokoro T, Matoba S, Hiramatsu R, Fujisawa M, Kanai-Azuma M, Taya C, Kurohmaru M, 
Kawakami H, Hayashi Y, Kanai Y & Yonekawa H (2005) Influence on spatiotemporal patterns 
of a male-specific Sox9 activation by ectopic Sry expression during early phases of testis 
differentiation in mice. Dev Biol 278(2): 511-25. 

Kim HJ & Bar-Sagi D (2004) Modulation of signalling by Sprouty: a developing story. Nat Rev 
Mol Cell Biol 5(6): 441-50. 

Kim KA, Kakitani M, Zhao J, Oshima T, Tang T, Binnerts M, Liu Y, Boyle B, Park E, Emtage P, 
Funk WD & Tomizuka K (2005) Mitogenic influence of human R-spondin1 on the intestinal 
epithelium. Science 309(5738): 1256-9. 

Kim KA, Zhao J, Andarmani S, Kakitani M, Oshima T, Binnerts ME, Abo A, Tomizuka K & Funk 
WD (2006a) R-Spondin proteins: a novel link to beta-catenin activation. Cell Cycle 5(1): 23-6. 

Kim RY, Robertson EJ & Solloway MJ (2001) Bmp6 and Bmp7 are required for cushion formation 
and septation in the developing mouse heart. Dev Biol 235(2): 449-66. 

Kim Y & Capel B (2006) Balancing the bipotential gonad between alternative organ fates: a new 
perspective on an old problem. Dev Dyn 235(9): 2292-300. 

Kim Y, Kobayashi A, Sekido R, DiNapoli L, Brennan J, Chaboissier MC, Poulat F, Behringer RR, 
Lovell-Badge R & Capel B (2006b) Fgf9 and Wnt4 act as antagonistic signals to regulate 
mammalian sex determination. PLoS Biol 4(6): e187. 

King JA, Marker PC, Seung KJ & Kingsley DM (1994) BMP5 and the molecular, skeletal, and 
soft-tissue alterations in short ear mice. Dev Biol 166(1): 112-22. 

Kispert A, Vainio S & McMahon AP (1998) Wnt-4 is a mesenchymal signal for epithelial 
transformation of metanephric mesenchyme in the developing kidney. Development 125(21): 
4225-34. 

Kispert A, Vainio S, Shen L, Rowitch DH & McMahon AP (1996) Proteoglycans are required for 
maintenance of Wnt-11 expression in the ureter tips. Development 122(11): 3627-37. 

Kitamura K, Yanazawa M, Sugiyama N, Miura H, Iizuka-Kogo A, Kusaka M, Omichi K, Suzuki 
R, Kato-Fukui Y, Kamiirisa K, Matsuo M, Kamijo S, Kasahara M, Yoshioka H, Ogata T, 
Fukuda T, Kondo I, Kato M, Dobyns WB, Yokoyama M & Morohashi K (2002) Mutation of 
ARX causes abnormal development of forebrain and testes in mice and X-linked lissencephaly 
with abnormal genitalia in humans. Nat Genet 32(3): 359-69. 



 64

Kobayashi A, Kwan KM, Carroll TJ, McMahon AP, Mendelsohn CL & Behringer RR (2005) 
Distinct and sequential tissue-specific activities of the LIM-class homeobox gene Lim1 for 
tubular morphogenesis during kidney development. Development 132(12): 2809-23. 

Kobayashi A, Shawlot W, Kania A & Behringer RR (2004) Requirement of Lim1 for female 
reproductive tract development. Development 131(3): 539-49. 

Koopman P, Bullejos M & Bowles J (2001) Regulation of male sexual development by Sry and 
Sox9. J Exp Zool 290(5): 463-74. 

Koopman P, Gubbay J, Vivian N, Goodfellow P & Lovell-Badge R (1991) Male development of 
chromosomally female mice transgenic for Sry. Nature 351(6322): 117-21. 

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): 450-2. 

Koubova J, Menke DB, Zhou Q, Capel B, Griswold MD & Page DC (2006) Retinoic acid regulates 
sex-specific timing of meiotic initiation in mice. Proc Natl Acad Sci U S A 103(8): 2474-9. 

Kramer S, Okabe M, Hacohen N, Krasnow MA & Hiromi Y (1999) Sprouty: a common antagonist 
of FGF and EGF signaling pathways in Drosophila. Development 126(11): 2515-25. 

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): 679-91. 

Kulkarni AB & Karlsson S (1993) Transforming growth factor-beta 1 knockout mice. A mutation 
in one cytokine gene causes a dramatic inflammatory disease. Am J Pathol 143(1): 3-9. 

Kume T, Deng K & Hogan BL (2000) Murine forkhead/winged helix genes Foxc1 (Mf1) and 
Foxc2 (Mfh1) are required for the early organogenesis of the kidney and urinary tract. 
Development 127(7): 1387-95. 

Lechner MS & Dressler GR (1997) The molecular basis of embryonic kidney development. Mech 
Dev 62(2): 105-20. 

Lee SH, Schloss DJ, Jarvis L, Krasnow MA & Swain JL (2001) Inhibition of angiogenesis by a 
mouse sprouty protein. J Biol Chem 276(6): 4128-33. 

Li L, Krantz ID, Deng Y, Genin A, Banta AB, Collins CC, Qi M, Trask BJ, Kuo WL, Cochran J, 
Costa T, Pierpont ME, Rand EB, Piccoli DA, Hood L & Spinner NB (1997) Alagille syndrome 
is caused by mutations in human Jagged1, which encodes a ligand for Notch1. Nat Genet 16(3): 
243-51. 

Lim KC, Lakshmanan G, Crawford SE, Gu Y, Grosveld F & Engel JD (2000) Gata3 loss leads to 
embryonic lethality due to noradrenaline deficiency of the sympathetic nervous system. Nat 
Genet 25(2): 209-12. 

Lin Y, Zhang S, Rehn M, Itaranta P, Tuukkanen J, Heljasvaara R, Peltoketo H, Pihlajaniemi T & 
Vainio S (2001) Induced repatterning of type XVIII collagen expression in ureter bud from 
kidney to lung type: association with sonic hedgehog and ectopic surfactant protein C. 
Development 128(9): 1573-85. 

Little MH, Williamson KA, Mannens M, Kelsey A, Gosden C, Hastie ND & van Heyningen V 
(1993) Evidence that WT1 mutations in Denys-Drash syndrome patients may act in a dominant-
negative fashion. Hum Mol Genet 2(3): 259-64. 

Lovell-Badge R & Robertson E (1990) XY female mice resulting from a heritable mutation in the 
primary testis-determining gene, Tdy. Development 109(3): 635-46. 

Luo G, Hofmann C, Bronckers AL, Sohocki M, Bradley A & Karsenty G (1995) BMP-7 is an 
inducer of nephrogenesis, and is also required for eye development and skeletal patterning. 
Genes Dev 9(22): 2808-20. 

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): 481-90. 

Maeshima A, Vaughn DA, Choi Y & Nigam SK (2006) Activin A is an endogenous inhibitor of 
ureteric bud outgrowth from the Wolffian duct. Dev Biol 295(2): 473-85. 



 65

Mailleux AA, Tefft D, Ndiaye D, Itoh N, Thiery JP, Warburton D & Bellusci S (2001) Evidence 
that SPROUTY2 functions as an inhibitor of mouse embryonic lung growth and morphogenesis. 
Mech Dev 102(1-2): 81-94. 

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): 3175-85. 

Mansouri A, Chowdhury K & Gruss P (1998) Follicular cells of the thyroid gland require Pax8 
gene function. Nat Genet 19(1): 87-90. 

Martineau J, Nordqvist K, Tilmann C, Lovell-Badge R & Capel B (1997) Male-specific cell 
migration into the developing gonad. Curr Biol 7(12): 958-68. 

Martinez G, Loveland KL, Clark AT, Dziadek M & Bertram JF (2001) Expression of bone 
morphogenetic protein receptors in the developing mouse metanephros. Exp Nephrol 9(6): 372-
9. 

Martinez G, Mishina Y & Bertram JF (2002) BMPs and BMP receptors in mouse metanephric 
development: in vivo and in vitro studies. Int J Dev Biol 46(4): 525-33. 

Mason JM, Morrison DJ, Basson MA & Licht JD (2006) Sprouty proteins: multifaceted negative-
feedback regulators of receptor tyrosine kinase signaling. Trends Cell Biol 16(1): 45-54. 

McLaren A (1999) Signaling for germ cells. Genes Dev 13(4): 373-6. 
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): 107-13. 
Meeks JJ, Crawford SE, Russell TA, Morohashi K, Weiss J & Jameson JL (2003a) Dax1 regulates 

testis cord organization during gonadal differentiation. Development 130(5): 1029-36. 
Meeks JJ, Weiss J & Jameson JL (2003b) Dax1 is required for testis determination. Nat Genet 

34(1): 32-3. 
Mendelsohn C, Batourina E, Fung S, Gilbert T & Dodd J (1999) Stromal cells mediate retinoid-

dependent functions essential for renal development. Development 126(6): 1139-48. 
Menke DB & Page DC (2002) Sexually dimorphic gene expression in the developing mouse gonad. 

Gene Expr Patterns 2(3-4): 359-67. 
Merchant-Larios H, Moreno-Mendoza N & Buehr M (1993) The role of the mesonephros in cell 

differentiation and morphogenesis of the mouse fetal testis. Int J Dev Biol 37(3): 407-15. 
Meyers EN, Lewandoski M & Martin GR (1998) An Fgf8 mutant allelic series generated by Cre- 

and Flp-mediated recombination. Nat Genet 18(2): 136-41. 
Micali G, Nasca MR, Innocenzi D, Frasin LA, Radi O, Parma P, Camerino G & Schwartz RA 

(2005) Association of palmoplantar keratoderma, cutaneous squamous cell carcinoma, dental 
anomalies, and hypogenitalism in four siblings with 46,XX karyotype: a new syndrome. J Am 
Acad Dermatol 53(5 Suppl 1): S234-9. 

Michael L & Davies JA (2004) Pattern and regulation of cell proliferation during murine ureteric 
bud development. J Anat 204(4): 241-55. 

Michael L, Sweeney DE & Davies JA (2005) A role for microfilament-based contraction in 
branching morphogenesis of the ureteric bud. Kidney Int 68(5): 2010-8. 

Minowada G, Jarvis LA, Chi CL, Neubuser A, Sun X, Hacohen N, Krasnow MA & Martin GR 
(1999) Vertebrate Sprouty genes are induced by FGF signaling and can cause chondrodysplasia 
when overexpressed. Development 126(20): 4465-75. 

Mishina Y, Crombie R, Bradley A & Behringer RR (1999) Multiple roles for activin-like kinase-2 
signaling during mouse embryogenesis. Dev Biol 213(2): 314-26. 

Mishina Y, Rey R, Finegold MJ, Matzuk MM, Josso N, Cate RL & Behringer RR (1996) Genetic 
analysis of the Mullerian-inhibiting substance signal transduction pathway in mammalian sexual 
differentiation. Genes Dev 10(20): 2577-87. 



 66

Mishina Y, Suzuki A, Ueno N & Behringer RR (1995) Bmpr encodes a type I bone morphogenetic 
protein receptor that is essential for gastrulation during mouse embryogenesis. Genes Dev 
9(24): 3027-37. 

Miyagawa K, Kent J, Schedl A, van Heyningen V & Hastie ND (1994) Wilms' tumour--a case of 
disrupted development. J Cell Sci Suppl 18: 1-5. 

Miyamoto N, Yoshida M, Kuratani S, Matsuo I & Aizawa S (1997) Defects of urogenital 
development in mice lacking Emx2. Development 124(9): 1653-64. 

Miyazaki Y, Oshima K, Fogo A, Hogan BL & Ichikawa I (2000) Bone morphogenetic protein 4 
regulates the budding site and elongation of the mouse ureter. J Clin Invest 105(7): 863-73. 

Miyazaki Y, Oshima K, Fogo A & Ichikawa I (2003) Evidence that bone morphogenetic protein 4 
has multiple biological functions during kidney and urinary tract development. Kidney Int 
63(3): 835-44. 

Mochizuki T, Wu G, Hayashi T, Xenophontos SL, Veldhuisen B, Saris JJ, Reynolds DM, Cai Y, 
Gabow PA, Pierides A, Kimberling WJ, Breuning MH, Deltas CC, Peters DJ & Somlo S (1996) 
PKD2, a gene for polycystic kidney disease that encodes an integral membrane protein. Science 
272(5266): 1339-42. 

Moloney DM, Slaney SF, Oldridge M, Wall SA, Sahlin P, Stenman G & Wilkie AO (1996) 
Exclusive paternal origin of new mutations in Apert syndrome. Nat Genet 13(1): 48-53. 

Moore MW, Klein RD, Farinas I, Sauer H, Armanini M, Phillips H, Reichardt LF, Ryan AM, 
Carver-Moore K & Rosenthal A (1996) Renal and neuronal abnormalities in mice lacking 
GDNF. Nature 382(6586): 76-9. 

Munsterberg A & Lovell-Badge R (1991) Expression of the mouse anti-mullerian hormone gene 
suggests a role in both male and female sexual differentiation. Development 113(2): 613-24. 

Nagamine CM, Morohashi K, Carlisle C & Chang DK (1999) Sex reversal caused by Mus 
musculus domesticus Y chromosomes linked to variant expression of the testis-determining 
gene Sry. Dev Biol 216(1): 182-94. 

Nagy A, Gertsenstein M, Vintersten K & Behringer R (2003) Manipulating the Mouse Embryo: A 
Laboratory Manual. Cold spring harbor laboratory, New York. 

Nef S, Verma-Kurvari S, Merenmies J, Vassalli JD, Efstratiadis A, Accili D & Parada LF (2003) 
Testis determination requires insulin receptor family function in mice. Nature 426(6964): 291-5. 

Niaudet P & Gubler MC (2006) WT1 and glomerular diseases. Pediatr Nephrol 21(11): 1653-60. 
Nishimura H, Yerkes E, Hohenfellner K, Miyazaki Y, Ma J, Hunley TE, Yoshida H, Ichiki T, 

Threadgill D, Phillips JA, 3rd, Hogan BM, Fogo A, Brock JW, 3rd, Inagami T & Ichikawa I 
(1999) Role of the angiotensin type 2 receptor gene in congenital anomalies of the kidney and 
urinary tract, CAKUT, of mice and men. Mol Cell 3(1): 1-10. 

Nishinakamura R, Matsumoto Y, Nakao K, Nakamura K, Sato A, Copeland NG, Gilbert DJ, 
Jenkins NA, Scully S, Lacey DL, Katsuki M, Asashima M & Yokota T (2001) Murine homolog 
of SALL1 is essential for ureteric bud invasion in kidney development. Development 128(16): 
3105-15. 

Nutt SL, Dingwell KS, Holt CE & Amaya E (2001) Xenopus Sprouty2 inhibits FGF-mediated 
gastrulation movements but does not affect mesoderm induction and patterning. Genes Dev 
15(9): 1152-66. 

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. 

Oda T, Elkahloun AG, Pike BL, Okajima K, Krantz ID, Genin A, Piccoli DA, Meltzer PS, Spinner 
NB, Collins FS & Chandrasekharappa SC (1997) Mutations in the human Jagged1 gene are 
responsible for Alagille syndrome. Nat Genet 16(3): 235-42. 

Ohuchi H, Hori Y, Yamasaki M, Harada H, Sekine K, Kato S & Itoh N (2000) FGF10 acts as a 
major ligand for FGF receptor 2 IIIb in mouse multi-organ development. Biochem Biophys Res 
Commun 277(3): 643-9. 



 67

Ornitz DM & Itoh N (2001) Fibroblast growth factors. Genome Biol 2(3): REVIEWS3005. 
Oxburgh L, Chu GC, Michael SK & Robertson EJ (2004) TGFbeta superfamily signals are required 

for morphogenesis of the kidney mesenchyme progenitor population. Development 131(18): 
4593-605. 

Ozisik G, Achermann JC & Jameson JL (2002) The role of SF1 in adrenal and reproductive 
function: insight from naturally occurring mutations in humans. Mol Genet Metab 76(2): 85-91. 

Pachnis V, Mankoo B & Costantini F (1993) Expression of the c-ret proto-oncogene during mouse 
embryogenesis. Development 119(4): 1005-17. 

Palmer SJ & Burgoyne PS (1991) In situ analysis of fetal, prepuberal and adult XX----XY 
chimaeric mouse testes: Sertoli cells are predominantly, but not exclusively, XY. Development 
112(1): 265-8. 

Parker KL, Schimmer BP & Schedl A (1999) Genes essential for early events in gonadal 
development. Cell Mol Life Sci 55(6-7): 831-8. 

Parma P, Radi O, Vidal V, Chaboissier MC, Dellambra E, Valentini S, Guerra L, Schedl A & 
Camerino G (2006) R-spondin1 is essential in sex determination, skin differentiation and 
malignancy. Nat Genet 38(11): 1304-9. 

Patterson LT, Pembaur M & Potter SS (2001) Hoxa11 and Hoxd11 regulate branching 
morphogenesis of the ureteric bud in the developing kidney. Development 128(11): 2153-61. 

Pearce JJ, Penny G & Rossant J (1999) A mouse cerberus/Dan-related gene family. Dev Biol 
209(1): 98-110. 

Pedersen A, Skjong C & Shawlot W (2005) Lim 1 is required for nephric duct extension and 
ureteric bud morphogenesis. Dev Biol 288(2): 571-81. 

Pepicelli CV, Kispert A, Rowitch DH & McMahon AP (1997) GDNF induces branching and 
increased cell proliferation in the ureter of the mouse. Dev Biol 192(1): 193-8. 

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): 3859-71. 

Perantoni AO, Williams CL & Lewellyn AL (1991) Growth and branching morphogenesis of rat 
collecting duct anlagen in the absence of metanephrogenic mesenchyme. Differentiation 48(2): 
107-13. 

Peters KG, Werner S, Chen G & Williams LT (1992) Two FGF receptor genes are differentially 
expressed in epithelial and mesenchymal tissues during limb formation and organogenesis in the 
mouse. Development 114(1): 233-43. 

Piccolo S, Agius E, Leyns L, Bhattacharyya S, Grunz H, Bouwmeester T & De Robertis EM 
(1999) The head inducer Cerberus is a multifunctional antagonist of Nodal, BMP and Wnt 
signals. Nature 397(6721): 707-10. 

Pichel JG, Shen L, Sheng HZ, Granholm AC, Drago J, Grinberg A, Lee EJ, Huang SP, Saarma M, 
Hoffer BJ, Sariola H & Westphal H (1996a) Defects in enteric innervation and kidney 
development in mice lacking GDNF. Nature 382(6586): 73-6. 

Pichel JG, Shen L, Sheng HZ, Granholm AC, Drago J, Grinberg A, Lee EJ, Huang SP, Saarma M, 
Hoffer BJ, Sariola H & Westphal H (1996b) GDNF is required for kidney development and 
enteric innervation. Cold Spring Harb Symp Quant Biol 61: 445-57. 

Pierucci-Alves F, Clark AM & Russell LD (2001) A developmental study of the Desert hedgehog-
null mouse testis. Biol Reprod 65(5): 1392-402. 

Piscione TD & Rosenblum ND (2002) The molecular control of renal branching morphogenesis: 
current knowledge and emerging insights. Differentiation 70(6): 227-46. 

Piscione TD, Yager TD, Gupta IR, Grinfeld B, Pei Y, Attisano L, Wrana JL & Rosenblum ND 
(1997) BMP-2 and OP-1 exert direct and opposite effects on renal branching morphogenesis. 
Am J Physiol 273(6 Pt 2): F961-75. 



 68

Plachov D, Chowdhury K, Walther C, Simon D, Guenet JL & Gruss P (1990) Pax8, a murine 
paired box gene expressed in the developing excretory system and thyroid gland. Development 
110(2): 643-51. 

Poladia DP, Kish K, Kutay B, Hains D, Kegg H, Zhao H & Bates CM (2006) Role of fibroblast 
growth factor receptors 1 and 2 in the metanephric mesenchyme. Dev Biol 291(2): 325-39. 

Poteryaev D, Titievsky A, Sun YF, Thomas-Crusells J, Lindahl M, Billaud M, Arumae U & 
Saarma M (1999) GDNF triggers a novel ret-independent Src kinase family-coupled signaling 
via a GPI-linked GDNF receptor alpha1. FEBS Lett 463(1-2): 63-6. 

Pritchard-Jones K, Fleming S, Davidson D, Bickmore W, Porteous D, Gosden C, Bard J, Buckler 
A, Pelletier J, Housman D & et al. (1990) The candidate Wilms' tumour gene is involved in 
genitourinary development. Nature 346(6280): 194-7. 

Qiao J, Bush KT, Steer DL, Stuart RO, Sakurai H, Wachsman W & Nigam SK (2001) Multiple 
fibroblast growth factors support growth of the ureteric bud but have different effects on 
branching morphogenesis. Mech Dev 109(2): 123-35. 

Qiao J, Uzzo R, Obara-Ishihara T, Degenstein L, Fuchs E & Herzlinger D (1999) FGF-7 modulates 
ureteric bud growth and nephron number in the developing kidney. Development 126(3): 547-
54. 

Quaggin SE, Schwartz L, Cui S, Igarashi P, Deimling J, Post M & Rossant J (1999) The basic-
helix-loop-helix protein pod1 is critically important for kidney and lung organogenesis. 
Development 126(24): 5771-83. 

Raatikainen-Ahokas A, Hytonen M, Tenhunen A, Sainio K & Sariola H (2000) BMP-4 affects the 
differentiation of metanephric mesenchyme and reveals an early anterior-posterior axis of the 
embryonic kidney. Dev Dyn 217(2): 146-58. 

Radi O, Parma P, Imbeaud S, Nasca MR, Uccellatore F, Maraschio P, Tiepolo L, Micali G & 
Camerino G (2005) XX sex reversal, palmoplantar keratoderma, and predisposition to 
squamous cell carcinoma: genetic analysis in one family. Am J Med Genet A 138(3): 241-6. 

Revest JM, Spencer-Dene B, Kerr K, De Moerlooze L, Rosewell I & Dickson C (2001) Fibroblast 
growth factor receptor 2-IIIb acts upstream of Shh and Fgf4 and is required for limb bud 
maintenance but not for the induction of Fgf8, Fgf10, Msx1, or Bmp4. Dev Biol 231(1): 47-62. 

Ritvos O, Tuuri T, Eramaa M, Sainio K, Hilden K, Saxén L & Gilbert SF (1995) Activin disrupts 
epithelial branching morphogenesis in developing glandular organs of the mouse. Mech Dev 
50(2-3): 229-45. 

Roelen BA, Goumans MJ, van Rooijen MA & Mummery CL (1997) Differential expression of 
BMP receptors in early mouse development. Int J Dev Biol 41(4): 541-9. 

Ross AJ & Capel B (2005) Signaling at the crossroads of gonad development. Trends Endocrinol 
Metab 16(1): 19-25. 

Rubin C, Litvak V, Medvedovsky H, Zwang Y, Lev S & Yarden Y (2003) Sprouty fine-tunes EGF 
signaling through interlinked positive and negative feedback loops. Curr Biol 13(4): 297-307. 

Ryan G, Steele-Perkins V, Morris JF, Rauscher FJ, 3rd & Dressler GR (1995) Repression of Pax-2 
by WT1 during normal kidney development. Development 121(3): 867-75. 

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): 4077-87. 

Salerno A, Kohlhase J & Kaplan BS (2000) Townes-Brocks syndrome and renal dysplasia: a novel 
mutation in the SALL1 gene. Pediatr Nephrol 14(1): 25-8. 

Sanchez MP, Silos-Santiago I, Frisen J, He B, Lira SA & Barbacid M (1996) Renal agenesis and 
the absence of enteric neurons in mice lacking GDNF. Nature 382(6586): 70-3. 

Sanford LP, Ormsby I, Gittenberger-de Groot AC, Sariola H, Friedman R, Boivin GP, Cardell EL 
& Doetschman T (1997) TGFbeta2 knockout mice have multiple developmental defects that are 
non-overlapping with other TGFbeta knockout phenotypes. Development 124(13): 2659-70. 



 69

Sanyanusin P, Schimmenti LA, McNoe LA, Ward TA, Pierpont ME, Sullivan MJ, Dobyns WB & 
Eccles MR (1995) Mutation of the PAX2 gene in a family with optic nerve colobomas, renal 
anomalies and vesicoureteral reflux. Nat Genet 9(4): 358-64. 

Sariola H & Saarma M (1999) GDNF and its receptors in the regulation of the ureteric branching. 
Int J Dev Biol 43(5): 413-8. 

Sariola H & Sainio K (1997) The tip-top branching ureter. Curr Opin Cell Biol 9(6): 877-84. 
Saxén L (1987) Organogenesis of the kidney. Syndicate of thr University of Cambridge, New 

York. 
Saxén L & Lehtonen E (1987) Embryonic kidney in organ culture. Differentiation 36(1): 2-11. 
Schedl A & Hastie ND (2000) Cross-talk in kidney development. Curr Opin Genet Dev 10(5): 543-

9. 
Schmahl J, Eicher EM, Washburn LL & Capel B (2000) Sry induces cell proliferation in the mouse 

gonad. Development 127(1): 65-73. 
Schmahl J, Kim Y, Colvin JS, Ornitz DM & Capel B (2004) Fgf9 induces proliferation and nuclear 

localization of FGFR2 in Sertoli precursors during male sex determination. Development. 
Schnabel CA, Godin RE & Cleary ML (2003) Pbx1 regulates nephrogenesis and ureteric branching 

in the developing kidney. Dev Biol 254(2): 262-76. 
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): 380-3. 

Schuchardt A, D'Agati V, Pachnis V & Costantini F (1996) Renal agenesis and hypodysplasia in 
ret-k- mutant mice result from defects in ureteric bud development. Development 122(6): 1919-
29. 

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): 271-9. 

Settle S, Marker P, Gurley K, Sinha A, Thacker A, Wang Y, Higgins K, Cunha G & Kingsley DM 
(2001) The BMP family member Gdf7 is required for seminal vesicle growth, branching 
morphogenesis, and cytodifferentiation. Dev Biol 234(1): 138-50. 

Shah MM, Sampogna RV, Sakurai H, Bush KT & Nigam SK (2004) Branching morphogenesis and 
kidney disease. Development 131(7): 1449-62. 

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. 

Shawlot W & Behringer RR (1995) Requirement for Lim1 in head-organizer function. Nature 
374(6521): 425-30. 

Shawlot W, Deng JM & Behringer RR (1998) Expression of the mouse cerberus-related gene, 
Cerr1, suggests a role in anterior neural induction and somitogenesis. Proc Natl Acad Sci U S A 
95(11): 6198-203. 

Shim K, Minowada G, Coling DE & Martin GR (2005) Sprouty2, a mouse deafness gene, regulates 
cell fate decisions in the auditory sensory epithelium by antagonizing FGF signaling. Dev Cell 
8(4): 553-64. 

Simic P & Vukicevic S (2005) Bone morphogenetic proteins in development and homeostasis of 
kidney. Cytokine Growth Factor Rev 16(3): 299-308. 

Simpson EH, Johnson DK, Hunsicker P, Suffolk R, Jordan SA & Jackson IJ (1999) The mouse 
Cer1 (Cerberus related or homologue) gene is not required for anterior pattern formation. Dev 
Biol 213(1): 202-6. 

Sinclair AH, Berta P, Palmer MS, Hawkins JR, Griffiths BL, Smith MJ, Foster JW, Frischauf AM, 
Lovell-Badge R & Goodfellow PN (1990) A gene from the human sex-determining region 
encodes a protein with homology to a conserved DNA-binding motif. Nature 346(6281): 240-4. 

Sivak JM, Petersen LF & Amaya E (2005) FGF signal interpretation is directed by Sprouty and 
Spred proteins during mesoderm formation. Dev Cell 8(5): 689-701. 



 70

Smith CA, McClive PJ, Hudson Q & Sinclair AH (2005) Male-specific cell migration into the 
developing gonad is a conserved process involving PDGF signalling. Dev Biol 284(2): 337-50. 

Solloway MJ, Dudley AT, Bikoff EK, Lyons KM, Hogan BL & Robertson EJ (1998) Mice lacking 
Bmp6 function. Dev Genet 22(4): 321-39. 

Solloway MJ & Robertson EJ (1999) Early embryonic lethality in Bmp5;Bmp7 double mutant mice 
suggests functional redundancy within the 60A subgroup. Development 126(8): 1753-68. 

Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat Genet 
21(1): 70-1. 

Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM & Costantini F (2001) Cre 
reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus. 
BMC Dev Biol 1: 4. 

Srinivas S, Wu Z, Chen CM, D'Agati V & Costantini F (1999) Dominant effects of RET receptor 
misexpression and ligand-independent RET signaling on ureteric bud development. 
Development 126(7): 1375-86. 

Stanley E, Biben C, Kotecha S, Fabri L, Tajbakhsh S, Wang CC, Hatzistavrou T, Roberts B, 
Drinkwater C, Lah M, Buckingham M, Hilton D, Nash A, Mohun T & Harvey RP (1998) DAN 
is a secreted glycoprotein related to Xenopus cerberus. Mech Dev 77(2): 173-84. 

Stanley EG, Biben C, Allison J, Hartley L, Wicks IP, Campbell IK, McKinley M, Barnett L, 
Koentgen F, Robb L & Harvey RP (2000) Targeted insertion of a lacZ reporter gene into the 
mouse Cer1 locus reveals complex and dynamic expression during embryogenesis. Genesis 
26(4): 259-64. 

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): 679-83. 

Swain A & Lovell-Badge R (1999) Mammalian sex determination: a molecular drama. Genes Dev 
13(7): 755-67. 

Swain A, Zanaria E, Hacker A, Lovell-Badge R & Camerino G (1996) Mouse Dax1 expression is 
consistent with a role in sex determination as well as in adrenal and hypothalamus function. Nat 
Genet 12(4): 404-9. 

Taketo T, Lee CH, Zhang J, Li Y, Lee CY & Lau YF (2005) Expression of SRY proteins in both 
normal and sex-reversed XY fetal mouse gonads. Dev Dyn 233(2): 612-22. 

Taketomi T, Yoshiga D, Taniguchi K, Kobayashi T, Nonami A, Kato R, Sasaki M, Sasaki A, 
Ishibashi H, Moriyama M, Nakamura K, Nishimura J & Yoshimura A (2005) Loss of 
mammalian Sprouty2 leads to enteric neuronal hyperplasia and esophageal achalasia. Nat 
Neurosci 8(7): 855-7. 

Tang MJ, Cai Y, Tsai SJ, Wang YK & Dressler GR (2002) Ureteric bud outgrowth in response to 
RET activation is mediated by phosphatidylinositol 3-kinase. Dev Biol 243(1): 128-36. 

Tefft JD, Lee M, Smith S, Leinwand M, Zhao J, Bringas P, Jr., Crowe DL & Warburton D (1999) 
Conserved function of mSpry-2, a murine homolog of Drosophila sprouty, which negatively 
modulates respiratory organogenesis. Curr Biol 9(4): 219-22. 

Tevosian SG, Albrecht KH, Crispino JD, Fujiwara Y, Eicher EM & Orkin SH (2002) Gonadal 
differentiation, sex determination and normal Sry expression in mice require direct interaction 
between transcription partners GATA4 and FOG2. Development 129(19): 4627-34. 

Tilmann C & Capel B (1999) Mesonephric cell migration induces testis cord formation and Sertoli 
cell differentiation in the mammalian gonad. Development 126(13): 2883-90. 

Torres M, Gomez-Pardo E, Dressler GR & Gruss P (1995) Pax-2 controls multiple steps of 
urogenital development. Development 121(12): 4057-65. 

Tsang TE, Shawlot W, Kinder SJ, Kobayashi A, Kwan KM, Schughart K, Kania A, Jessell TM, 
Behringer RR & Tam PP (2000) Lim1 activity is required for intermediate mesoderm 
differentiation in the mouse embryo. Dev Biol 223(1): 77-90. 



 71

Umehara F, Tate G, Itoh K & Osame M (2002) Minifascicular neuropathy: a new concept of the 
human disease caused by desert hedgehog gene mutation. Cell Mol Biol (Noisy-le-grand) 48(2): 
187-9. 

Wagner T, Wirth J, Meyer J, Zabel B, Held M, Zimmer J, Pasantes J, Bricarelli FD, Keutel J, 
Hustert E & et al. (1994) Autosomal sex reversal and campomelic dysplasia are caused by 
mutations in and around the SRY-related gene SOX9. Cell 79(6): 1111-20. 

Vainio S, Heikkila M, Kispert A, Chin N & McMahon AP (1999) Female development in 
mammals is regulated by Wnt-4 signalling. Nature 397(6718): 405-9. 

Vainio S, Karavanova I, Jowett A & Thesleff I (1993) Identification of BMP-4 as a signal 
mediating secondary induction between epithelial and mesenchymal tissues during early tooth 
development. Cell 75(1): 45-58. 

Vainio S & Lin Y (2002) Coordinating early kidney development: lessons from gene targeting. Nat 
Rev Genet 3(7): 533-43. 

Vainio S & Muller U (1997) Inductive tissue interactions, cell signaling, and the control of kidney 
organogenesis. Cell 90(6): 975-8. 

Vainio SJ & Uusitalo MS (2000) A road to kidney tubules via the Wnt pathway. Pediatr Nephrol 
15(1-2): 151-6. 

Wakioka T, Sasaki A, Kato R, Shouda T, Matsumoto A, Miyoshi K, Tsuneoka M, Komiya S, 
Baron R & Yoshimura A (2001) Spred is a Sprouty-related suppressor of Ras signalling. Nature 
412(6847): 647-51. 

Van Esch H, Groenen P, Nesbit MA, Schuffenhauer S, Lichtner P, Vanderlinden G, Harding B, 
Beetz R, Bilous RW, Holdaway I, Shaw NJ, Fryns JP, Van de Ven W, Thakker RV & Devriendt 
K (2000) GATA3 haplo-insufficiency causes human HDR syndrome. Nature 406(6794): 419-
22. 

Watanabe T & Costantini F (2004) Real-time analysis of ureteric bud branching morphogenesis in 
vitro. Dev Biol 271(1): 98-108. 

Wellik DM, Hawkes PJ & Capecchi MR (2002) Hox11 paralogous genes are essential for 
metanephric kidney induction. Genes Dev 16(11): 1423-32. 

Vidal VP, Chaboissier MC, de Rooij DG & Schedl A (2001) Sox9 induces testis development in 
XX transgenic mice. Nat Genet 28(3): 216-7. 

Wilhelm D & Koopman P (2006) The makings of maleness: towards an integrated view of male 
sexual development. Nat Rev Genet 7(8): 620-31. 

Wilhelm D, Martinson F, Bradford S, Wilson MJ, Combes AN, Beverdam A, Bowles J, Mizusaki 
H & Koopman P (2005) Sertoli cell differentiation is induced both cell-autonomously and 
through prostaglandin signaling during mammalian sex determination. Dev Biol 287(1): 111-24. 

Winnier G, Blessing M, Labosky PA & Hogan BL (1995) Bone morphogenetic protein-4 is 
required for mesoderm formation and patterning in the mouse. Genes Dev 9(17): 2105-16. 

Wong ES, Fong CW, Lim J, Yusoff P, Low BC, Langdon WY & Guy GR (2002) Sprouty2 
attenuates epidermal growth factor receptor ubiquitylation and endocytosis, and consequently 
enhances Ras/ERK signalling. Embo J 21(18): 4796-808. 

Xu PX, Adams J, Peters H, Brown MC, Heaney S & Maas R (1999) Eya1-deficient mice lack ears 
and kidneys and show abnormal apoptosis of organ primordia. Nat Genet 23(1): 113-7. 

Xu PX, Zheng W, Huang L, Maire P, Laclef C & Silvius D (2003) Six1 is required for the early 
organogenesis of mammalian kidney. Development 130(14): 3085-94. 

Xu X, Weinstein M, Li C, Naski M, Cohen RI, Ornitz DM, Leder P & Deng C (1998) Fibroblast 
growth factor receptor 2 (FGFR2)-mediated reciprocal regulation loop between FGF8 and 
FGF10 is essential for limb induction. Development 125(4): 753-65. 

Yamaguchi TP, Harpal K, Henkemeyer M & Rossant J (1994) fgfr-1 is required for embryonic 
growth and mesodermal patterning during mouse gastrulation. Genes Dev 8(24): 3032-44. 



 72

Yao HH (2005) The pathway to femaleness: current knowledge on embryonic development of the 
ovary. Mol Cell Endocrinol 230(1-2): 87-93. 

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): 210-5. 

Yao HH, Whoriskey W & Capel B (2002) Desert Hedgehog/Patched 1 signaling specifies fetal 
Leydig cell fate in testis organogenesis. Genes Dev 16(11): 1433-40. 

Yu J, Carroll TJ & McMahon AP (2002) Sonic hedgehog regulates proliferation and differentiation 
of mesenchymal cells in the mouse metanephric kidney. Development 129(22): 5301-12. 

Yu J, McMahon AP & Valerius MT (2004) Recent genetic studies of mouse kidney development. 
Curr Opin Genet Dev 14(5): 550-7. 

Yu RN, Ito M, Saunders TL, Camper SA & Jameson JL (1998) Role of Ahch in gonadal 
development and gametogenesis. Nat Genet 20(4): 353-7. 

Yusoff P, Lao DH, Ong SH, Wong ES, Lim J, Lo TL, Leong HF, Fong CW & Guy GR (2002) 
Sprouty2 inhibits the Ras/MAP kinase pathway by inhibiting the activation of Raf. J Biol Chem 
277(5): 3195-201. 

Zambrowicz BP, Imamoto A, Fiering S, Herzenberg LA, Kerr WG & Soriano P (1997) Disruption 
of overlapping transcripts in the ROSA beta geo 26 gene trap strain leads to widespread 
expression of beta-galactosidase in mouse embryos and hematopoietic cells. Proc Natl Acad Sci 
U S A 94(8): 3789-94. 

Zhang H & Bradley A (1996) Mice deficient for BMP2 are nonviable and have defects in 
amnion/chorion and cardiac development. Development 122(10): 2977-86. 

Zhang H, Palmer R, Gao X, Kreidberg J, Gerald W, Hsiao L, Jensen RV, Gullans SR & Haber DA 
(2003) Transcriptional activation of placental growth factor by the forkhead/winged helix 
transcription factor FoxD1. Curr Biol 13(18): 1625-9. 

Zhang S, Lin Y, Itaranta P, Yagi A & Vainio S (2001) Expression of Sprouty genes 1, 2 and 4 
during mouse organogenesis. Mech Dev 109(2): 367-70. 

Zhang X, Ibrahimi OA, Olsen SK, Umemori H, Mohammadi M & Ornitz DM (2006) Receptor 
specificity of the fibroblast growth factor family. The complete mammalian FGF family. J Biol 
Chem 281(23): 15694-700. 

Zhao GQ, Chen YX, Liu XM, Xu Z & Qi X (2001) Mutation in Bmp7 exacerbates the phenotype 
of Bmp8a mutants in spermatogenesis and epididymis. Dev Biol 240(1): 212-22. 

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): 403-15. 

Zhu L, Marvin MJ, Gardiner A, Lassar AB, Mercola M, Stern CD & Levin M (1999) Cerberus 
regulates left-right asymmetry of the embryonic head and heart. Curr Biol 9(17): 931-8. 

 



 Original articles 

I  Chi L*, Zhang S*, Lin Y, Prunskaite-Hyyrylainen R, Vuolteenaho R, Itaranta P & 
Vainio S (2004) Sprouty proteins regulate ureteric branching by coordinating 
reciprocal epithelial Wnt11, mesenchymal Gdnf and stromal Fgf7 signaling during 
kidney development. Development 131:3345-3356. *equal contribution. 

II  Chi L, Itaranta P, Zhang S & Vainio S (2006). Sprouty2 is involved in male sex 
organogenesis by controlling FGF9-induced mesonephric cell migration to the 
developing testis. Endocrinology 147: 3777-3788. 

III  Chi L & Vainio S (2006). Control of mammalian organ size by Cerberus. Manuscript. 

The permission of the copyright owners to reproduce the original articles has been 
granted by the Company of Biologists (I) and Endocrine Society (II). 

Original publications are not included in the electronic version of the dissertation. 



 



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

Distributed by
OULU UNIVERSITY LIBRARY

P.O. Box 7500, FI-90014
University of Oulu, Finland

Book orders:
OULU UNIVERSITY PRESS
P.O. Box 8200, FI-90014
University of Oulu, Finland

S E R I E S  D  M E D I C A

911. Majava, Marja (2007) Molecular genetics of Stickler and Marshall syndromes, and
the role of collagen II and other candidate proteins in high myopia and impaired
hearing

912. Peltoniemi, Annu (2007) Terveydenhuoltohenkilöstön valmiudet ohjata hemofiliaa
sairastavia ja heidän perheitään

913. Daavittila, Iita (2007) Genetic risk factors for lumbar intervertebral disc disease
characterized by sciatica

914. Pylkäs, Katri (2007) ATM, ATR and Mre11 complex genes in hereditary
susceptibility to breast cancer

915. Kinnunen, Tuija (2007) Keuhkoahtaumataudin sairaalahoito Suomessa: hoitoajan
pituus ja sen yhteys ennusteeseen

916. Pursiainen, Ville (2007) Autonomic dysfunction in early and advanced Parkinson's
disease

917. Paldanius, Mika (2007) Serological studies on Chlamydia pneumoniae infections   

918. Parkkila, Timo (2007) Sutter metacarpophalangeal arthroplasty in rheumatoid
patients

919. Hurtig, Tuula (2007) Adolescent ADHD and family environment—an
epidemiological and clinical study of ADHD in the Northern Finland 1986 Birth
Cohort

920. Takaluoma, Kati (2007) Lysyl hydroxylases. Studies on recombinant lysyl
hydroxylases and mouse lines lacking lysyl hydroxylase 1 or lysyl hydroxylase 3    

921. Majamaa-Voltti, Kirsi (2007) Cardiovascular abnormalities in adult patients with
the 3243A>G mutation in mitochondrial DNA

922. Kangas, Jarmo (2007) Outcome of total Achilles tendon rupture repair, with
special reference to suture materials and postoperative treatment

923. Annunen-Rasila, Johanna (2007) Molecular and cell phenotype changes in
mitochondrial diseases

924. Suhonen, Marjo (2007) Osallistujaohjaus ristipaineiden keskellä. Tapaustutkimus
Kainuun maakuntakokeilun sosiaali- ja terveydenhuollon kehittämishankkeen
suunnitteluvaiheesta vuosina 2003–2004

925. Ylipalosaari, Pekka (2007) Infections in intensive care; epidemiology and outcome   

926. Rapakko, Katrin (2007) Hereditary predisposition to breast cancer—evaluation of
candidate genes

D929etukansi.fm  Page 2  Thursday, May 3, 2007  10:20 AM



A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P .O .  Box  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

EDITORIAL SECRETARY

Professor Mikko Siponen

Professor Harri Mantila

Professor Juha Kostamovaara

Professor Olli Vuolteenaho

Senior Assistant Timo Latomaa

Communications Officer Elna Stjerna

Senior Lecturer Seppo Eriksson

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-8453-3 (Paperback)
ISBN 978-951-42-8454-0 (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

OULU 2007

D 929

Lijun Chi

SPROUTY AND CERBERUS 
PROTEINS IN UROGENITAL 
SYSTEM DEVELOPMENT

FACULTY OF MEDICINE,
DEPARTMENT OF MEDICAL BIOCHEMISTRY AND MOLECULAR BIOLOGY, 
LABORATORY OF DEVELOPMENTAL BIOLOGY,
BIOCENTER OULU,
UNIVERSITY OF OULU

D
 929

AC
TA

 Lijun C
hi

D929etukansi.fm  Page 1  Thursday, May 3, 2007  10:20 AM


	Abstract
	Acknowledgements
	Abbreviations
	List of original articles
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Basic principles of urogenital system development
	2.2 Kidney organogenesis
	2.2.1 Epithelial-mesenchymal interaction during kidney morphogenesis
	2.2.2 Signals involved in kidney branching morphogenesisand tubulogenesis
	2.2.2.1 Gdnf /Ret
	2.2.2.2 Transcription factors
	2.2.2.3 Bone morphogenetic proteins and their receptors
	2.2.2.4 Fibroblast growth factors and their receptors
	2.2.2.5 Wnts


	2.3 Gonadal organogenesis
	2.3.1 Bipotential gonad
	2.3.2 Development of the male gonad
	2.3.2.1 Differentiation of Sertoli and Leydig cells
	2.3.2.2 Cell migration and testis cord formation

	2.3.3 Development of the male sex duct

	2.4 Negative signaling in development
	2.4.1 Sprouty: a negative-feedback regulator
	2.4.2 Cerberus: an extracellular antagonist


	3 Outline of the present study
	4 Materials and methods
	4.1 Mouse lines and tissues (I-III)
	4.2 Histological analysis (I-III)
	4.3 Organ culture (I-III)
	4.4 Whole-mount and tissue sections in situ hybridization (I-III)
	4.5 Separation of ureter and kidney mesenchyme (III)
	4.6 Growth factor-agarose bead experiments (I)
	4.7 Tissue recombination, β-galactosidase staining andcell migration assay (II)
	4.8 Antibodies and whole-mount immunostaining (I-III)
	4.9 RNA isolation and RT-PCR (II, III)
	4.10 Cell proliferation assay (I-III)
	4.11 Apoptosis assay (I)
	4.12 Southern blot analysis (I)
	4.13 Photography and statistic analysis (I-III)

	5 Results
	5.1 Ectopic SPRY2 expression leads to defects inkidney development (I)
	5.2 SPRY2 expression results in changes in Gdnf, Wnt11 and Fgf7expression during kidney organogenesis (I)
	5.3 Testis and Wolffian duct derivatives present structured defectsdue to SPRY2 expression (II)
	5.4 Spry inhibits the ERK/MAP kinase pathway during kidney andtestis organogenesis (I, II)
	5.5 Cerberus stimulates ureteric bud branching and controls kidneysize by antagonizing Bmp4 signaling (III)

	6 Discussion
	6.1 Ectopic Spry induces ureteric bud branching by regulating thesignaling between the epithelial-mesenchymaland stromal cells (I)
	6.2 Spry2 regulates Fgf9 signaling during male reproductiveorganogenesis (II)
	6.3 Regulation of kidney size by Cerberus protein (III)

	7 Future perspectives
	References
	Original articles


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




