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Abstract 

The ureters are muscular tubes that propel the urine from the renal pelvis to the bladder by 

unidirectional peristaltic contractions. To fulfill this function the ureters are compartmentalized 

into an outer mesenchymal wall with layers of fibrocytes in the inner lamina propria (LP) and 

the outer tunica adventitia (TA) unsheathing smooth muscle cells (SMC), and an inner highly 

specialized epithelium: the urothelium. The urothelium features a three-layered organization of 

superficial (S), intermediate (I) and basal (B) cells. The ureteric mesenchyme (UM) as well as 

the ureteric epithelium (UE) arise from pools of homogeneous, uncommitted precursor cells. 

Patterning, proliferation and differentiation of these progenitors rely on a very complex interplay 

of various signaling pathways. SHH and WNT signals from the UE and BMP4 from the UM 

promote epithelial and mesenchymal proliferation and differentiation. In contrast, retinoic acid 

(RA) within the UM and the UE inhibits differentiation and promotes precursor proliferation in 

both compartments. How these signals cooperate with each other and possibly additional as 

yet unknown signals and how they impinge on various transcription factor (TF) genes to control 

the development of three different cell types from homogeneous precursor cell populations in 

two different tissue compartments is poorly understood. Aim of this thesis was to address the 

function of FGF and BMP4 signaling in this context. 

Expression of Fgfr1 and Fgfr2 was found in the undifferentiated UE as well as in the surround-

ing UM. Targeted inactivation of Fgfr2 in the UE resulted in loss of I and B cells, delayed onset 

of SMC differentiation and in an inability to form the LP. Fgfr2 was found to increase SHH and 

BMP4 signaling to allow differentiation of epithelial cells and to precisely activate SMC differ-

entiation. FGFRs in the mesenchyme act as a molecular sink to fine tune this signaling axis. 

Targeted ablation of Fgfr1 and Fgfr2 delayed the onset of SMC differentiation and led to prem-

ature development of the LP. Pharmacological rescue and gain of function experiments showed 

that increased SHH and BMP4 signaling promote I and B cell as well as SMC differentiation, 

while increased SHH but decreased BMP4 signaling promotes LP development.  

BMP4 signaling was previously described to act on the development of the UE and the UM but 

the transcriptional targets remained widely unexplored. Genetic and pharmacological inactiva-

tion of BMP4 signaling identified TF genes differentially controlling the development of the UM 

and UE. Molecular inspection unraveled that some of these TF genes were regulated as a 

consequence of increased RA signaling in Bmp4 mutant ureters. 

This thesis identified FGF signaling as a crucial regulator of signaling networks controlling tem-

poral and spatial differentiation of the murine ureter and increased our knowledge of the mo-

lecular function of BMP4 signaling in the context of ureter development.  

Keywords: Ureter, differentiation, FGF, BMP4, urothelium, SMC, lamina propria 
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Zusammenfassung 

Der Ureter leitet als Teil des harnableitenden Systems durch gerichtete Kontraktionen den Urin 

aus dem Nierenbecken in die Blase ab. Dazu besitzt der Ureter eine Zellschicht aus glatter 

Muskulatur, umgeben von Fibroblasten der inneren Lamina propria (LP) und der äußeren Tu-

nica adventitia (TA). Dieses als Uretermesenchym (UM) bezeichnete Gewebekompartiment 

umschließt ein hochspezialisiertes Epithel (Urothel, UE), welches aus Schirm (S)-, Intermediär 

(I)- und Basal (B)-Zellen aufgebaut ist. UE und UM entwickeln sich je aus einer Vorläuferpopu-

lation homogener, undifferenzierter Zellen. Musterungs-, Proliferations- und Differenzierungs-

prozesse während der murinen Ureterentwicklung basieren auf einer komplexen Interaktion 

von Signalwegen, die räumlich und zeitlich präzise aufeinander abgestimmt sind. SHH- und 

WNT-Signale aus dem UE, sowie BMP4-Signale aus dem UM stimulieren die Proliferation und 

Differenzierung beider Kompartimente. Retinsäure (RA) inhibiert Differenzierung und stimuliert 

Proliferation, um so ausreichend Vorläuferzellen zu erhalten. Wie genau die einzelnen Signal-

wege miteinander und mit eventuell noch unbekannten Faktoren kooperieren und wie sie die 

Expression unterschiedlicher Transkriptionsfaktoren (TF) kontrollieren, um die Entwicklung 

hochspezialisierter Zelltypen zu ermöglichen, ist bislang nur wenig verstanden. Ziel dieser Ar-

beit war es, die Funktion des BMP4- und FGF-Signalweges in diesem Kontext zu untersuchen.  

Fgfr1 und Fgfr2 sind im undifferenzierten UE und UM exprimiert. Die Inaktivierung von Fgfr2 

im UE führt zu einem Verlust von I- und B-Zellen sowie der LP und einer verzögerten Differen-

zierung der glatten Muskulatur. Molekulare Analysen zeigten, dass Fgfr2 die SHH-BMP4-Sig-

nalachse verstärkt und so die Differenzierung fördert. FGF-Rezeptoren im UM agieren als mo-

lekulare Modulatoren zur Vermeidung einer Überaktivierung epithelialer Signale. Die Inaktivie-

rung von Fgfr1 und Fgfr2 im UM verzögert die Differenzierung der glatten Muskulatur und för-

dert die Bildung der LP. Weitere pharmakologische Experimente zeigten, dass verstärkte SHH- 

und BMP4-Signale Muskel-, I- und B-Zelldifferenzierung fördern, während verstärkte SHH-Sig-

nale bei gleichzeitiger Reduktion von BMP4-Signalen die Entwicklung der LP fördern. 

Die Notwendigkeit des BMP4-Signalwegs für die Entwicklung des murinen Ureters wurde be-

reits in früheren Studien beschrieben, aber die transkriptionellen Ziele waren in diesem Kontext 

noch gänzlich unbekannt. Diese Arbeit identifizierte durch genetische und pharmakologische 

Inhibierung des Signalwegs TF, die spezifisch die Differenzierung des UE und des UM kontrol-

lieren. Die TF werden dabei entweder direkt oder indirekt durch BMP4 reguliert. Indirekte Re-

gulation erfolgt durch gesteigerte RA-Aktivität in Folge eines inaktiven BMP4-Signalwegs.  

Diese Arbeit zeigte, dass FGF-Signale als wichtige Regulatoren der Signalnetzwerke agieren, 

die die murine Ureterentwicklung kontrollieren, und erweiterte unser Wissen im Hinblick auf die 

transkriptionelle Kontrolle des BMP4-Signalwegs im Kontext der murinen Ureterentwicklung.  

Schlagworte: Ureter, Differenzierung, FGF, BMP4, Urothel, glatte Muskulatur, lamina 

propria
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Introduction 

The urinary system and its functions 

The mammalian urinary or excretory system is a multi-organ entity that maintains the body 

homeostasis by generating the urine with its metabolic pathway degradation products and by 

expelling it from the body. The urinary system consists of the paired kidneys and ureters and 

the unpaired bladder and urethra which each fulfill specific sub-tasks. Within the kidneys, neph-

rons filter the blood and modify the primary filtrate by secretion and resorption processes, be-

fore the resulting urine is transported via the collecting duct system to the renal pelvis. The 

ureters then transport the urine from the renal pelvis to the bladder by peristaltic contractions. 

The bladder stores the urine until it is released from the body via the urethra (Wallace, 1998).  

Structure and function of the ureter 

The ureters present a compartmentalized design with a specialized epithelium, the urothelium, 

on the inside and an outer mesenchymal wall made of fibromuscular material. The urothelium 

is  stratified with layers of three major cell types (Hicks, 1965). The innermost luminal cells, the 

so-called umbrella or superficial (S) cells, are large and multinucleated and feature semi-crys-

talline plugs made of uroplakin (UPK) proteins on their surface. Interconnected by tight junc-

tions they form a physical barrier against the hypertonic urine to protect the underlying tissue 

(Hicks, 1966, Acharya et al., 2004, Langbein et al., 2002). The second layer consists of one or 

several rows of intermediate (I) cells that are marked by weak expression of both UPKs as well 

as the N isoform of the transcription factor TRP63 (NP63). These cells are much smaller 

than S cells and are mononucleated. The third cell type are basal (B) cells. These cuboidal 

cells are marked by the combinatorial and strong expression of NP63 and Keratin 5 (KRT5). 

B cells tether the urothelium to the basement membrane and the mesenchymal wall (Hicks, 

1965, Bohnenpoll et al., 2017a).  

The mesenchymal wall features a three-layered cellular architecture as well. The innermost 

layer, the lamina propria, is a connective tissue with excessive extracellular matrix with em-

bedded immune and endothelial cells, and nerve endings. It is surrounded by a thick layer of 

smooth muscle cells (SMCs) which account for the peristaltic activity of the tube. A third layer 

of fibroelastic material, the tunica adventitia, anchors the mesenchymal coat to the dorsal body 

wall (Hicks, 1965).  
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Figure 1: Structure of the urinary system and the ureter.  
The urinary system consists of the kidneys (k), the ureters (u), the bladder (bl) and the urethra (ur). The 

ureters display a three-layered urothelium (ue), consisting of superficial (S), intermediate (I) and basal 

(B) cells, and a surrounding three-layered mesenchymal wall (um) that is comprised of the lamina pro-

pria, tunica muscularis and the tunica adventitia. Idea for graphical design for ureter cross-section 

adapted from (Bohnenpoll et al., 2017c). 

Development of the murine ureter 

Although structurally and functionally diverse, ureters arise together with the kidneys from a 

common mesodermal rudiment, the nephric duct (ND), while the bladder and urethra originate 

from the cloaca, an ectodermal infolding. The ND forms as an epithelial condensation within 

the intermediate mesoderm (IM) at the level of the future forelimb bud and elongates posteri-

orly until it encounters and fuses with the cloacal epithelium (Uetani and Bouchard, 2009, 

Saxen and Sariola, 1987, Brenner-Anantharam et al., 2007, Tanaka et al., 2010). At E11.5, an 

epithelial outgrowth emerges from the ND on the level of the hindlimb buds and grows towards 

an adjacent mesenchymal condensation at the posterior end of the intermediate mesoderm, 

the metanephric mesenchyme (MM) (Costantini and Kopan, 2010).  

The proximal part of the epithelial outgrowth, the ureteric bud (UB) invades the MM and un-

dergoes multiple branching events to generate the collecting duct system of the kidney. The 

distal stem of the UB which is surrounded by a loosely organized mesenchymal cell population 

(the ureteric mesenchyme, UM) simply elongates and differentiates into the urothelium of the 

ureter. The MM which surrounds the proximal tip of the UB, gives rise to nephrons and the 

renal stroma, respectively, whereas the UM differentiates into SMCs and fibrocytes of the ure-

ter (Costantini and Kopan, 2010, Bohnenpoll and Kispert, 2014). To allow unopposed urine 
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flow from the kidney to the bladder, the ureters need to be connected to the bladder lumen. At 

the onset of its development the ureter is connected to the ND by a common end-piece, the 

common nephric duct (CND), that in turn is fused to the cloacal epithelium. To disconnect 

ureter and ND from one another the CND is removed by apoptosis until E12.5. The ureter is 

then displaced from the ND to its final position in the dorsal bladder wall (Uetani and Bouchard, 

2009).  

 

 

Figure 2: Development of the murine urinary system.  
Kidney (k) and ureter (u) derive from the nephric duct (nd) that forms as an epithelial condensation from 

the intermediate mesoderm at E8.5 on the level of the future forelimb buds and elongates caudally. At 

E11.0, the ureteric bud (ub) invades the metanephric mesenchyme (mm). The proximal part of the ure-

teric bud undergoes multiple branching events to form the collecting duct system (cds) of the kidney, 

while the distal part elongates and forms the ureter. Idea for graphical design adapted from (Costantini 

and Kopan, 2010). 

 

At E11.5, the ureter is composed of a single layered epithelium and a surrounding population 

of undifferentiated and loosely arranged T-box transcription factor 18 positive (Tbx18+) cells 

(Bohnenpoll et al., 2017a, Airik et al., 2006). At E12.5, cells from the inner mesenchymal region 

separate from those of the outer mesenchyme, condense and acquire a rhomboid shape. At 

E14.5, they start to express Myocardin (Myocd), the key transcriptional regulator of SMC de-

velopment (Wang et al., 2003, Bohnenpoll et al., 2017a). Around E16.5, some mesenchymal 

cells that lie directly underneath the urothelium, switch Myocd off and activate Aldehyd dehy-

drogenase 1, subfamily A2 (Aldh1a2) expression indicating differentiation of lamina propria 

fibrocytes. The other ones maintain Myocd expression and activate in a stepwise fashion the 

expression of SMC structural genes until birth. Parallel to mesenchymal development, the UE 

starts to express NP63 and initiates a stratification program at E14.5. At E16.5, the luminal 

layer upregulates expression of UPKs and differentiates into S cells. From E16.5 onwards, the 

first cells of the urothelial basal cell layer start to express KRT5. The proportion of B cells 

increases towards the end of embryonic development but even more so after birth until adult-

hood (Bohnenpoll et al., 2017a, Qasrawi et al., 2022). Due to these highly coordinated cellular 



Introduction 

4 
 

programs a functional, i.e. a sealing and peristaltically active ureter tube, is established shortly 

after onset of urine production in the fetal kidney at E16.5.  

 

Figure 3: Embryonic cyto-differentiation of the murine ureter.  
At E11.5, the urothelium consist of undifferentiated epithelial cells that are surrounded by undifferenti-

ated, loosely organized mesenchymal cells. At E12.5, the inner mesenchyme starts to condense; at 

E14.5 it switches on Myocd expression, defining smooth muscle cell (SMC) precursors. The epithelium 

expresses NP63 from E14.5 onwards and starts stratification. Between E15.5 and E16.5, various struc-

tural SMC genes become upregulated in the SMC layer, while the inner and outer cells of the urothelium 

differentiate into superficial and basal cells, respectively. At E18.5, the ureter has achieved its typical 

cyto-architecture consisting of a three-layered epithelium and mesenchyme. UE, ureteric epithelium; 

UM ureteric mesenchyme. Idea for graphical design adapted from (Bohnenpoll and Kispert, 2014). 

Congenital anomalies of the urinary system 

Given the complexity of the cellular programs that control the development of the urinary sys-

tem from multiple tissue rudiments, it is not surprising that Congenital Anomalies of the Kidney 

and the Urinary Tract (CAKUT) are frequently observed in human newborns. With a frequency 

of 3 to 6 out of 1000 live births CAKUT phenotypes are responsible for 48% to 59% of kidney 

disease in children and for 34% to 43% of end stage kidney disease (Postoev et al., 2016, 

Yosypiv, 2012, Harambat et al., 2012).  

Destroyed kidney parenchyma and dilatated ureters as a part of these malformations is a con-

sequence of an inability of the ureter to correctly drain urine from the renal pelvis to the bladder. 

Increased hydrostatic pressure from accumulated urine leads to dilation of the ureters in the 

first place and hence, to secondary hydronephrosis. Possible causes for inadequate urine 

transport are functional or physical obstruction of the ureters. While a functional obstruction 

describes an insufficiency of the UM to propel urine, due to reduced or absent SMCs, a phys-

ical obstruction describes an occlusion of the ureter lumen or of its junctions, due to a disturbed 

budding process or alterations of distal ureter maturation (Jaslove and Nelson, 2018, 

Chevalier, 2015, Forbes et al., 2012, Chang et al., 2004, Peters, 1995). Furthermore, increased 
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hydrostatic pressure leads to dedifferentiation of already existing SMCs and formation of inter-

stitial myofibroblast worsening the condition (Siow et al., 2003, Diamond et al., 1995, Weiss et 

al., 2019).  

Inappropriate development of the urothelium has also been associated with various CAKUT 

phenotypes. Alterations concerning regulation and expression of p63 or TP63 in mice and men 

have been associated with bladder exstrophy and impaired mesenchymal development 

(Wilkins et al., 2012, Ching et al., 2010, Cheng et al., 2006). Furthermore, mutations in different 

Upks contribute to various CAKUT phenotypes (Jackson et al., 2020). Mutations in almost all 

Upks result in urothelial hyperplasia. Loss of Upk2 additionally accounts for an occlusive ureter 

lumen leading to physical obstruction and secondary hydronephrosis as well as vesicoureteral 

reflux (VUR) (Jenkins et al., 2006, Kong et al., 2004). Mutations in Upk1b result in weak hy-

dronephrosis, that worsens until adulthood, and in very rare cases to duplex kidneys, indicating 

a role of this gene in the budding process (Carpenter et al., 2016, Carpenter and McHugh, 

2017). Loss of Upk3a results in a leaky urothelium due to loss of plaque synthesis and VUR 

(Hu et al., 2000). In humans very rare cases of renal aplasia and dysplastic, multicystic kidneys 

are associated with UPK3A mutations (Jenkins et al., 2005, Schönfelder et al., 2006).  

Molecular control of ureter development 

Owing to the relevance of CAKUT for human disease, lots of research has been done in recent 

years to unravel the molecular mechanisms that control the development of a functional ureter 

from simple tissue rudiments. Mainly due to genetic analysis in the mouse, critical factors for 

UB formation, distal ureter maturation and ureteric cyto-differentiation have been determined 

(Airik and Kispert, 2007, Bohnenpoll and Kispert, 2014, Woolf and Davies, 2013). Paired box  

2 (Pax2) and Paired box 8 (Pax8) specify the renal fate in the IM. Expression of these tran-

scription factor (TF) genes promotes a mesenchymal to epithelial transition, thereby controlling 

the formation of the ND (Bouchard et al., 2002). They synergistically induce the expression 

of TF genes GATA binding protein 3 (Gata3) and LIM homeobox protein 1 (Lim1) to stimulate 

proliferation and elongation of the ND towards the cloacal mesenchyme (Grote et al., 2006, 

Pedersen et al., 2005). UB formation is under the control of MM-derived glial-derived neu-

rotrophic factor (GDNF) and its receptor Ret on the ND. While Ret expression occurs along 

the whole ND, the expression of Gdnf is restricted to the MM. As soon as the ND passes the 

MM, GDNF binds to RET and initiates a local bud outgrowth. Disturbance of the GDNF-RET 

signaling system leads to several anomalies including kidney agenesis (complete failure of UB 

induction), duplex systems (induction of more than one UB) or improper distal ureter matura-

tion (to rostral or caudal budding). Distal ureter maturation is additionally controlled by retinoic 

acid signaling (Costantini and Shakya, 2006, Uetani and Bouchard, 2009).  
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Cyto-differentiation of the ureter is controlled by a complex interplay of TF genes and signaling 

systems that act within and between the epithelial and mesenchymal primordium of the ureter. 

Two TF genes controlling the onset SMC differentiation are Sex-determining region Y box 9 

(SOX9) and teashirt zinc finger homeobox 3 (TSHZ3). SOX9 and TSHZ3 synergistically regu-

late the development of SMCs by controlling the activity of MYOCD (Airik et al., 2010, Caubit 

et al., 2008, Martin et al., 2013). As already indicated the UM is specified by the expression of 

Tbx18 at the begin of its development. TBX18 does not only define ureteric fate, but has also 

important functions in coordinating and maintaining different signaling pathways in the ureteric 

cyto-differentiation programs, namely Retinoic acid (RA-), Wingless type MMTV integration 

site (WNT)-, Sonic Hedgehog (SHH)- and Bone morphogenic protein 4 (BMP4) signaling (Airik 

et al., 2006, Bohnenpoll et al., 2013).  

RA signaling was shown to antagonize cyto-differentiation during early ureter development. 

The RA synthesizing enzymes Aldh1a2 and Aldh1a3 are expressed from E11.5 until E12.5 in 

the UM and UE, respectively. Receptor and target gene expression occurs both in the UM and 

UE, showing that RA signaling is active prior to the onset of the stratification and differentiation 

programs of the ureter. Pharmacological gain- and loss-of-function experiments in ureter ex-

plant cultures showed that prolonged RA signaling increased cell proliferation and the propor-

tion of NP63+ cells in the UE, while KRT5 and UPK expression was reduced. Furthermore, 

the differentiation of SMCs appeared disturbed under these conditions. Opposing effects were 

observed when RA signaling was inhibited: proliferation was decreased while differentiation 

was stimulated (Bohnenpoll et al., 2017a). Up- and downstream of RA signaling Gata2 controls 

the onset of SMC development in the UM (Weiss et al., 2019).  

Ureteric cyto-differentiation is positively influenced by WNT signaling. Wnt7b and Wnt9b are 

expressed in the UE from E11.5 onwards. While Wnt9b expression is shut down after E14.5, 

Wnt7b is maintained until E18.5. Expression of the WNT receptor Frzd1 occurs in the sur-

rounding UM. In early ureter development, at E11.5, expression of the target gene Axin2 is 

detected in the UE and UM; after E12.5 until the end of embryonic development, Axin2 is 

exclusively expressed the UM, indicating a paracrine mode of WNT signaling. Targeted genetic 

ablation of the intracellular mediator of the canonical subbranch of WNT signaling, -Catenin 

(CTNNB1) in the UM, resulted in a loss of mesenchymal differentiation and SMC formation as 

well as reduced epithelial differentiation leading to hydroureter formation and hydronephrosis 

at birth (Trowe et al., 2012). Two important mediators of WNT signaling are the T-box tran-

scription factors TBX2 and TBX3. Embryos with genetic inactivation of Tbx2 and Tbx3 in the 

UM show reduced SMC differentiation and invasion of extracellular matrix components. 

TBX2/3 mediate the patterning of the UM by repressing BMP4 and WNT antagonists (Bmper 

and Dkk and Shisa, respectively), to maintain WNT and BMP4 signaling (Aydoğdu et al., 2018).  
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Of utmost relevance for ureteric cyto-differentiation is the SHH signal. Shh is expressed in the 

UE from E11.5 onwards (Yu et al., 2002, Bohnenpoll et al., 2017c, Haraguchi et al., 2012). 

SHH binds to its receptor Patched1 (PTCH1) in the UM, thereby activating Smoothened 

(SMO)-dependent signaling (Murone et al., 1999, Stone et al., 1996). Inactivation of Shh in 

early ureter development leads to hydroureter formation at birth due to a complete failure of 

epithelial and mesenchymal differentiation (Yu et al., 2002, Bohnenpoll et al., 2017c). SHH 

also accounts for proliferation in the epithelium and inner mesenchyme and dampens apopto-

sis in the outer region of the UM. The differentiation potential of SHH is mediated by the tran-

scription factor Forkhead box F1 (FOXF1) in the UM. FOXF1 controls the expression of the 

SMC regulator Myocd but also of Bmp4 in the UM, which in turn controls epithelial and mes-

enchymal differentiation (Bohnenpoll et al., 2017c).  

 

 

Figure 4: Molecular control of early ureter development in mice.  
Early ureter development is controlled by a complex system of signaling pathways and TF genes. ue, 

ureteric epithelium; um, ureteric mesenchyme.  

The BMP4 signaling pathway 

BMP4 is a member of the Transforming Growth Factor β (TGFβ) superfamily with very im-

portant functions during embryogenesis (Hogan, 1995, Wozney et al., 1988). BMP4 occurs as 

a dimer that binds to two different receptor types, which are mutually dependent on one another 

for signal transduction: BMPR1 and BMPR2. Both receptors occur as dimers and form two 

distinct subgroups according to sequence similarities, protein characteristics and function dur-

ing signal transduction. Today four different type I receptors (ACVRL1, ACVR, BMPRIA and 
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BMPRIB) and three different type II receptors (ACTVRIIA, ACTVRIIB and BMPRII) have been 

identified (Sanchez-Duffhues et al., 2020). Nonetheless, all BMP receptors share a common 

protein structure with a short extracellular binding domain, followed by a transmembrane do-

main and an intracellular serine threonine kinase domain (Gomez-Puerto et al., 2019). While 

BMPR2 harbors a constitutively active, i.e. phosphorylated kinase domain, the kinase domain 

of BMPR1 becomes transphosphorylated by BMPR2 only after ligand binding (Sanchez-

Duffhues et al., 2020, Kawabata et al., 1998, Miyazono et al., 2005). This leads to an activation 

of different intracellular cascades, one of them being Small Mothers against decapentaplegic 

homolog (SMAD) signaling. SMAD proteins are classified into different subgroups: receptor 

regulated (R) SMADs (SMAD1, 5, 9), common partner SMADs (of which SMAD4 is the only 

one known so far) and inhibitory (I) SMADs (Miyazono et al., 2005). Activated BMPR1 leads 

to phosphorylation of R-SMADs, which form dimers and bind to SMAD4. This SMAD complex 

translocates into the nucleus to act as transcriptional co-activator (Sanchez-Duffhues et al., 

2020, Kawabata et al., 1998, Miyazono et al., 2005). BMP signals are alternatively and/or ad-

ditionally mediated by different cytoplasmatic kinases including different MAP-kinases, e.g. 

P38 and ERK1/2 or the PI3K-AKT signaling pathway (Zhang, 2017). 

Due to gastrulation defects Bmp4 null mice are embryonic lethal between E6.5 and E10.5, i.e. 

prior to kidney and ureter development (Lawson et al., 1999, Winnier et al., 1995). Therefore, 

BMP4 function in ureter and kidney development was initially studied in ex vivo culture systems 

and in individuals with heterozygous loss of Bmp4. These analyses indicated that BMP4 con-

trols the budding process, supports the survival of the MM, interferes with the branching pro-

cess during kidney organogenesis and controls ureteric SMC development and Upk expres-

sion (Raatikainen-Ahokas et al., 2000, Brenner-Anantharam et al., 2007, Miyazaki et al., 2000, 

Wang et al., 2009, Miyazaki et al., 2003, Michos et al., 2007). Later work showed that BMP4 

acts downstream of the SHH-FOXF1 signaling axis to control mesenchymal and epithelial cyto-

differentiation (Bohnenpoll et al., 2017c). Finally, conditional inactivation of Bmp4 in the UM 

revealed that mutants with complete loss of Bmp4 display short dilated ureters with associated 

hydronephrosis at birth as a consequence of physical and functional obstruction. These ureters 

are hypoplastic due to reduced proliferation in both tissue rudiments and fail to initiate epithelial 

and mesenchymal differentiation. BMP4 function in this context is mediated by SMAD-depend-

ent and SMAD-independent mechanisms. In the UM phosphorylated (P-) SMAD1/5/9 down-

stream of BMP4 cooperates with SMAD4 to induce SMC differentiation. AKT has only a minor 

contribution to SMC formation but controls mesenchymal proliferation. Mesenchymal prolifer-

ation is additionally but only slightly influenced by combinatoric action of P-SMAD1/5/9 and P-

P38. In the UE phosphorylation of SMAD1/5/9 after ligand binding was detected, but a contri-

bution of SMAD signaling to UE development remains unexplored. Proliferation and differenti-

ation are both mediated by P-AKT, P-ERK and P-P38, with AKT being the most relevant factor 
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(Mamo et al., 2017). A functional target of BMP4 in the UM is the TF gene Gata6 which in turn, 

is required for activation of Myocd and SMC development in the UM (Kurz et al., 2022). 

Whether BMP4 affects other signaling pathways in the early ureter is unknown as is the set of 

TF genes controlled by BMP4 in the epithelial and mesenchymal differentiation programs.  

 

 
Figure 5: The BMP4 signaling pathway.  
(a) Scheme of the BMP4 signaling pathway. BMP4 binds to its receptors BMPR1 and BMPR2 thereby 

activating i.e., phosphorylating different downstream effectors like R-SMADs, ERK, AKT and P38. (b) 

Function of BMP4 during murine ureter cytodifferentiation. ue, ureteric epithelium; um, ureteric mesen-

chyme. 

The FGF signaling pathway 

Fibroblast Growth Factors (FGFs) are signaling proteins that coordinate numerous cellular pro-

grams in development and homeostasis (Ornitz and Itoh, 2015). In mammals, the FGF super-

family consists of 22 secreted ligands that can be subdivided into seven subfamilies. While few 

FGFs act in an autocrine fashion independent from receptors, most of them have a  paracrine 

or endocrine mode of activity which is mediated by selective binding to one of four receptors, 

namely FGFR1, FGFR2, FGFR3 and FGFR4 (Ornitz and Itoh, 2015). 

FGFRs are receptor tyrosine kinases (RTK) with an intracellular and an extracellular domain. 

The latter is comprised of three immunoglobulin like domains (DI-DIII) and an acetic box (AB) 

followed by a transmembrane domain (TM). The former harbors two tyrosine kinase domains 

(TK) (Lee et al., 1989). Ligand specificity is dependent on DII and DIII whereas DI and AB 

control ligand binding and harbor autoinhibitory features (Yeh et al., 2003, Werner et al., 1992, 

Wang et al., 1995). Fgfr1, Fgfr2 and Fgfr3 encode different splicing variants that differ in DIII. 

While the N-terminal part of this domain is encoded in the invariable exon 7 (or IIIa), the C-

terminal part consists of the two mutually exclusive exons 8 (or IIIb) and 9 (or IIIc) (Johnson et 
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al., 1991). The different splicing variants of Fgfr2 are expressed in a tissue specific manner: 

Fgfr2IIIb is mostly expressed in epithelial tissues, whereas Fgfr2IIIc is the predominant isoform 

in the mesenchyme (Orr-Urtreger et al., 1993).  

 

 

Figure 6: The FGF family.  
(a) The FGF family consists of four different receptors and 22 ligands that can be subdivided into seven 

subfamilies. The ligands show different binding preferences to different receptors. Main receptors are 

written in bold (Ornitz and Itoh, 2015). (b) Schematic protein structure of FGFR1-4. The protein consists 

of three extracellular binding domains (I, II, III), followed by a transmembrane domain (TM) and two 

intracellular tyrosine kinase domains (TK1, TK2). For binding domain III two alternative splicing variants 

are known that are mutually exclusive. While the first exon (IIIa) is invariant in all isoforms, splicing 

variant IIIb is mostly expressed in epithelia but IIIc is the dominant isoform in mesenchymal tissues. Idea 

for graphical design adapted from (Ornitz and Itoh, 2015). 

 

Quiescent FGFRs occur as monomers or inactive dimers within the cell membrane 

(Schlessinger et al., 1978, Livnah et al., 1999). Binding of a ligand to its receptor results in 

receptor dimerization and conformational changes, leading to transphosphorylation of the ki-

nase domains (Schlessinger et al., 2000, Chen et al., 2008). Activated kinase domains feature 

binding sites for Src-homology-2-(SH2) domains (Songyang et al., 1993). Two prominent mol-

ecules binding this domain are phospholipase C (PLC) and signal transducer and activator 

of transcription (STAT) controlling the mobility of immune cells and regulating proliferation 

(Mohammadi et al., 1991, Hartwig et al., 1992, Sahni et al., 1999, Dudka et al., 2010). To allow 

additional binding of proteins without SH2 domain to FGFRs, FGFR substrate  (FRS2) is 

continuously bound to FGFR at the intracellular receptor domain. Activation of FGFR results 

in phosphorylation of FRS2 which in turn is able to bind growth factor receptor bound 2 

(GRB2) (Kouhara et al., 1997, Gotoh, 2008). Activation of GRB2 leads to phosphorylation of 
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AKT and different MAPK (like ERK1/2 and P38) promoting cell survival, inhibiting apoptosis 

and increasing proliferation and differentiation (Ong et al., 2001, Lowenstein et al., 1992, 

Gotoh, 2008). 

 

 

Figure 7: The FGF signaling pathway.  
Canonical FGF signaling is activated by transphosphorylation of two receptors after ligand binding. 

While PLC and STAT are able to bind directly to phosphorylated kinase domains activation of MAPK 

signaling is only possible via the adapter proteins FRS2 und GRB2. Phosphorylation leads to tran-

scription of different target genes such as Etv and Spry. Idea for graphical design adapted from (Ornitz 

and Itoh, 2015).  

 

Initial studies reported important functions of FGF signaling in the development of the urinary 

system. Addition of FGF2 to isolated rat MM cells prevented apoptosis and promoted cell con-

densation (Barasch et al., 1997, Perantoni et al., 1995). Mice suffering from genetic inactivation 

of Fgf8, Fgf10 or Fgfr2IIIb presented overall normal kidney morphology but the kidneys were 

significantly smaller (Ohuchi et al., 2000, Qiao et al., 1999, Revest et al., 2001). 

The laboratory of Carlton Bates addressed the role of Fgfr1 and Fgfr2 in the development of 

the murine UB, MM and bladder. Conditional inactivation of Fgfr2 from the UB using a 

Hoxb7cre mouse line resulted in smaller kidneys that displayed considerable smaller number 



Introduction 

12 
 

of nephrons due to reduced branching morphogenesis and tip proliferation and at the same 

time increased tip apoptosis. Fgfr1 plays no or only a minor role in this context (Zhao et al., 

2004). Unlike in the ND both, Fgfr1 and Fgfr2, have functional relevance in the MM but again 

with Fgfr2 being more important. FGFR2 also impacts on the budding process. Inactivation of 

Fgfr2 in the whole trunk mesenchyme using Pax3cre driver induces multiple UBs, resulting in 

duplex kidneys and ureters as well as hydroureter and VUR after birth. While Pax3cre medi-

ated inactivation of Fgfr1 alone did not obviously disrupt kidney development, the additional 

inactivation of Fgfr2 resulted in complete kidney agenesis due to an inability of the MM to 

condense (Poladia et al., 2006, Hains et al., 2008, Hains et al., 2010). Mice lacking Fgfr2 in 

the peri-ND stroma suffer from an extended CND interfering with distal ureter maturation. On 

a molecular level Fgfr2 enhances Bmp4 expression in the peri-ND mesenchyme (Walker et 

al., 2013). During murine bladder development FGFR2 controls mesenchymal patterning. Con-

ditional inactivation of Fgfr2 in the bladder mesenchyme led to increased LP and decreased 

SMC development as a consequence of increased SHH signaling (Ikeda et al., 2017). How-

ever, the function of FGF signaling during ureter development remains unexplored.  

 



Aim of the thesis 

13 
 

Aim of the thesis 

Previous work characterized various signaling pathways important for ureter development 

(Airik and Kispert, 2007, Bohnenpoll and Kispert, 2014). Although FGF signaling was impli-

cated in the development of a large number of organs, its role in the context of ureter develop-

ment remains completely unexplored (Ornitz and Itoh, 2015). Moreover, the transcriptional tar-

gets downstream of the signaling pathways that guide ureter cyto-differentiation from homo-

geneous, uncommitted precursor cells are widely unknown. Therefore, this thesis aims to ad-

dress the role of FGF signaling in murine ureter development and identify TF genes that control 

ureter cyto-differentiation downstream of BMP4 signaling.  

Previous work from the lab characterized expression of Fgfr1 and Fgfr2 in the early, undiffer-

entiated UE and UM. In the first project the function of FGF signaling in the UE shall be ad-

dressed. For this purpose, the spatiotemporal expression of ligands and target genes shall be 

determined by using the RNA section in situ hybridization (SISH) technique. Mice with condi-

tional (Pax2cre-mediated) inactivation of Fgfr1 and Fgfr2 shall be analyzed for morphological, 

histological and cellular changes of the ureter at different time points of embryonic develop-

ment. To identify the underlying molecular mechanisms, unbiased transcriptional profiling by 

microarray technology shall be performed. Candidate genes shall be validated by SISH for 

spatial resolution, and by real-time quantitative PCR (RT-qPCR) for quantification. Subsequent 

rescue experiments by application of chemicals and/or proteins in explant ureter cultures shall 

verify downstream effectors of FGF signaling. Additional pharmacological loss-of-function ex-

periments in wildtype ureter explant cultures shall provide deeper insight into molecular mech-

anisms controlling ureter development.  

The second project shall address the function of FGF signaling in the ureteric mesenchyme. 

Morphological, histological, and cellular changes after conditional (Tbx18cre-mediated) inacti-

vation of both receptors shall be determined at different time points during ureter development. 

Functional consequences of phenotypical changes shall be examined in ureter explant cultures 

by screening for peristaltic activities. Molecular causes underlying the phenotypical changes 

shall again be addressed by using microarray technology analyzing the transcriptome of mu-

tant ureters. Candidate genes shall be validated by SISH for spatial resolution and by RT-

qPCR for quantification. Finally, pharmacological loss- and gain-of-function experiments shall 

define the functional relevance of signaling pathways for ureter cyto-differentiation. 

BMP4 signaling was described to guide ureteric cyto-differentiation in both compartments, the 

epithelium and the mesenchyme, of the murine ureter, but the transcriptional targets remain 

widely unexplored (Mamo et al., 2017). The third project therefore aims to identify TF genes 

that guide ureter cyto-differentiation in the UE and the UM, respectively. For this purpose, un-

biased transcriptional profiling of ureters with conditional (Tbx18cre-mediated) inactivation of 

Bmp4 (Bmp4cKO) shall define TF genes, which expression depends on BMP4 signaling. 
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Moreover, short term inhibition or activation of the BMP4 signaling pathway by applying NOG-

GIN or BMP4, respectively to ureter explant cultures and subsequent microarray analysis shall 

determine direct targets of BMP4. Candidate TF genes shall be analyzed by SISH for spatial 

expression. The molecular mechanisms, by which BMP4 signaling controls the expression of 

additional indirect targets, shall be investigated by inspection of known signaling pathways that 

act during ureter development in Bmp4cKO ureters. Subsequent pharmacological activation 

and inhibition experiments in wildtype ureter explant cultures shall provide deeper insight into 

the regulation of TF genes. Furthermore, the importance of SMAD mediators for cyto-differen-

tiation of the UE shall be addressed by analyzing cellular changes in ureters with conditional 

(Pax2cre-mediated) inactivation of Smad4. Moreover, the role of SMAD mediators in the UE 

and the UM for transduction of BMP4 signals to activate TF gene expression shall be investi-

gated by using microarray technology. Again, candidate genes shall be validated by SISH for 

spatial resolution.  

Together this thesis shall determine the functional relevance of FGF signaling in both compart-

ments of the murine ureter during its development and shall identify TF genes downstream of 

BMP4 signaling important for ureteric cyto-differentiation.  
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Part 1 – Molecular function of FGFR2 in the development of the        
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Supplementary Tables 

 

Genotype 

+/+; Pax2-cre/+; Pax2-cre/+; Pax2-cre/+; Pax2-cre/+; 

Fgfr1fl/+; Fgfr1fl/+; Fgfr1fl/fl; Fgfr1fl/+; Fgfr1fl/fl; 

Fgfr2fl/+ Fgfr2fl/+ Fgfr2fl/+ Fgfr2fl/fl Fgfr2fl/fl 

          

expected 
genotype 
frequency  

50% 12.5% 12.5%  12.5%  12.5%  

            

stages,      
numbers ob-

tained 
obtained numbers (obtained frequency) 

E12.5,     
n=454 

273 (60%) 71 (16%) 24 (5%) 72 (16%) 14 (3%) 

E13.5,       
n=434 

270 (62%) 73 (17%) 21 (5%) 59 (14%) 11 (2%) 

E14.5,     
n=354 

214 (60%) 56 (16%) 14 (4%) 57 (16%) 13 (4%) 

E16.5,      
n=84 

48 (58%) 12 (14%) 6 (7%) 17 (20%) 1 (1%) 

E18.5,      
n=449 

271 (60%) 80 (18%) 30 (7%) 54 (12%) 14 (3%) 

 

Table S1: Genotype distribution of embryos obtained from matings of Pax2-cre/+;Fgfr1fl/+;Fgfr2fl/+ males 

with Fgfr1fl/fl;Fgfr2fl/fl females at E12.5, E14.5, E16.5 and E18.5. 
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Table S2A. Distribution of phenotypic changes in urogenital systems of E18.5 embryos obtained from 

matings of Pax2cre/+; Fgfr1fl/+;Fgfr2fl/+ males with Fgfr1fl/fl;Fgfr2fl/fl females. 
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Table S2B. Analysis of the patency of the ureter and its junctions by ink injections in E18.5 embryos 

obtained from matings of Pax2cre/+; Fgfr1fl/+;Fgfr2fl/+ males with Fgfr1fl/fl;Fgfr2fl/fl females. 
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E12.5 
U IM OM 

Mean SD Mean SD Mean SD 

Control 
(n=3) 0.2 0.049 0.247 0.012 0.207 0.017 

Fgfr2cKO 
(n=3) 0.07 0.040 0.233 0.025 0.230 0.028 

p-Value 0.0288 0.5438 0.3853 

       

E14.5 
U IM OM 

Mean SD Mean SD Mean SD 

Control 
(n=3) 0.217 0.017 0.1867 0.005 0.147 0.012 

Fgfr2cKO 
(n=3) 0.207 0.017 0,197 0.010 0.163 0.005 

p-Value 0.5879 0.2739 0.1907 
 

Table S3. Quantification of the BrdU incorporation assay of proximal sections of control and Fgfr2cKO 

ureters at E12.5 and E14.5. U, urothelium; IM, inner mesenchyme; OM, outer mesenchyme; SD, stand-

ard derivation. The statistical significance was calculated by a two-tailed Student’s t-test. 
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 Intensities Fold change (FC) 

GeneName_RCUT control 1 mutant 1 control 2 mutant 2 FC 1 FC 2 avgFC 

Prm1 311 2553 106 2340 8.2 22.1 15.2 

S100a8 92 539 117 622 5.9 5.3 5.6 

Gm5483 33 158 31 186 4.8 6.1 5.4 

S100a9 452 1963 430 2620 4.3 6.1 5.2 

Stfa2l1 36 182 31 164 5.0 5.3 5.2 

ENSMUST00000085379 132 792 134 503 6.0 3.8 4.9 

BC100530 173 845 185 816 4.9 4.4 4.6 

Stfa1 133 614 121 517 4.6 4.3 4.4 

Stfa3 58 247 66 274 4.3 4.1 4.2 

Serpina1a 93 533 114 272 5.7 2.4 4.1 

Gm8893 82 482 100 214 5.9 2.1 4.0 

Serpina1c 100 537 120 256 5.4 2.1 3.7 

Serpina1e 80 413 92 184 5.2 2.0 3.6 

Upk3a 87 341 108 322 3.9 3.0 3.4 

Afp 650 3215 908 1591 4.9 1.8 3.3 

Camp 91 286 83 282 3.1 3.4 3.3 

Nefm 68 252 187 511 3.7 2.7 3.2 

Serpina6 132 544 119 210 4.1 1.8 3.0 

Dhh 139 233 99 416 1.7 4.2 2.9 

Alb 86 366 90 139 4.2 1.5 2.9 

Serpinf2 42 126 64 118 3.0 1.9 2.5 

Apela 723 1769 807 1903 2.4 2.4 2.4 

Prmt1 2330 6394 4234 8370 2.7 2.0 2.4 

Ms4a7 956 2039 616 1581 2.1 2.6 2.4 

Myh8 109 195 99 263 1.8 2.6 2.2 

Stfa2 194 449 255 531 2.3 2.1 2.2 

C1qa 161 292 137 352 1.8 2.6 2.2 

Myog 131 297 138 288 2.3 2.1 2.2 

Rab13 210 570 353 530 2.7 1.5 2.1 

Fgf11 630 1578 847 1423 2.5 1.7 2.1 

Myom2 64 113 67 157 1.8 2.4 2.1 

Vgll2 213 375 189 443 1.8 2.3 2.1 

Fcgr3 61 116 59 129 1.9 2.2 2.0 

ENSMUST00000153890 1260 2811 1800 3344 2.2 1.9 2.0 

Aldh2 343 778 448 809 2.3 1.8 2.0 

Atp6v1c2 106 200 95 202 1.9 2.1 2.0 

Insm2 85 156 95 207 1.8 2.2 2.0 

Hba-a2 57755 142513 82351 124425 2.5 1.5 2.0 

Hbb-b2 23870 53114 40418 68104 2.2 1.7 2.0 

Acta1 108 247 151 241 2.3 1.6 1.9 

Ms4a6d 105 194 103 209 1.8 2.0 1.9 

Gdf5 1001 1955 855 1645 2.0 1.9 1.9 

ENSMUST00000128900 291 644 564 935 2.2 1.7 1.9 

Trem2 577 1140 541 1022 2.0 1.9 1.9 

Hba-a1 70100 157796 107116 168856 2.3 1.6 1.9 

Hbb-bt 44449 96888 66383 103996 2.2 1.6 1.9 

Myl1 617 1137 692 1316 1.8 1.9 1.9 

Pfdn2 1106 2314 1654 2721 2.1 1.6 1.9 

Ccdc50 258 574 402 609 2.2 1.5 1.9 
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AF251705 130 263 93 158 2.0 1.7 1.9 

Tnnc2 693 1346 708 1239 1.9 1.8 1.8 

Alas2 1430 2895 2355 3906 2.0 1.7 1.8 

Asic4 868 1712 888 1514 2.0 1.7 1.8 

Rab7b 56 114 75 121 2.0 1.6 1.8 

Fkbp2 2123 4369 3086 4725 2.1 1.5 1.8 

A_55_P2145656 82 138 107 202 1.7 1.9 1.8 

Grap 54 104 81 135 1.9 1.7 1.8 

Tceal7 151 293 163 266 1.9 1.6 1.8 

Myl4 1176 2046 1285 2314 1.7 1.8 1.8 

Hp 79 136 98 179 1.7 1.8 1.8 

Mpeg1 813 1306 788 1511 1.6 1.9 1.8 

Gda 83 131 82 157 1.6 1.9 1.8 

Tyrobp 912 1475 890 1669 1.6 1.9 1.7 

St6galnac6 1286 2363 1886 3110 1.8 1.6 1.7 

C1qb 286 480 262 467 1.7 1.8 1.7 

Csf1r 2758 4832 2574 4342 1.8 1.7 1.7 

Adgre1 330 600 277 447 1.8 1.6 1.7 

Meg3 1582 2834 2185 3553 1.8 1.6 1.7 

Zfp791 3534 5939 3922 6785 1.7 1.7 1.7 

Myom3 121 206 114 194 1.7 1.7 1.7 

Apobec1 249 443 280 448 1.8 1.6 1.7 

Cpxm1 3072 5601 3828 5943 1.8 1.6 1.7 

Pfdn6 2567 4394 3324 5531 1.7 1.7 1.7 

C2 125 229 139 213 1.8 1.5 1.7 

Otop1 55 101 82 125 1.8 1.5 1.7 

Ccl24 99 155 81 146 1.6 1.8 1.7 

Dmrt2 155 274 105 166 1.8 1.6 1.7 

Foxi1 443 706 395 688 1.6 1.7 1.7 

C1qc 962 1552 754 1279 1.6 1.7 1.7 

Hbb-bh1 14184 25528 15259 23040 1.8 1.5 1.7 

Vav1 307 520 276 445 1.7 1.6 1.7 

Dcaf12l2 599 994 608 997 1.7 1.6 1.6 

Aif1 893 1494 976 1554 1.7 1.6 1.6 

2310047M10Rik 270 453 321 503 1.7 1.6 1.6 

Tnnc1 78 135 87 133 1.7 1.5 1.6 

Tmem160 967 1609 1278 2012 1.7 1.6 1.6 

Ms4a6c 72 119 75 118 1.7 1.6 1.6 

Elavl3 111 170 268 442 1.5 1.7 1.6 

Gpr182 99 157 105 167 1.6 1.6 1.6 

Cx3cr1 205 311 206 340 1.5 1.6 1.6 

Mef2a 941 1473 1018 1599 1.6 1.6 1.6 

Igf1 808 1263 811 1241 1.6 1.5 1.5 

Cldn5 1038 1567 1447 2275 1.5 1.6 1.5 

Hspb2 164 254 203 310 1.6 1.5 1.5 

Isg20 183 282 318 490 1.5 1.5 1.5 

A_55_P2061421 17858 27329 20108 30938 1.5 1.5 1.5 
 

Table S4. List of genes with increased expression in the microarray of E13.5 ureters of Fgfr2cKO and 

control embryos. Shown are the gene names, the intensity of the two control and mutant ureter samples, 

the individual and the average (avg) fold change (FC). 
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  Intensities Fold change (FC) 

GeneName_RCUT control 1 mutant 1 control 2 mutant 2 FC 1 FC 2 avgFC 

Hoxb8 4049 1540 2394 683 -2.6 -3.5 -3.1 

Nhlrc4 207 102 229 81 -2.0 -2.8 -2.4 

9030625G05Rik 125 62 136 50 -2.0 -2.7 -2.4 

Fosb 6737 3258 6583 2644 -2.1 -2.5 -2.3 

Gsta2 140 62 115 51 -2.3 -2.3 -2.3 

Hhip 1675 949 1790 677 -1.8 -2.6 -2.2 

Calcr 163 63 143 80 -2.6 -1.8 -2.2 

Gm10639 422 175 313 170 -2.4 -1.8 -2.1 

TC1605611 1490 597 1201 701 -2.5 -1.7 -2.1 

Mapk4 129 77 141 59 -1.7 -2.4 -2.0 

A930017K11Rik 247 137 265 126 -1.8 -2.1 -2.0 

Prr7 1088 598 786 383 -1.8 -2.1 -1.9 

Mia 1078 568 1291 658 -1.9 -2.0 -1.9 

Fos 11268 5792 10197 5458 -1.9 -1.9 -1.9 

Rbm47 258 165 244 110 -1.6 -2.2 -1.9 

Mllt3 211 140 196 86 -1.5 -2.3 -1.9 

Egr1 17217 10467 16512 7781 -1.6 -2.1 -1.9 

Sprr2f 164 100 185 87 -1.6 -2.1 -1.9 

Espn 153 77 140 79 -2.0 -1.8 -1.9 

Frmd5 242 125 196 108 -1.9 -1.8 -1.9 

Hs3st6 2505 1174 2230 1413 -2.1 -1.6 -1.9 

Fam150b 153 82 144 80 -1.9 -1.8 -1.8 

Ldoc1 555 366 661 309 -1.5 -2.1 -1.8 

Degs2 533 259 547 343 -2.1 -1.6 -1.8 

Egr2 270 132 230 143 -2.0 -1.6 -1.8 

Sel1l3 614 316 548 323 -1.9 -1.7 -1.8 

Kcnj16 3144 1801 2521 1333 -1.7 -1.9 -1.8 

Tfap2b 1115 596 943 561 -1.9 -1.7 -1.8 

Srrm2 312 205 294 147 -1.5 -2.0 -1.8 

Arhgef38 191 107 154 88 -1.8 -1.7 -1.8 

Aldh1a3 1683 1115 1428 727 -1.5 -2.0 -1.7 

Gprc5b 3997 2574 2849 1485 -1.6 -1.9 -1.7 

Tmem229a 419 265 360 193 -1.6 -1.9 -1.7 

A4galt 244 153 196 109 -1.6 -1.8 -1.7 

Shh 176 95 159 102 -1.8 -1.6 -1.7 

E330013P04Rik 134 81 142 83 -1.7 -1.7 -1.7 

Foxf1 2882 1880 3316 1846 -1.5 -1.8 -1.7 

Clu 7715 4395 8067 5189 -1.8 -1.6 -1.7 

Map7 224 140 166 97 -1.6 -1.7 -1.7 

Tfrc 582 352 383 237 -1.7 -1.6 -1.6 

Gabbr2 319 199 326 200 -1.6 -1.6 -1.6 

Dclk3 181 109 195 125 -1.7 -1.6 -1.6 

Ccdc172 134 86 169 101 -1.6 -1.7 -1.6 
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Afm 835 525 705 439 -1.6 -1.6 -1.6 

A_55_P2028852 177 113 185 114 -1.6 -1.6 -1.6 

Elf5 867 533 818 524 -1.6 -1.6 -1.6 

Atp1b1 4276 2738 3311 2066 -1.6 -1.6 -1.6 

Nr1h5 510 335 410 266 -1.5 -1.5 -1.5 

Iqck 251 166 249 165 -1.5 -1.5 -1.5 

 

Table S5. List of genes with decreased expression in the microarray of E13.5 ureters of Fgfr2cKO and 

control embryos. Shown are the gene names, the intensity of the two control and mutant ureter samples, 

the individual and the average (avg) fold change (FC). 
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Table S6. Functional annotation by DAVID for genes with increased expression in the microarray of 

E13.5 Fgfr2cKO ureters. 
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Table S7. Functional annotation by DAVID for genes with decreased expression in the microarray of 

E13.5 Fgfr2cKO ureters. 
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Table S8. RT-qPCR analysis of gene expression in E14.5 Fgfr2cKO ureters. The statistical significance 

was calculated by a two-tailed Student’s t-test. SD, standard derivation. 
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Table S9. Pharmacological rescue experiments in explants of E13.5 Fgfr2cKO ureters cultured for 4 

days. Quantification of the ratio of ∆NP63+ cells to CDH1+ cells, of individuals with ALDH1A2+ cells and 

of the thickness of the epithelial layer and the SMC layer. The statistical significance was calculated by 

a two-tailed Student’s t-test. SD, standard derivation. 
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Table S10. Pharmacological inhibition of SHH and BMP4 signaling in explant cultures of E13.5 ureters. 

E13.5 wildtype ureters were cultured for 4 days with increasing concentrations of the SHH signaling 

inhibitor cyclopamine or the BMP4 antagonist NOGGIN. Quantification of the ratio of ∆NP63+ cells to 

CDH1+ cells, of the ratio of ∆NP63- luminal cells to CDH1+ cells, of the thickness of the SMC layer and 

of individuals with ALDH1A2+ cells. The statistical significance was calculated by a two-tailed Student’s 

t-test. SD, standard derivation. nd, not defined. 
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Gene Forward primer Reverse primer 

Bmp4 5′-CACGAAGAACATCTGGAGAACA-3′ 5′-GGTTGAAGAGGAAACGAAAAGC-3′ 

Elf5 5′-ACTGCATCTCCTTCTGTCACT-3′ 5′-AGTAACCTTGCGAGCGAATG-3′ 

Foxf1 5′-CAAGGCATCCCTCGGTATCA-3′ 5′-AGATCCTCCGCCTGTTGTATG-3′ 

Gapdh 5′-ATGACATCAAGAAGGTGGTG-3′ 5′-CATACCAGGAAATGAGCTTG-3′  

Ppia 5′-GATTCATGTGCCAGGGTGGT-3′  5′-GCCATTCAGTCTTGGCAGTG-3′  

Ptch1 5′-CATCAAAGTGTCGCCCCAAA-3′ 5′-AACAGGCATAGGCAAGCATC-3′ 

Shh 5′-AGCGGCAGATATGAAGGGAA-3′ 5′-GTCTTTGCACCTCTGAGTCATC-3′ 

Spry1 5′-ACACTCAGCCTGCTACGATT-3′ 5′-CCTTTCCTGCTTTTCGGGTC-3′ 

 

Table S11. List of primers for RT-qPCR analysis of gene expression in E13.5 Fgfr2cKO ureters. 
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Supplementary Tables 

 

Genotype Tbx18+/+ 

Tbx18cre/+ Tbx18cre/+ Tbx18cre/+ Tbx18cre/+ 

Fgfr1fl/+ Fgfr1fl/fl Fgfr1fl/+ Fgfr1fl/fl 

Fgfr2fl/+ Fgfr2fl/+ Fgfr2fl/fl Fgfr2fl/fl 

(expected fre-
quency) 

50% (12.5%) (12.5%) (12.5%) (12.5%) 

            

Stage/Num-
bers 

Numbers (obtained frequency) 

E12.5, n=448 279 (63%) 27 (6%) 50 (11%) 46 (10%) 46 (10%) 

E14.5, n=386 205 (53%) 29 (8%) 39 (10%) 59 (15%) 54 (14%) 

E15.5, n=183 88 (48%) 17 (9%) 24 (13%) 29 (16%) 25 (14%) 

E16.5, n=37 18 (49%) 6 (16%) 6 (16%) 4 (11%) 3 (8%) 

E18.5, n=185 106 (57%) 9 (5%) 22 (12%) 23 (12%) 25 (14%) 

 

Table S1. Genotype distribution of embryos obtained from matings of Tbx18cre/+;Fgfr1fl/+;Fgfr2fl/+ males 

with Fgfr1fl/fl;Fgfr2fl/fl females at E12.5, E14.5, E16.5 and E18.5. 

 

 

Genotype 

 

Tbx18cre/+; Tbx18cre/+; Tbx18cre/+; Tbx18cre/+; 

  Tbx18+/+ Fgfr1fl/+; Fgfr1fl/fl; Fgfr1fl/+; Fgfr1fl/fl; 

Phenotype 

 

Fgfr2fl/+ Fgfr2fl/+ Fgfr2fl/fl Fgfr2fl/fl 

normal 26 (84%) 3 (50%) 3 (38%) 0 (0%) 0 (0%) 

mild hydrou-
reter 

5 (16%) 3 (50%) 5 (64%) 10 (84%) 7 (78%) 

strong hydro-
ureter 

0 (0%) 0 (0%) 0 (0%) 2 (16%) 2 (22%) 

 

Table S2. Distribution of hydroureter formation in urogenital systems of embryos obtained from matings 

of Tbx18cre/+;Fgfr1fl/+;Fgfr2fl/+ males with Fgfr1fl/fl;Fgfr2fl/fl females at E18.5. 
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E12.5 
U IM OM 

Mean SD Mean SD Mean SD 

control  
0.3508 0.0087 0.3255 0.0183 0.222 0.0206 

(n=3) 

Fgfr1/2cDKO-UM 
0.3459 0.1043 0.2685 0.0084 0.2059 0.0108 

 (n=3) 

p-Value 0.9796 0.0204 0.3384 

              

E14.5 
U IM OM 

Mean SD Mean SD Mean SD 

control  
0.3053 0.034 0.2626 0.0036 0.2229 0.0024 

(n=3) 

Fgfr1/2cDKO-UM 
(n=3) 

0.2866 0.0425 0.2572 0.0359 0.2406 0.0126 

p-Value 0.5854 0.7735 0.1328 

 

Table S3. Quantification of the BrdU incorporation assay of proximal sections of control and 

Fgfr1/2cDKO-UM embryos at E12.5 and E14.5. The statistical significance was calculated by a two-

tailed Student’s t-test. SD, standard derivation; U, urothelium; IM, inner mesenchyme; OM, outer mes-

enchyme. 

 

  day 2 day 3 day 4 day 5 day 6 day 7 day 8 

control (n=42)  0.0238 0.5952 0.8333 1 1 1 1 

Fgfr1/2cDKO-UM (n=17)  0 0 0.2352 0.6471 0.8235 0.8824 1 
 

Table S4A. Statistics on the peristaltic activity of explants of E13.5 control and Fgfr1/2cDKO-UM ureters 

cultured for 8 days. The onset of peristaltic activity is shown as the number of contracting ureters to all 

ureters at day 2 to 8 days of culture. 

 

  day 2 day 3 day 4 day 5 day 6 day 7 day 8 

control average 
(n=42) 

0.0238 1.0476 2.2619 2.6905 2.881 3.2857 3.4048 

Fgfr1/2cDKO-UM 
average (n=17) 

0 0 0.5294 1.3529 1.8824 2.5294 2.8824 

                

SD control 0.1543 1.0110 1.2506 0.8692 0.6325 0.6357 0.7005 

SD Fgfr1/2cDKO-UM 0 0 0.5294 1.3529 1.8824 2.5294 2.8824 

                

p-Value 0.5293 8E-05 4.4E-06 1.9E-05 0.0001 0.0029 0.0257 

 

Table S4B. Statistical analysis of the peristaltic frequency of E13.5 control and Fgfr1/2cDKO-UM ureters 

over 8 days of culture. Shown are the average and corresponding standard deviations of peristaltic 

contractions per minute after 2 to 8 days after ureter explantation at E13.5. One minute was video-

monitored. The statistical significance was calculated by a two-tailed Student’s t-test. SD, standard der-

ivation. 
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Table S4C. Statistical analysis of contraction intensities of E13.5 ureters from control (n=42) and 

Fgfr1/2cDKO-UM (n=17) embryos after 2 to 8 days of culture. Shown is the maximal intensity of one 

peristaltic contraction from day 2 to 8 of culture after ureter explantation at E13.5. The proximal level 

equals to 25%, medial to 50% and distal to 75% of the entire ureter length. One minute was video-

monitored. Contraction intensity was calculated measuring the diameter of the ureter in a relaxed and a 

contracted state. The statistical significance was calculated by a two-tailed Student’s t-test. SD, standard 

derivation. nd, not defined.  
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  day 1 day 2 day 3 day 4 day 5 day 6 

control 
(n=24) 0.7200 0.9375 1 1 1 1 

Fgfr1/2cDKO 
(n=12) 0 0.0833 1 1 1 1 

 
Table S5A. Onset of peristaltic activity of explants of E15.5 Fgfr1/2cDKO ureters in culture. Shown are 

the number of control and mutant ureters that exhibit peristaltic contraction waves at each day of the 6-

day culture period. 

 

  day 1 day 2 day 3 day 4 day 5 day 6 

control average 
(n=24) 0.75 1.22 1.70 2.37 3.19 3.53 

Fgfr1/2cDKO-UM 
average (n=12) 0.00 0.17 1.08 1.67 2.10 3.08 

              

SD control 0.53 0.55 0.53 0.49 0.65 0.67 

SD Fgfr1/2cDKO-UM 0.00 0.39 0.29 0.65 0.57 0.51 

              

p-Value 4.79E-07 1.05E-07 2.72E-05 0.0039 8.33E-05 0.0264 
 

Table S5B. Statistical analysis of the peristaltic frequency of E15.5 control and Fgfr1/2cDKO-UM ureters 

over 6 days of culture. Shown are the average and corresponding standard deviations of peristaltic 

contractions per minute at day 1 to 6 after ureter explantation at E15.5. One minute was video-moni-

tored. The statistical significance was calculated by a two-tailed Student’s t-test. SD, standard deriva-

tion. 
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Table S5C. Statistical analysis of contraction intensities of E15.5 ureters from control (n=24) and 

Fgfr1/2cDKO-UM (n=12) embryos after 1 to 6 days of culture. Shown is the maximal intensity of one 

peristaltic contraction at day 1 to 6 of culture after ureter explantation at E15.5. The proximal level equals 

to 25%, medial to 50% and distal to 75% of the entire ureter length. One minute was video-monitored. 

Contraction intensity equals to Multi-Kymograph grey value ratios. The statistical significance was cal-

culated by a two-tailed Student’s t-test. SD, standard derivation.  
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 Intensities Fold change (FC) 

GeneName_RCUT control 1 mutant 1 control 2 mutant 2 FC 1 FC 2 avgFC 

Ackr4 59 1054 89 854 17.8 9.6 13.7 

Cdh16 93 1433 84 313 15.3 3.7 9.5 

Egr4 85 535 100 536 6.3 5.4 5.8 

D030062O11Rik 36 104 37 150 2.9 4.1 3.5 

Epha8 102 288 113 436 2.8 3.8 3.3 

Akap12 173 547 246 456 3.2 1.9 2.5 

Tfcp2l1 173 493 166 349 2.9 2.1 2.5 

Gm13178 196 417 169 435 2.1 2.6 2.4 

Itln1 126 390 262 420 3.1 1.6 2.4 

Pnmal2 64 156 83 179 2.4 2.2 2.3 

Msln 458 970 531 1297 2.1 2.4 2.3 

Crym 873 2262 966 1848 2.6 1.9 2.3 

Scnn1b 180 447 171 344 2.5 2.0 2.2 

Mei1 127 221 102 276 1.7 2.7 2.2 

Kcnj10 167 456 233 393 2.7 1.7 2.2 

Fam78b 712 1490 704 1607 2.1 2.3 2.2 

Fut9 113 263 118 241 2.3 2.0 2.2 

Ipcef1 423 1034 534 1009 2.4 1.9 2.2 

Sowaha 61 126 54 118 2.1 2.2 2.1 

Smtnl2 173 325 182 430 1.9 2.4 2.1 

Hoxb8 673 1175 794 1951 1.7 2.5 2.1 

Vipr1 354 660 505 1160 1.9 2.3 2.1 

Gm5083 68 116 51 123 1.7 2.4 2.1 

Rimkla 200 384 247 534 1.9 2.2 2.0 

Arc 130 297 108 190 2.3 1.8 2.0 

Grik3 223 500 328 588 2.2 1.8 2.0 

Notumos 144 298 177 349 2.1 2.0 2.0 

Adra2a 360 665 450 973 1.8 2.2 2.0 

Sp5 120 246 185 358 2.1 1.9 2.0 

Upk1a 32216 57526 30520 67356 1.8 2.2 2.0 

Gata3 5074 8706 5885 13359 1.7 2.3 2.0 

Bcl11a 82 185 115 200 2.2 1.7 2.0 

Klhl14 68 126 68 145 1.9 2.1 2.0 

Pnliprp1 206 364 253 561 1.8 2.2 2.0 

Upb1 213 381 209 455 1.8 2.2 2.0 

Unc13c 472 1032 519 915 2.2 1.8 2.0 

Myh14 852 1397 791 1808 1.6 2.3 2.0 

Ptch1 272 584 336 585 2.2 1.7 1.9 

Fzd10 395 674 510 1114 1.7 2.2 1.9 

Tgm5 396 686 425 913 1.7 2.1 1.9 

Cntnap2 248 476 217 422 1.9 1.9 1.9 

Ksr2 137 307 148 237 2.2 1.6 1.9 

Fgfr2 196 385 185 347 2.0 1.9 1.9 
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Col23a1 61 117 70 133 1.9 1.9 1.9 

Lef1 190 391 235 407 2.1 1.7 1.9 

A_55_P1953783 120 272 198 302 2.3 1.5 1.9 

Cntn3 99 206 128 216 2.1 1.7 1.9 

Slco2a1 575 1019 632 1260 1.8 2.0 1.9 

Lppr5 301 611 394 681 2.0 1.7 1.9 

Slc9a4 116 215 92 175 1.9 1.9 1.9 

Clstn2 459 852 604 1128 1.9 1.9 1.9 

Kcnb2 67 112 73 147 1.7 2.0 1.9 

AA986860 2145 3617 1812 3644 1.7 2.0 1.8 

Kif26b 59 116 90 156 2.0 1.7 1.8 

Adora1 335 677 441 737 2.0 1.7 1.8 

Akr1b7 104 193 94 171 1.9 1.8 1.8 

Apol8 235 497 325 503 2.1 1.5 1.8 

Scube2 163 318 164 281 2.0 1.7 1.8 

Sox9 212 455 304 461 2.1 1.5 1.8 

Negr1 68 130 79 137 1.9 1.8 1.8 

Tdrp 2002 3875 2258 3893 1.9 1.7 1.8 

Rhbg 76 123 59 119 1.6 2.0 1.8 

Kcnmb4 256 480 357 632 1.9 1.8 1.8 

Gstm1 36216 69303 35998 61606 1.9 1.7 1.8 

Erc2 106 223 171 258 2.1 1.5 1.8 

AI661453 1202 1810 1508 3168 1.5 2.1 1.8 

Ap1s3 1790 2865 1828 3665 1.6 2.0 1.8 

Adamts17 410 771 584 1005 1.9 1.7 1.8 

Tmco4 2236 3768 2320 4442 1.7 1.9 1.8 

Flrt1 1475 2749 1747 3033 1.9 1.7 1.8 

Rspo1 385 627 382 751 1.6 2.0 1.8 

Nrip3 331 584 363 664 1.8 1.8 1.8 

Tmem132c 274 476 300 556 1.7 1.9 1.8 

1700047E10Rik 288 594 267 407 2.1 1.5 1.8 

Tmem145 108 172 140 278 1.6 2.0 1.8 

Plce1 129 222 117 216 1.7 1.8 1.8 

Extl1 104 192 130 224 1.9 1.7 1.8 

Cck 165 314 176 294 1.9 1.7 1.8 

Cldn8 2474 4897 2654 4212 2.0 1.6 1.8 

Nedd4l 183 326 226 400 1.8 1.8 1.8 

Acer2 86 152 66 117 1.8 1.8 1.8 

Casz1 451 873 651 1049 1.9 1.6 1.8 

Hoxd3 192 360 213 357 1.9 1.7 1.8 

Dner 168 304 203 352 1.8 1.7 1.8 

Cdh1 3249 5399 3677 6895 1.7 1.9 1.8 

Pllp 475 787 541 1016 1.7 1.9 1.8 

Sh3gl2 382 656 355 640 1.7 1.8 1.8 

1110035H17Rik 61 106 70 125 1.7 1.8 1.8 
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Grhl3 2835 4935 2728 4812 1.7 1.8 1.8 

Mycl 483 797 512 944 1.7 1.8 1.7 

Plagl2 78 142 86 144 1.8 1.7 1.7 

Cspg5 336 505 366 727 1.5 2.0 1.7 

5031439G07Rik 85 157 74 121 1.9 1.6 1.7 

Thsd4 499 910 460 763 1.8 1.7 1.7 

Ajap1 158 282 166 282 1.8 1.7 1.7 

Pou3f3 74 133 69 116 1.8 1.7 1.7 

Fgfr4 173 317 226 364 1.8 1.6 1.7 

Ntng1 180 304 221 387 1.7 1.8 1.7 

Foxa1 7147 11579 8244 15049 1.6 1.8 1.7 

Wnt4 5555 8403 6893 13296 1.5 1.9 1.7 

Pvrl4 207 365 279 470 1.8 1.7 1.7 

Tox3 91 140 90 169 1.5 1.9 1.7 

Rnf186 81 122 57 110 1.5 1.9 1.7 

Palm3 78 135 83 139 1.7 1.7 1.7 

Kcng1 159 245 208 391 1.5 1.9 1.7 

Fam183b 240 450 270 418 1.9 1.5 1.7 

Jag2 312 529 376 650 1.7 1.7 1.7 

Usp27x 83 142 96 165 1.7 1.7 1.7 

Wnt10a 295 447 407 773 1.5 1.9 1.7 

Scube3 713 1171 874 1542 1.6 1.8 1.7 

Tmem229a 351 641 425 670 1.8 1.6 1.7 

Crebl2 139 260 140 213 1.9 1.5 1.7 

Nkd1 3144 5014 4259 7651 1.6 1.8 1.7 

Ppcdc 76 142 79 119 1.9 1.5 1.7 

Prss12 92 169 156 240 1.8 1.5 1.7 

Foxl1 607 933 843 1541 1.5 1.8 1.7 

Col26a1 397 685 516 843 1.7 1.6 1.7 

Mgat3 717 1138 765 1351 1.6 1.8 1.7 

Adssl1 1312 2227 1489 2463 1.7 1.7 1.7 

Sfrp2 7770 11849 8925 16285 1.5 1.8 1.7 

Ppp1r26 164 264 214 371 1.6 1.7 1.7 

Tyro3 4370 7576 5890 9500 1.7 1.6 1.7 

Gm6403 133 230 170 273 1.7 1.6 1.7 

Lrrc8b 564 945 639 1064 1.7 1.7 1.7 

Llgl2 1326 2143 1406 2405 1.6 1.7 1.7 

Cpm 422 659 397 699 1.6 1.8 1.7 

Gldc 971 1607 1080 1797 1.7 1.7 1.7 

Faah 106 188 117 181 1.8 1.5 1.7 

Evpl 4158 6482 4770 8275 1.6 1.7 1.6 

Fgfr3 2429 3894 2611 4391 1.6 1.7 1.6 

Rgl3 2235 3756 2760 4420 1.7 1.6 1.6 

Grhl2 88 147 77 123 1.7 1.6 1.6 

Cux2 215 336 263 452 1.6 1.7 1.6 
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Diap1 161 282 168 256 1.7 1.5 1.6 

Wnt6 388 590 563 986 1.5 1.8 1.6 

Shisa2 122 191 159 270 1.6 1.7 1.6 

Engase 440 714 562 925 1.6 1.6 1.6 

Fam160a1 508 762 623 1100 1.5 1.8 1.6 

Mzf1 265 436 342 554 1.6 1.6 1.6 

Cyp4f15 397 670 333 525 1.7 1.6 1.6 

Cutal 96 148 102 176 1.5 1.7 1.6 

Itpr3 3995 6323 4691 7822 1.6 1.7 1.6 

Nckap5 178 280 188 315 1.6 1.7 1.6 

Kctd1 320 488 373 641 1.5 1.7 1.6 

D430019H16Rik 1488 2448 2000 3184 1.6 1.6 1.6 

Tmem191c 809 1221 1065 1838 1.5 1.7 1.6 

4930426D05Rik 93 151 96 154 1.6 1.6 1.6 

Plekhh1 2677 4478 3219 5014 1.7 1.6 1.6 

Smcp 90 148 74 118 1.6 1.6 1.6 

ENSMUST00000071101 61 105 83 126 1.7 1.5 1.6 

Ror2 1683 2589 2180 3647 1.5 1.7 1.6 

Prkar1b 81 136 91 138 1.7 1.5 1.6 

Gm13547 90 144 78 125 1.6 1.6 1.6 

Aldh5a1 987 1604 1503 2360 1.6 1.6 1.6 

Hoxd11 1580 2675 1929 2896 1.7 1.5 1.6 

Nr2f1 8866 13767 10888 17850 1.6 1.6 1.6 

Abcc3 3732 5899 3722 5991 1.6 1.6 1.6 

Sapcd2 426 716 449 675 1.7 1.5 1.6 

Trim41 13038 21382 16884 26082 1.6 1.5 1.6 

Epb4.1l4b 4141 6682 4706 7389 1.6 1.6 1.6 

Sprn 523 834 520 824 1.6 1.6 1.6 

Ppp1r10 119 192 124 192 1.6 1.6 1.6 

Slc7a8 326 491 311 516 1.5 1.7 1.6 

Arhgef10l 3653 5733 4780 7598 1.6 1.6 1.6 

Sncaip 2312 3581 2580 4153 1.5 1.6 1.6 

Lrrc8e 1224 1841 1144 1887 1.5 1.6 1.6 

Mal 31908 49382 32262 51742 1.5 1.6 1.6 

C77080 4510 7046 5949 9439 1.6 1.6 1.6 

Ism1 423 639 459 751 1.5 1.6 1.6 

9530068E07Rik 18816 29520 23794 37540 1.6 1.6 1.6 

Aifm3 72 112 67 107 1.6 1.6 1.6 

Sesn3 1901 3082 2129 3232 1.6 1.5 1.6 

Col16a1 2251 3503 2746 4330 1.6 1.6 1.6 

Map3k4 4440 7036 5451 8380 1.6 1.5 1.6 

Tmem132a 6321 9554 8549 13740 1.5 1.6 1.6 

Zbtb32 244 371 256 407 1.5 1.6 1.6 

Fbf1 114 178 134 208 1.6 1.6 1.6 

Gm15800 2606 4124 3355 5124 1.6 1.5 1.6 
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Rap1gap 299 475 319 483 1.6 1.5 1.6 

Mvb12b 4063 6229 5713 8868 1.5 1.6 1.5 

A_55_P2020072 932 1440 1056 1620 1.5 1.5 1.5 

Tmem25 242 373 247 379 1.5 1.5 1.5 

Nudt11 546 855 717 1080 1.6 1.5 1.5 

Igdcc4 2409 3686 2985 4573 1.5 1.5 1.5 

Inadl 1168 1785 1314 2014 1.5 1.5 1.5 

Gm10748 187 285 202 310 1.5 1.5 1.5 

Hpn 255 384 306 474 1.5 1.5 1.5 

Tigar 273 413 292 449 1.5 1.5 1.5 

Slc35g1 7613 11462 8926 13524 1.5 1.5 1.5 

 
Table S6. List of genes with increased expression in the microarray of E15.5 ureters of Fgfr1/2cDKO-

UM and control embryos cultured for 6 days. Shown are the gene names, the intensity of the two control 

and mutant ureter samples, the individual and the average (avg) fold change (FC). 

 

 

  Intensities Fold change (FC) 

Gene name control 1 mutant 1 control 2 mutant 2 FC 1 FC 2 avgFC 

Cfd 18721 7988 13456 768 -2.3 -17.5 -9.9 

Mup20 1054 609 640 37 -1.7 -17.3 -9.5 

Ces1d 384 172 284 17 -2.2 -16.6 -9.4 

Mrap 2060 678 1518 106 -3.0 -14.3 -8.7 

Mup1 4768 2235 2522 205 -2.1 -12.3 -7.2 

Wfdc21 286 177 288 24 -1.6 -12.1 -6.9 

Cidec 1509 849 1215 114 -1.8 -10.7 -6.2 

Thrsp 3715 1047 3003 346 -3.5 -8.7 -6.1 

Retn 1668 615 1588 171 -2.7 -9.3 -6.0 

Adipoq 5356 2371 4374 451 -2.3 -9.7 -6.0 

Ces1f 183 66 127 15 -2.8 -8.5 -5.6 

Mup3 219 126 133 15 -1.7 -8.9 -5.3 

ENSMUST00000120662 969 519 498 58 -1.9 -8.6 -5.2 

Myh6 1938 333 1880 451 -5.8 -4.2 -5.0 

Fabp4 15497 7075 15194 2103 -2.2 -7.2 -4.7 

LOC100048884 5444 2731 2635 361 -2.0 -7.3 -4.6 

Mup19 7333 3908 3931 532 -1.9 -7.4 -4.6 

Mup2 2741 1678 1663 221 -1.6 -7.5 -4.6 

ENSMUST00000178663 203 102 107 15 -2.0 -7.1 -4.6 

Mup17 2500 1319 1199 177 -1.9 -6.8 -4.3 

Gpd1 4581 1984 3579 563 -2.3 -6.4 -4.3 

Pck1 244 117 210 38 -2.1 -5.5 -3.8 

Scd1 18931 8858 13712 2512 -2.1 -5.5 -3.8 

Slc36a2 1835 1034 1653 298 -1.8 -5.5 -3.7 

Hp 11614 5132 7812 1752 -2.3 -4.5 -3.4 

Plin1 1386 894 1297 263 -1.5 -4.9 -3.2 

Ifi205 605 238 605 168 -2.5 -3.6 -3.1 
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Itih4 904 548 698 157 -1.6 -4.4 -3.0 

C6 230 107 159 41 -2.1 -3.9 -3.0 

Mup5 395 245 209 47 -1.6 -4.4 -3.0 

F13a1 481 198 465 139 -2.4 -3.3 -2.9 

TC1687046 327 154 137 38 -2.1 -3.6 -2.8 

Acp5 2981 1509 3841 1041 -2.0 -3.7 -2.8 

LOC102636514 110 46 164 53 -2.4 -3.1 -2.7 

Rxrg 140 64 116 36 -2.2 -3.2 -2.7 

AW112010 883 573 960 260 -1.5 -3.7 -2.6 

Gm1987 434 131 364 196 -3.3 -1.9 -2.6 

Vstm2l 140 60 120 43 -2.3 -2.8 -2.6 

Cartpt 1209 754 1499 442 -1.6 -3.4 -2.5 

A530016L24Rik 151 79 104 34 -1.9 -3.0 -2.5 

Mup4 1877 1173 1023 304 -1.6 -3.4 -2.5 

Gja5 438 182 336 132 -2.4 -2.5 -2.5 

Cxcl1 308 191 413 124 -1.6 -3.3 -2.5 

Cav3 1347 600 1187 456 -2.2 -2.6 -2.4 

Phox2b 149 65 199 82 -2.3 -2.4 -2.4 

Nefl 709 292 715 312 -2.4 -2.3 -2.4 

Serpina3f 255 116 139 56 -2.2 -2.5 -2.3 

Aspn 1002 471 985 393 -2.1 -2.5 -2.3 

A_55_P2145656 831 371 665 281 -2.2 -2.4 -2.3 

Tppp3 1461 600 1285 601 -2.4 -2.1 -2.3 

Cox8b 5553 2808 4652 1793 -2.0 -2.6 -2.3 

Krtap1-4 209 135 123 42 -1.6 -2.9 -2.2 

Gimap6 470 206 383 176 -2.3 -2.2 -2.2 

C3 8182 4395 6510 2501 -1.9 -2.6 -2.2 

Sprr2d 201 104 273 107 -1.9 -2.5 -2.2 

Ly6c1 416 234 350 132 -1.8 -2.6 -2.2 

Ly6d 9879 5036 6886 2803 -2.0 -2.5 -2.2 

Stmn3 221 105 309 138 -2.1 -2.2 -2.2 

Gimap4 122 55 131 61 -2.2 -2.1 -2.2 

Cpa2 149 56 116 70 -2.7 -1.7 -2.2 

Dusp26 230 111 286 127 -2.1 -2.3 -2.2 

Rgcc 1900 1231 1764 633 -1.5 -2.8 -2.2 

Ifi44 196 121 212 79 -1.6 -2.7 -2.2 

Camp 412 255 437 165 -1.6 -2.7 -2.1 

Lrg1 444 287 255 94 -1.5 -2.7 -2.1 

Stmn2 661 371 839 343 -1.8 -2.4 -2.1 

Svopl 401 158 385 229 -2.5 -1.7 -2.1 

P2ry12 108 62 115 47 -1.7 -2.4 -2.1 

Esm1 1563 964 1615 630 -1.6 -2.6 -2.1 

Sgcd 577 242 546 304 -2.4 -1.8 -2.1 

Poln 162 96 159 64 -1.7 -2.5 -2.1 

Mc2r 137 71 140 63 -1.9 -2.2 -2.1 
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Nr1h3 712 451 614 238 -1.6 -2.6 -2.1 

Saa2 107 54 114 53 -2.0 -2.2 -2.1 

Apoc1 7891 5145 6746 2595 -1.5 -2.6 -2.1 

4631405J19Rik 150 64 129 73 -2.3 -1.8 -2.1 

Agtr2 2498 1657 3125 1202 -1.5 -2.6 -2.1 

Gem 2689 1199 2626 1409 -2.2 -1.9 -2.1 

Gja4 744 294 464 296 -2.5 -1.6 -2.0 

Dbh 743 361 854 419 -2.1 -2.0 -2.0 

Slc6a12 152 84 138 61 -1.8 -2.3 -2.0 

Prlr 3545 1976 2968 1303 -1.8 -2.3 -2.0 

Maob 567 237 459 277 -2.4 -1.7 -2.0 

Icam2 2943 1489 2946 1428 -2.0 -2.1 -2.0 

Cnr1 425 271 506 205 -1.6 -2.5 -2.0 

Lama4 6516 3138 6377 3318 -2.1 -1.9 -2.0 

Apln 864 500 873 385 -1.7 -2.3 -2.0 

Sntg2 826 415 775 388 -2.0 -2.0 -2.0 

Dpt 2255 1012 1968 1122 -2.2 -1.8 -2.0 

Ifitm6 271 148 265 124 -1.8 -2.1 -2.0 

Rims1 193 96 147 75 -2.0 -2.0 -2.0 

Gng3 215 120 222 104 -1.8 -2.1 -2.0 

Mamdc2 352 155 287 173 -2.3 -1.7 -2.0 

Mustn1 542 322 453 205 -1.7 -2.2 -1.9 

Gpihbp1 1478 746 1105 582 -2.0 -1.9 -1.9 

Prph 268 136 251 133 -2.0 -1.9 -1.9 

Fcgr2b 729 451 834 370 -1.6 -2.3 -1.9 

Dclk3 245 115 245 142 -2.1 -1.7 -1.9 

Chil1 230 119 142 76 -1.9 -1.9 -1.9 

Phf11d 1566 927 1408 665 -1.7 -2.1 -1.9 

Mrap2 390 239 438 202 -1.6 -2.2 -1.9 

Capn3 513 269 582 308 -1.9 -1.9 -1.9 

Sox7 222 126 241 119 -1.8 -2.0 -1.9 

Isg15 297 180 308 146 -1.7 -2.1 -1.9 

Batf 282 163 273 135 -1.7 -2.0 -1.9 

Tescl 173 85 152 92 -2.0 -1.7 -1.9 

Ednrb 2451 1248 2156 1238 -2.0 -1.7 -1.9 

Ppbp 106 69 195 90 -1.5 -2.2 -1.8 

Acsl1 750 494 616 284 -1.5 -2.2 -1.8 

Tnnc2 800 414 735 421 -1.9 -1.7 -1.8 

Olfr523 327 212 220 105 -1.5 -2.1 -1.8 

Mme 193 112 185 97 -1.7 -1.9 -1.8 

Sult1a1 214 119 175 96 -1.8 -1.8 -1.8 

Agpat9 1305 852 1220 588 -1.5 -2.1 -1.8 

Abca17 259 155 145 75 -1.7 -1.9 -1.8 

Sgcg 161 106 154 74 -1.5 -2.1 -1.8 

Cd52 2033 1312 2004 979 -1.6 -2.0 -1.8 
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Afap1l1 641 312 542 352 -2.1 -1.5 -1.8 

Sgca 253 130 185 114 -1.9 -1.6 -1.8 

Tpmt 666 363 599 346 -1.8 -1.7 -1.8 

Scg2 147 92 212 108 -1.6 -2.0 -1.8 

Sncg 388 249 294 148 -1.6 -2.0 -1.8 

Phf11a 520 337 482 241 -1.5 -2.0 -1.8 

Ltc4s 1183 698 895 485 -1.7 -1.8 -1.8 

Mmp9 139 75 208 125 -1.9 -1.7 -1.8 

Ly6k 185 103 159 93 -1.8 -1.7 -1.8 

A_55_P2112097 1591 1036 140 71 -1.5 -2.0 -1.8 

Bche 3900 2011 3485 2225 -1.9 -1.6 -1.8 

Fcna 279 165 214 119 -1.7 -1.8 -1.7 

Adamdec1 921 515 951 561 -1.8 -1.7 -1.7 

Cd33 155 91 130 73 -1.7 -1.8 -1.7 

Emcn 247 147 205 115 -1.7 -1.8 -1.7 

Cdh13 519 277 394 249 -1.9 -1.6 -1.7 

Lgals9 1724 1136 1403 727 -1.5 -1.9 -1.7 

B230114P17Rik 234 147 227 124 -1.6 -1.8 -1.7 

Grap 170 90 167 110 -1.9 -1.5 -1.7 

Akr1c14 561 315 514 315 -1.8 -1.6 -1.7 

Vat1l 210 122 299 177 -1.7 -1.7 -1.7 

Upp1 272 167 247 139 -1.6 -1.8 -1.7 

Pde4b 864 481 799 498 -1.8 -1.6 -1.7 

Ostn 187 123 250 133 -1.5 -1.9 -1.7 

Igfbp3 3208 2025 2916 1607 -1.6 -1.8 -1.7 

Tie1 132 74 111 68 -1.8 -1.6 -1.7 

Cox7a1 1255 796 1133 623 -1.6 -1.8 -1.7 

Sulf1 2609 1449 2174 1367 -1.8 -1.6 -1.7 

Ccm2l 130 74 126 78 -1.8 -1.6 -1.7 

Nhlh1 2346 1286 1152 749 -1.8 -1.5 -1.7 

Cd209d 310 168 247 164 -1.8 -1.5 -1.7 

4833415N18Rik 1109 611 728 481 -1.8 -1.5 -1.7 

Phox2a 202 116 293 185 -1.7 -1.6 -1.7 

Ifitm1 5233 3209 5036 2985 -1.6 -1.7 -1.7 

Tmprss3 3792 2228 2183 1354 -1.7 -1.6 -1.7 

Agpat2 1557 989 1187 683 -1.6 -1.7 -1.7 

Esam 659 371 608 398 -1.8 -1.5 -1.7 

Phf11b 684 447 577 328 -1.5 -1.8 -1.6 

Adra1b 10286 5850 5873 3854 -1.8 -1.5 -1.6 

Dpysl5 6035 3528 3615 2311 -1.7 -1.6 -1.6 

Itih3 466 278 505 316 -1.7 -1.6 -1.6 

1500015O10Rik 3047 1858 2985 1840 -1.6 -1.6 -1.6 

Astn1 153 94 177 109 -1.6 -1.6 -1.6 

Arhgap26 1356 792 985 643 -1.7 -1.5 -1.6 

Cldn15 1091 672 680 420 -1.6 -1.6 -1.6 



Part 2 

98 
 

Cd300a 1517 883 884 585 -1.7 -1.5 -1.6 

Pcdh12 235 141 247 158 -1.7 -1.6 -1.6 

Ccdc169 644 382 306 198 -1.7 -1.5 -1.6 

Nrn1 131 79 114 74 -1.7 -1.6 -1.6 

Acot3 4161 2509 2441 1571 -1.7 -1.6 -1.6 

Gpr84 171 111 167 101 -1.5 -1.6 -1.6 

Catsperd 1371 851 836 532 -1.6 -1.6 -1.6 

Ecscr 951 624 1011 612 -1.5 -1.7 -1.6 

Abca9 141 94 107 64 -1.5 -1.7 -1.6 

Tnmd 129 83 143 89 -1.6 -1.6 -1.6 

Rbakdn 235 147 146 93 -1.6 -1.6 -1.6 

Ushbp1 479 297 430 280 -1.6 -1.5 -1.6 

Naip7 534 355 322 196 -1.5 -1.6 -1.6 

Adrb1 287 187 160 99 -1.5 -1.6 -1.6 

Prkar2b 857 537 634 411 -1.6 -1.5 -1.6 

Th 1296 843 1000 626 -1.5 -1.6 -1.6 

Nat8l 113 73 102 64 -1.5 -1.6 -1.6 

Nos3 884 565 911 582 -1.6 -1.6 -1.6 

Gfra3 273 169 291 193 -1.6 -1.5 -1.6 

Myo18b 313 196 361 236 -1.6 -1.5 -1.6 

Tmem100 312 203 290 183 -1.5 -1.6 -1.6 

Proz 726 470 444 282 -1.5 -1.6 -1.6 

Cav2 796 496 600 399 -1.6 -1.5 -1.6 

Mfng 560 356 459 300 -1.6 -1.5 -1.6 

Sfrp1 4343 2789 3276 2117 -1.6 -1.5 -1.6 

Fcrls 610 403 402 253 -1.5 -1.6 -1.6 

Rac2 2992 1956 2216 1412 -1.5 -1.6 -1.5 

Irak3 614 393 496 325 -1.6 -1.5 -1.5 

AA416453 292 195 192 121 -1.5 -1.6 -1.5 

Rgs2 494 314 423 280 -1.6 -1.5 -1.5 

Rarres2 9925 6557 9292 5983 -1.5 -1.6 -1.5 

8430419L09Rik 5751 3704 3698 2447 -1.6 -1.5 -1.5 

Mef2a 3083 2014 2029 1329 -1.5 -1.5 -1.5 

Sp6 273 181 178 115 -1.5 -1.5 -1.5 

Coq10b 1376 891 1358 902 -1.5 -1.5 -1.5 

Ralgps1 3485 2258 2295 1527 -1.5 -1.5 -1.5 

4930589L23Rik 583 387 386 252 -1.5 -1.5 -1.5 

Snrnp27 478 314 318 210 -1.5 -1.5 -1.5 

Hpca 1981 1307 1207 795 -1.5 -1.5 -1.5 

 
Table S7. List of genes with decreased expression in the microarray of E15.5 ureters of Fgfr1/2cDKO-

UM and control embryos cultured for 6 days. Shown are the gene names, the intensity of the two control 

and mutant ureter samples, the individual and the average (avg) fold change (FC). 
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Table S8. Functional annotation by DAVID for genes with increased expression in the microarray of 

E15.5 Fgfr1/2cDKO-UM ureter explants cultured for 6 days. 
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Table S9. Functional annotation by DAVID for genes with decreased expression in the microarray of 

E15.5 Fgfr1/2cDKO-UM ureter explants cultured for 6 days. 
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 intensities fold change (FC) 

Gene Symbol 
control 

1 
mutant 

1 
control 

2 
mutant 

2 
control 

3 
mutant 

3 
control 

4 
mutant 

4 
FC 
1 

FC 
2 

FC 
3 

FC 
4 avgFC 

Upk1b 685 185 667 122 734 257 547 314 -3.7 -5.5 -2.9 -1.7 -3.4 

Prap1 697 96 254 165 150 73 109 84 -7.2 -1.5 -2.1 -1.3 -3.0 

Trnt1 1101 213 1034 290 214 159 401 308 -5.2 -3.6 -1.3 -1.3 -2.8 

Aldh3b2 130 53 139 47 158 65 146 73 -2.5 -2.9 -2.4 -2.0 -2.5 

Uap1l1 671 184 631 209 344 256 404 225 -3.6 -3.0 -1.3 -1.8 -2.4 

Gm9992 578 157 571 199 213 160 245 140 -3.7 -2.9 -1.3 -1.8 -2.4 

Anxa8 3349 1150 2942 1219 3629 1425 2912 1679 -2.9 -2.4 -2.5 -1.7 -2.4 

Zdhhc22 3489 1206 4238 1388 2121 1572 2935 1372 -2.9 -3.1 -1.3 -2.1 -2.4 

Itih2 254 92 253 71 179 135 163 114 -2.7 -3.5 -1.3 -1.4 -2.3 

Perp 5704 2105 5129 1887 4294 2292 4384 2831 -2.7 -2.7 -1.9 -1.5 -2.2 

Mgat4c 211 89 214 86 105 65 110 52 -2.4 -2.5 -1.6 -2.1 -2.1 

Sprr1a 909 435 1015 391 1344 658 1301 811 -2.1 -2.6 -2.0 -1.6 -2.1 

Apela 5613 2319 5182 1846 2907 1919 3327 2246 -2.4 -2.8 -1.5 -1.5 -2.1 

Fam183b 1109 490 1115 407 633 370 618 425 -2.3 -2.7 -1.7 -1.5 -2.0 

Fmo1 453 207 433 194 325 203 440 205 -2.2 -2.2 -1.6 -2.1 -2.0 

Batf 672 288 579 292 583 287 537 323 -2.3 -2.0 -2.0 -1.7 -2.0 

Ccl11 353 176 329 167 218 132 297 128 -2.0 -2.0 -1.6 -2.3 -2.0 

Aspn 609 321 597 283 398 232 523 241 -1.9 -2.1 -1.7 -2.2 -2.0 

Rab27b 682 312 750 276 443 334 541 352 -2.2 -2.7 -1.3 -1.5 -1.9 

D930019F10Rik 255 123 354 163 195 102 148 96 -2.1 -2.2 -1.9 -1.5 -1.9 

Igf1 167 92 164 82 198 102 239 126 -1.8 -2.0 -1.9 -1.9 -1.9 

Sdpr 11155 5596 10984 4192 6217 4476 7706 4768 -2.0 -2.6 -1.4 -1.6 -1.9 

Ndufa4l2 614 228 573 305 503 393 488 294 -2.7 -1.9 -1.3 -1.7 -1.9 

Ptn 12472 7565 11356 6102 10914 5807 11340 5379 -1.6 -1.9 -1.9 -2.1 -1.9 

Msln 1301 595 1198 644 1457 792 1374 954 -2.2 -1.9 -1.8 -1.4 -1.8 

Ptprd 200 77 172 81 167 126 152 120 -2.6 -2.1 -1.3 -1.3 -1.8 

Fxyd3 3648 1535 3476 1683 3338 2076 3032 2397 -2.4 -2.1 -1.6 -1.3 -1.8 

Cck 426 199 415 201 374 269 384 234 -2.1 -2.1 -1.4 -1.6 -1.8 

Lmcd1 965 480 1116 505 1261 890 1418 899 -2.0 -2.2 -1.4 -1.6 -1.8 

Fibin 4757 2762 4808 2104 3855 2579 4342 2607 -1.7 -2.3 -1.5 -1.7 -1.8 

Vcam1 8095 4701 6689 4890 5995 2906 6397 3202 -1.7 -1.4 -2.1 -2.0 -1.8 

Atp8a2 314 185 297 175 287 147 323 190 -1.7 -1.7 -1.9 -1.7 -1.8 

Snap91 215 151 268 94 173 130 173 123 -1.4 -2.9 -1.3 -1.4 -1.8 

Hpgd 577 325 574 273 494 282 482 362 -1.8 -2.1 -1.8 -1.3 -1.7 

Clec1b 261 174 251 168 184 97 226 109 -1.5 -1.5 -1.9 -2.1 -1.7 

Zfp949 953 543 1235 570 1004 664 864 585 -1.8 -2.2 -1.5 -1.5 -1.7 

Fam167b 574 359 542 336 590 296 675 396 -1.6 -1.6 -2.0 -1.7 -1.7 

Trim29 135 62 133 89 205 124 166 111 -2.2 -1.5 -1.7 -1.5 -1.7 

Krt20 219 126 214 139 293 140 239 160 -1.7 -1.5 -2.1 -1.5 -1.7 

Tmprss13 108 74 127 65 155 81 134 89 -1.5 -2.0 -1.9 -1.5 -1.7 

Ly6g6e 128 75 121 64 106 64 110 75 -1.7 -1.9 -1.7 -1.5 -1.7 

Ebf2 116 77 113 77 114 54 129 81 -1.5 -1.5 -2.1 -1.6 -1.7 

Lypd2 1151 611 1025 590 780 518 779 513 -1.9 -1.7 -1.5 -1.5 -1.7 
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Colec11 419 289 438 263 457 333 513 240 -1.5 -1.7 -1.4 -2.1 -1.7 

Serpina3f 465 237 420 236 330 217 317 234 -2.0 -1.8 -1.5 -1.4 -1.7 

Cebpa 241 112 165 117 236 156 212 137 -2.1 -1.4 -1.5 -1.5 -1.7 

Hba-x 7796 4898 6840 4089 7847 6167 10349 5045 -1.6 -1.7 -1.3 -2.1 -1.6 

Casp4 854 524 767 482 716 354 533 403 -1.6 -1.6 -2.0 -1.3 -1.6 

Cmbl 692 371 632 381 548 348 565 404 -1.9 -1.7 -1.6 -1.4 -1.6 

Gimap6 4437 2251 3573 2618 2967 2145 3545 1996 -2.0 -1.4 -1.4 -1.8 -1.6 

S100a5 263 133 244 145 236 150 227 178 -2.0 -1.7 -1.6 -1.3 -1.6 

Ifi203 185 101 167 124 197 99 165 125 -1.8 -1.3 -2.0 -1.3 -1.6 

Tmem37 10066 5790 9580 5531 7796 5014 7745 5423 -1.7 -1.7 -1.6 -1.4 -1.6 

Pf4 2851 1824 2656 1803 2001 1252 2395 1331 -1.6 -1.5 -1.6 -1.8 -1.6 

2200002D01Rik 2671 1512 2703 1431 2001 1356 1913 1486 -1.8 -1.9 -1.5 -1.3 -1.6 

Fam212a 308 209 318 220 345 213 462 245 -1.5 -1.4 -1.6 -1.9 -1.6 

Crabp1 6118 4027 5653 3758 3983 2518 4624 2563 -1.5 -1.5 -1.6 -1.8 -1.6 

Grap 602 342 552 398 388 234 440 280 -1.8 -1.4 -1.7 -1.6 -1.6 

Entpd2 409 225 409 255 351 237 396 271 -1.8 -1.6 -1.5 -1.5 -1.6 

ENS-
MUST00000199575 270 142 242 141 378 275 348 253 -1.9 -1.7 -1.4 -1.4 -1.6 

Cthrc1 3009 1649 2934 1583 2223 1618 2265 1745 -1.8 -1.9 -1.4 -1.3 -1.6 

Car3 21565 15481 20800 11701 18594 14301 25949 13859 -1.4 -1.8 -1.3 -1.9 -1.6 

Pon3 1974 1158 1811 988 1239 928 1358 950 -1.7 -1.8 -1.3 -1.4 -1.6 

8430408G22Rik 417 293 436 299 678 424 822 456 -1.4 -1.5 -1.6 -1.8 -1.6 

Cbr2 131 88 120 70 142 95 127 80 -1.5 -1.7 -1.5 -1.6 -1.6 

Tmem204 626 323 509 342 494 336 478 354 -1.9 -1.5 -1.5 -1.4 -1.6 

Grhl3 802 580 1057 549 1483 1003 1547 1059 -1.4 -1.9 -1.5 -1.5 -1.6 

Ifi27l2a 1333 893 1252 943 873 463 871 579 -1.5 -1.3 -1.9 -1.5 -1.6 

Ccl24 248 138 230 175 174 121 193 117 -1.8 -1.3 -1.4 -1.6 -1.5 

Serpina3g 297 186 277 191 286 214 344 190 -1.6 -1.4 -1.3 -1.8 -1.5 

C1qb 502 299 463 250 381 289 371 279 -1.7 -1.9 -1.3 -1.3 -1.5 

Gem 607 370 526 400 687 423 685 428 -1.6 -1.3 -1.6 -1.6 -1.5 

Rab3b 500 383 540 295 619 440 627 387 -1.3 -1.8 -1.4 -1.6 -1.5 

Clec1a 229 143 218 134 159 104 184 131 -1.6 -1.6 -1.5 -1.4 -1.5 

Gimap4 3783 2428 3386 2370 2392 1753 3228 1786 -1.6 -1.4 -1.4 -1.8 -1.5 

Krt19 13801 7732 13406 7522 14290 11286 14605 11071 -1.8 -1.8 -1.3 -1.3 -1.5 

Hsd17b14 266 155 291 183 357 240 315 236 -1.7 -1.6 -1.5 -1.3 -1.5 

Guca1a 214 128 164 131 128 90 139 78 -1.7 -1.3 -1.4 -1.8 -1.5 

Emcn 1400 903 1311 808 1222 817 1313 905 -1.5 -1.6 -1.5 -1.5 -1.5 

Fgfr1 594 349 546 366 821 547 645 454 -1.7 -1.5 -1.5 -1.4 -1.5 

BC028528 1856 1194 1771 1078 1577 979 1378 1062 -1.6 -1.6 -1.6 -1.3 -1.5 

Grrp1 5351 3105 4589 3506 3523 2234 3891 2608 -1.7 -1.3 -1.6 -1.5 -1.5 

Ctnna2 1834 1243 1906 1128 1662 1146 1594 1094 -1.5 -1.7 -1.5 -1.5 -1.5 

Xaf1 179 114 174 114 200 120 163 125 -1.6 -1.5 -1.7 -1.3 -1.5 

Asb4 3496 2538 3273 2091 2202 1638 2893 1642 -1.4 -1.6 -1.3 -1.8 -1.5 

ENS-
MUST00000128900 870 635 937 538 733 531 969 622 -1.4 -1.7 -1.4 -1.6 -1.5 

Klhl6 242 150 227 138 186 132 186 136 -1.6 -1.6 -1.4 -1.4 -1.5 

Procr 1766 1405 1922 1406 2923 1673 2936 1779 -1.3 -1.4 -1.7 -1.6 -1.5 
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Hbb-bh1 9192 6356 7472 4579 4939 3793 6121 3765 -1.4 -1.6 -1.3 -1.6 -1.5 

Vsig2 769 519 807 556 902 532 848 619 -1.5 -1.5 -1.7 -1.4 -1.5 

Sh3bgrl2 148 91 147 83 105 84 112 84 -1.6 -1.8 -1.3 -1.3 -1.5 

Sdcbp2 379 238 368 242 373 257 339 243 -1.6 -1.5 -1.5 -1.4 -1.5 

9230102K24Rik 335 218 289 221 206 129 213 141 -1.5 -1.3 -1.6 -1.5 -1.5 

Tyrobp 1686 1012 1552 1142 1322 983 1339 847 -1.7 -1.4 -1.3 -1.6 -1.5 

Adora2b 269 176 238 178 213 160 268 154 -1.5 -1.3 -1.3 -1.7 -1.5 

Il2rg 184 123 189 109 171 125 184 137 -1.5 -1.7 -1.4 -1.3 -1.5 

Fcer1g 1580 1022 1653 1106 1226 915 1163 754 -1.5 -1.5 -1.3 -1.5 -1.5 

Hapln1 2226 1523 2146 1342 1559 1064 1819 1304 -1.5 -1.6 -1.5 -1.4 -1.5 

BC049762 254 168 202 161 158 102 167 106 -1.5 -1.3 -1.6 -1.6 -1.5 

Col14a1 1069 768 950 676 1255 801 1367 890 -1.4 -1.4 -1.6 -1.5 -1.5 

Ifitm1 1451 927 1233 960 976 672 1161 730 -1.6 -1.3 -1.5 -1.6 -1.5 

AI314604 106 68 130 77 120 89 113 88 -1.6 -1.7 -1.4 -1.3 -1.5 

Ms4a6c 121 85 128 83 121 79 106 76 -1.4 -1.5 -1.5 -1.4 -1.5 

Lgals9 335 256 343 206 336 259 390 250 -1.3 -1.7 -1.3 -1.6 -1.5 

S100a13 3480 2331 3009 2245 2418 1686 2760 1764 -1.5 -1.3 -1.4 -1.6 -1.5 

Ugt1a6b 553 414 555 349 441 320 462 305 -1.3 -1.6 -1.4 -1.5 -1.5 

Sntg1 167 124 159 103 111 85 119 74 -1.3 -1.5 -1.3 -1.6 -1.5 

Gas2 5368 3874 5065 3193 3317 2615 3619 2308 -1.4 -1.6 -1.3 -1.6 -1.5 

Pon2 317 216 334 193 354 272 358 276 -1.5 -1.7 -1.3 -1.3 -1.4 

BC025446 142 107 131 90 256 162 212 149 -1.3 -1.5 -1.6 -1.4 -1.4 

Ppp2r2b 688 454 689 405 609 486 673 514 -1.5 -1.7 -1.3 -1.3 -1.4 

Sfn 278 161 238 174 405 309 358 261 -1.7 -1.4 -1.3 -1.4 -1.4 

Adgrl4 143 110 133 92 142 113 215 123 -1.3 -1.4 -1.3 -1.7 -1.4 

S100a16 9134 6566 9247 6001 7467 5663 8467 5612 -1.4 -1.5 -1.3 -1.5 -1.4 

H2-T10 481 336 481 299 460 328 473 359 -1.4 -1.6 -1.4 -1.3 -1.4 

Tmem140 192 149 231 138 211 140 173 136 -1.3 -1.7 -1.5 -1.3 -1.4 

Dapk2 230 157 192 151 212 123 187 146 -1.5 -1.3 -1.7 -1.3 -1.4 

Gm11744 188 119 192 147 149 104 147 105 -1.6 -1.3 -1.4 -1.4 -1.4 

Ipo11 128 85 123 90 133 93 125 89 -1.5 -1.4 -1.4 -1.4 -1.4 

Sult1a1 705 487 642 504 569 413 703 438 -1.4 -1.3 -1.4 -1.6 -1.4 

Ushbp1 2029 1404 2069 1538 2417 1602 2201 1575 -1.4 -1.3 -1.5 -1.4 -1.4 

Rnd2 571 372 532 348 532 408 542 409 -1.5 -1.5 -1.3 -1.3 -1.4 

Nrros 3129 2175 3220 2071 2868 2207 2787 2003 -1.4 -1.6 -1.3 -1.4 -1.4 

Pecam1 414 299 460 265 491 385 449 349 -1.4 -1.7 -1.3 -1.3 -1.4 

Fap 12110 8809 10885 7111 7843 5769 7944 5694 -1.4 -1.5 -1.4 -1.4 -1.4 

A_55_P1953377 14433 9616 14227 9643 15944 12122 15921 11686 -1.5 -1.5 -1.3 -1.4 -1.4 

Trem2 938 584 917 649 656 520 571 418 -1.6 -1.4 -1.3 -1.4 -1.4 

Plod2 2476 1798 2152 1448 1747 1374 2083 1422 -1.4 -1.5 -1.3 -1.5 -1.4 

Aspa 100 80 118 75 103 80 104 73 -1.3 -1.6 -1.3 -1.4 -1.4 

Kcnk6 1290 909 1388 1059 1509 1020 1403 1053 -1.4 -1.3 -1.5 -1.3 -1.4 

Postn 23180 18502 22838 16403 20220 14201 20427 13936 -1.3 -1.4 -1.4 -1.5 -1.4 

Tmem255a 120 91 105 84 146 90 133 103 -1.3 -1.3 -1.6 -1.3 -1.4 

Aldh3b1 108 80 102 80 107 75 141 99 -1.3 -1.3 -1.4 -1.4 -1.4 
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Tnfaip8l1 7475 4799 6308 5005 5225 3906 5792 4493 -1.6 -1.3 -1.3 -1.3 -1.4 

Lamb3 566 411 657 501 1028 713 932 721 -1.4 -1.3 -1.4 -1.3 -1.4 

Lmo2 4072 3118 3853 3046 3488 2443 3818 2727 -1.3 -1.3 -1.4 -1.4 -1.3 

Cep162 295 235 274 199 253 199 243 163 -1.3 -1.4 -1.3 -1.5 -1.3 

Ifitm3 6043 4525 5711 4155 5792 4585 6247 4399 -1.3 -1.4 -1.3 -1.4 -1.3 

Twist1 1739 1379 1632 1254 1370 1028 1474 987 -1.3 -1.3 -1.3 -1.5 -1.3 

HQ258995 716 554 666 470 812 588 675 521 -1.3 -1.4 -1.4 -1.3 -1.3 

Lama4 4114 3278 4404 3315 5449 4237 6127 4118 -1.3 -1.3 -1.3 -1.5 -1.3 

Has2 4259 3325 4416 3238 4023 2939 4257 3233 -1.3 -1.4 -1.4 -1.3 -1.3 

Gm266 315 235 268 201 311 248 363 262 -1.3 -1.3 -1.3 -1.4 -1.3 

Tnfaip2 155 116 151 118 246 180 235 177 -1.3 -1.3 -1.4 -1.3 -1.3 

H2-Q2 958 696 851 635 916 728 848 640 -1.4 -1.3 -1.3 -1.3 -1.3 

H2-Q8 366 280 333 263 418 312 341 260 -1.3 -1.3 -1.3 -1.3 -1.3 

ENS-
MUST00000174699 496 384 447 345 541 404 465 362 -1.3 -1.3 -1.3 -1.3 -1.3 

Gm11127 466 352 419 333 486 360 399 317 -1.3 -1.3 -1.3 -1.3 -1.3 

 
 

Table S10. List of genes with decreased expression in the microarray of E14.5 ureters of Fgfr1/2cDKO-

UM and control embryos. Shown are the gene names, the intensity of the four control and mutant ureter 

samples, the individual and the average fold change (FC, avgFC). 

 
 

 intensities fold change (FC) 

Gene Symbol 
control 

1 
mutant 

1 
control 

2 
mutant 

2 
control 

3 
mutant 

3 
control 

4 
mutant 

4 
FC 
1 

FC 
2 

FC 
3 

FC 
4 avgFC 

D030062O11Rik 41 195 37 207 34 165 35 209 4.8 5.5 4.9 6.1 5.3 

Aldh1a3 619 2912 496 2824 856 2849 820 3388 4.7 5.7 3.3 4.1 4.5 

LOC552873 44 280 56 272 219 494 144 421 6.3 4.9 2.3 2.9 4.1 

Sp5 54 245 49 256 145 335 121 357 4.5 5.2 2.3 2.9 3.8 

Dlc1 28 132 29 190 259 363 188 370 4.7 6.5 1.4 2.0 3.6 

Gria1 79 258 73 304 134 227 111 312 3.3 4.2 1.7 2.8 3.0 

Cntn1 1289 3443 1222 3396 1458 3008 1221 3174 2.7 2.8 2.1 2.6 2.5 

B4galnt2 116 382 115 323 164 329 213 267 3.3 2.8 2.0 1.3 2.3 

Kcnma1 172 380 225 376 162 436 177 427 2.2 1.7 2.7 2.4 2.2 

E330013P04Rik 72 178 74 170 61 151 79 118 2.5 2.3 2.5 1.5 2.2 

Dclk3 47 151 56 129 70 121 79 112 3.2 2.3 1.7 1.4 2.2 

Tfcp2l1 2807 6681 3016 8046 3421 7183 4156 6090 2.4 2.7 2.1 1.5 2.2 

Slc7a8 412 857 329 1099 373 522 320 555 2.1 3.3 1.4 1.7 2.1 

Klhl14 218 561 222 561 281 489 291 454 2.6 2.5 1.7 1.6 2.1 

1700011H14Rik 1478 3655 1401 3222 977 1825 1080 1877 2.5 2.3 1.9 1.7 2.1 

D430041D05Rik 615 1198 527 1393 815 1183 617 1379 1.9 2.6 1.5 2.2 2.1 

BC021891 253 666 272 619 348 616 381 585 2.6 2.3 1.8 1.5 2.1 

Tfap2b 293 839 323 658 345 596 410 607 2.9 2.0 1.7 1.5 2.0 

D230018H15Rik 192 416 264 450 232 434 272 631 2.2 1.7 1.9 2.3 2.0 

Epha8 588 1026 597 1299 1165 1727 679 1785 1.7 2.2 1.5 2.6 2.0 

Wnt9b 204 491 205 529 316 512 344 492 2.4 2.6 1.6 1.4 2.0 

AI593442 350 670 335 643 409 731 304 721 1.9 1.9 1.8 2.4 2.0 
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Itga4 1397 3010 1757 2774 2052 4212 1823 3876 2.2 1.6 2.1 2.1 2.0 

Spink8 1756 3948 1707 3326 1328 2583 1523 2680 2.2 1.9 1.9 1.8 2.0 

Cyp26a1 77 139 68 128 105 202 94 216 1.8 1.9 1.9 2.3 2.0 

Afm 231 500 213 469 215 370 195 344 2.2 2.2 1.7 1.8 2.0 

Nlgn1 141 342 138 293 103 192 145 202 2.4 2.1 1.9 1.4 1.9 

Lama1 1981 4755 2100 5105 3182 4018 2971 5000 2.4 2.4 1.3 1.7 1.9 

Foxl1 1668 3557 1847 3960 2543 4079 2117 3925 2.1 2.1 1.6 1.9 1.9 

Rprm 3107 4756 2696 4811 1873 4382 1978 3930 1.5 1.8 2.3 2.0 1.9 

Fbxo32 149 284 138 331 186 247 156 303 1.9 2.4 1.3 2.0 1.9 

Fhod3 284 642 303 538 346 613 321 541 2.3 1.8 1.8 1.7 1.9 

4122401K19Rik 142 381 198 361 297 417 261 414 2.7 1.8 1.4 1.6 1.9 

Celsr1 1501 3448 1583 3456 1775 2744 1717 2473 2.3 2.2 1.5 1.4 1.9 

Hoxd13 359 826 329 638 468 836 506 725 2.3 1.9 1.8 1.4 1.9 

Habp2 1669 3251 1397 3105 1600 2758 1964 3066 1.9 2.2 1.7 1.6 1.9 

Kcnd3 1225 2525 1551 2589 1208 2270 1171 2119 2.1 1.7 1.9 1.8 1.9 

Fgf9 630 1222 662 1133 561 1213 589 935 1.9 1.7 2.2 1.6 1.8 

Usp2 380 848 389 939 586 835 568 744 2.2 2.4 1.4 1.3 1.8 

AW011956 160 328 161 372 216 336 217 313 2.1 2.3 1.6 1.4 1.8 

Tinag 140 239 120 185 124 245 131 275 1.7 1.5 2.0 2.1 1.8 

Hs3st6 1381 2093 1094 2724 1099 1969 1299 1958 1.5 2.5 1.8 1.5 1.8 

Nell1 1339 2528 1427 2487 1140 2237 1287 2182 1.9 1.7 2.0 1.7 1.8 

G6pc2 150 313 142 323 100 166 140 176 2.1 2.3 1.7 1.3 1.8 

Tnfaip6 101 175 76 185 86 146 100 138 1.7 2.4 1.7 1.4 1.8 

Kcnj10 126 233 132 297 159 288 176 235 1.8 2.2 1.8 1.3 1.8 

TC1605611 1962 3255 1334 3164 1397 1949 1244 2233 1.7 2.4 1.4 1.8 1.8 

Shh 64 206 86 108 98 146 120 150 3.2 1.3 1.5 1.3 1.8 

Emx2 298 662 361 594 420 783 486 693 2.2 1.6 1.9 1.4 1.8 

Gdf5 281 487 255 592 233 357 203 313 1.7 2.3 1.5 1.5 1.8 

Dcdc2a 405 827 420 733 527 868 488 814 2.0 1.7 1.6 1.7 1.8 

Spsb4 1133 1884 1076 2004 1142 2213 1329 2166 1.7 1.9 1.9 1.6 1.8 

Fbxw25 60 135 73 113 108 205 116 164 2.2 1.5 1.9 1.4 1.8 

Synpo2 212 480 231 430 263 361 275 432 2.3 1.9 1.4 1.6 1.8 

Lrp2 418 903 500 789 500 991 614 817 2.2 1.6 2.0 1.3 1.8 

Axin2 197 412 219 379 312 460 250 431 2.1 1.7 1.5 1.7 1.8 

Nhlrc4 145 296 176 354 224 348 218 303 2.0 2.0 1.6 1.4 1.7 

Fut9 273 450 270 453 225 369 207 410 1.6 1.7 1.6 2.0 1.7 

LOC102637947 52151 94663 61495 128135 58873 93829 68005 96115 1.8 2.1 1.6 1.4 1.7 

Pappa2 169 294 171 301 373 560 280 533 1.7 1.8 1.5 1.9 1.7 

AK136433 104 130 87 184 91 129 68 143 1.3 2.1 1.4 2.1 1.7 

Padi2 1003 1504 875 2356 1241 1556 1046 1456 1.5 2.7 1.3 1.4 1.7 

1810041L15Rik 1977 3532 1901 4057 2777 3648 2586 4150 1.8 2.1 1.3 1.6 1.7 

AK132033 9566 14760 10675 23555 16892 29494 16144 21634 1.5 2.2 1.7 1.3 1.7 

Kcnc2 52 106 55 102 81 121 93 133 2.0 1.9 1.5 1.4 1.7 

Cntn3 539 1071 611 1015 676 1018 558 932 2.0 1.7 1.5 1.7 1.7 

Btc 125 218 141 184 78 149 104 187 1.7 1.3 1.9 1.8 1.7 
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Ism1 376 727 401 660 485 734 468 773 1.9 1.6 1.5 1.7 1.7 

Cys1 1005 1847 1004 1877 1387 2147 1317 1960 1.8 1.9 1.5 1.5 1.7 

Gm13178 85 169 91 188 119 162 106 140 2.0 2.1 1.4 1.3 1.7 

Mitf 946 2279 1117 1654 1174 1789 1131 1421 2.4 1.5 1.5 1.3 1.7 

Kif26b 71 126 75 127 105 148 77 136 1.8 1.7 1.4 1.8 1.7 

Arhgef38 166 284 177 230 132 282 163 241 1.7 1.3 2.1 1.5 1.7 

Adamts18 106 191 142 228 100 193 126 163 1.8 1.6 1.9 1.3 1.7 

Adgrg1 1008 1640 972 1865 1407 2312 1398 2029 1.6 1.9 1.6 1.5 1.7 

TC1616199 9217 13587 10068 21802 15605 25741 14626 19702 1.5 2.2 1.6 1.3 1.7 

Hkdc1 1561 3003 1800 3372 2405 3529 2461 3369 1.9 1.9 1.5 1.4 1.7 

Plch1 669 1198 638 1119 597 827 638 1087 1.8 1.8 1.4 1.7 1.7 

Dpp4 272 526 270 398 204 376 295 406 1.9 1.5 1.8 1.4 1.7 

Nudt10 1564 2828 1494 2776 1737 2309 1665 2716 1.8 1.9 1.3 1.6 1.7 

Sostdc1 184 302 213 334 265 441 251 437 1.6 1.6 1.7 1.7 1.7 

Cbln1 214 311 208 371 195 324 193 320 1.5 1.8 1.7 1.7 1.6 

Adra2c 783 1333 713 1423 918 1315 972 1375 1.7 2.0 1.4 1.4 1.6 

Slc16a10 163 251 150 287 208 311 206 331 1.5 1.9 1.5 1.6 1.6 

Hr 89 129 75 177 133 171 101 147 1.5 2.3 1.3 1.4 1.6 

Tox3 894 1668 1000 1679 974 1486 1088 1573 1.9 1.7 1.5 1.4 1.6 

4930426D05Rik 295 451 307 547 383 566 349 594 1.5 1.8 1.5 1.7 1.6 

Megf10 506 839 514 782 622 881 508 953 1.7 1.5 1.4 1.9 1.6 

Aif1l 5434 9001 4983 9891 6723 8672 5952 9171 1.7 2.0 1.3 1.5 1.6 

Fosl2 4522 6348 3992 7912 5394 7259 4557 7666 1.4 2.0 1.3 1.7 1.6 

3930401B19Rik 3573 5548 4049 6945 7075 11882 6160 8823 1.6 1.7 1.7 1.4 1.6 

Col2a1 1827 3562 2098 3311 2560 3316 2313 3543 1.9 1.6 1.3 1.5 1.6 

Veph1 396 667 430 741 465 722 494 682 1.7 1.7 1.6 1.4 1.6 

Elf5 532 862 525 822 494 747 494 806 1.6 1.6 1.5 1.6 1.6 

Nr2f1 14907 28711 17500 28058 18288 23353 15762 23741 1.9 1.6 1.3 1.5 1.6 

Fam149a 1897 3233 1987 3126 2098 3158 2229 3409 1.7 1.6 1.5 1.5 1.6 

Lrriq1 114 172 95 183 130 182 120 177 1.5 1.9 1.4 1.5 1.6 

Hoxd12 799 1186 717 1543 749 1043 834 1067 1.5 2.2 1.4 1.3 1.6 

Adamts8 92 145 82 154 132 185 126 177 1.6 1.9 1.4 1.4 1.6 

Tnfrsf19 258 481 287 400 299 503 352 461 1.9 1.4 1.7 1.3 1.6 

Scube3 3797 6625 3919 6471 4669 6713 4644 6428 1.7 1.7 1.4 1.4 1.6 

Prkg2 176 221 152 287 186 250 176 296 1.3 1.9 1.3 1.7 1.5 

Hhip 1065 1704 1337 1732 1613 2339 1180 2150 1.6 1.3 1.4 1.8 1.5 

Sema5b 160 284 160 278 253 322 260 358 1.8 1.7 1.3 1.4 1.5 

Skap1 197 291 169 306 169 242 204 291 1.5 1.8 1.4 1.4 1.5 

Ecm1 140 186 131 227 278 353 180 327 1.3 1.7 1.3 1.8 1.5 

Plac8 11458 15036 8508 16497 7974 10334 7974 12612 1.3 1.9 1.3 1.6 1.5 

Ppm1h 520 915 584 891 686 1003 664 901 1.8 1.5 1.5 1.4 1.5 

Fam78b 777 1057 846 1242 1083 1566 837 1531 1.4 1.5 1.4 1.8 1.5 

Smoc2 13897 25298 17040 25359 17435 23878 19050 27039 1.8 1.5 1.4 1.4 1.5 

Cobll1 961 1747 1044 1710 1291 1677 1317 1737 1.8 1.6 1.3 1.3 1.5 

Nt5dc3 2048 3359 2342 3160 2334 3715 2143 3171 1.6 1.3 1.6 1.5 1.5 
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Gcnt3 95 140 80 136 95 132 101 151 1.5 1.7 1.4 1.5 1.5 

Pnliprp1 426 613 383 511 445 768 468 717 1.4 1.3 1.7 1.5 1.5 

Htr2b 225 340 214 285 172 229 149 275 1.5 1.3 1.3 1.8 1.5 

Fgfr2 674 1087 753 1046 871 1299 799 1217 1.6 1.4 1.5 1.5 1.5 

Nedd4l 374 617 373 621 408 533 368 512 1.6 1.7 1.3 1.4 1.5 

Grb14 939 1514 960 1484 1176 1698 1162 1615 1.6 1.5 1.4 1.4 1.5 

Blnk 1062 1698 1034 1568 1202 1613 1145 1752 1.6 1.5 1.3 1.5 1.5 

Khdrbs2 123 181 138 181 135 223 144 223 1.5 1.3 1.7 1.5 1.5 

Gnal 160 258 180 247 143 222 125 180 1.6 1.4 1.6 1.4 1.5 

Aff1 731 1217 780 1289 1048 1320 923 1271 1.7 1.7 1.3 1.4 1.5 

Avpr1a 400 668 462 683 642 825 602 909 1.7 1.5 1.3 1.5 1.5 

Cry1 145 216 145 224 136 214 143 188 1.5 1.5 1.6 1.3 1.5 

Ptch1 465 763 532 749 536 800 535 726 1.6 1.4 1.5 1.4 1.5 

LOC102634401 194 310 213 319 183 259 179 247 1.6 1.5 1.4 1.4 1.5 

Fmn2 187 335 192 282 266 351 236 307 1.8 1.5 1.3 1.3 1.5 

Lrrc4 335 461 317 475 293 443 289 434 1.4 1.5 1.5 1.5 1.5 

Cxadr 2959 4552 2733 3918 2590 3667 2674 3989 1.5 1.4 1.4 1.5 1.5 

Actg1 48018 94006 65424 88350 58935 75072 54610 69935 2.0 1.4 1.3 1.3 1.5 

Bcl11a 844 1128 833 1430 693 880 598 919 1.3 1.7 1.3 1.5 1.5 

Ust 94 147 86 147 91 114 95 125 1.6 1.7 1.3 1.3 1.5 

Rad54l2 826 1456 971 1404 1173 1523 1047 1348 1.8 1.4 1.3 1.3 1.4 

Ptch2 92 141 102 150 135 195 122 165 1.5 1.5 1.4 1.4 1.4 

Tmtc1 88 125 80 130 123 171 118 158 1.4 1.6 1.4 1.3 1.4 

Plce1 101 150 103 160 100 129 91 130 1.5 1.5 1.3 1.4 1.4 

Aim1 2911 5134 3737 5345 4379 5591 4143 5228 1.8 1.4 1.3 1.3 1.4 

6330403L08Rik 520 899 615 898 740 930 651 819 1.7 1.5 1.3 1.3 1.4 

Lrrc8d 1635 2320 1600 2553 1965 2592 1917 2632 1.4 1.6 1.3 1.4 1.4 

Wisp1 2654 3913 2660 4170 3094 4266 2962 3795 1.5 1.6 1.4 1.3 1.4 

Dpp6 285 405 285 455 480 606 431 611 1.4 1.6 1.3 1.4 1.4 

D430019H16Rik 6303 11172 7413 10128 8040 10080 7640 9950 1.8 1.4 1.3 1.3 1.4 

Plcb1 702 1067 773 1064 754 955 674 1029 1.5 1.4 1.3 1.5 1.4 

Ylpm1 198 339 218 310 249 319 234 299 1.7 1.4 1.3 1.3 1.4 

Camta1 416 587 429 602 380 607 471 593 1.4 1.4 1.6 1.3 1.4 

Nav2 183 281 198 300 277 366 246 313 1.5 1.5 1.3 1.3 1.4 

Nudt11 1573 2562 1438 1968 1465 2009 1568 1987 1.6 1.4 1.4 1.3 1.4 

Traf3 4607 6932 4946 7104 4576 5815 4133 5777 1.5 1.4 1.3 1.4 1.4 

Tanc1 383 542 428 555 537 713 445 689 1.4 1.3 1.3 1.5 1.4 

Thsd7b 121 176 134 168 139 220 166 211 1.5 1.3 1.6 1.3 1.4 

Trp53bp2 840 1256 839 1266 855 1091 832 1073 1.5 1.5 1.3 1.3 1.4 

Ccdc85c 1736 2566 1781 2642 2504 3211 2255 2898 1.5 1.5 1.3 1.3 1.4 

Tcp11 441 565 429 642 368 500 363 494 1.3 1.5 1.4 1.4 1.4 

Rnf43 2202 3113 2622 3449 3451 4359 2949 4423 1.4 1.3 1.3 1.5 1.4 

Pcdh7 126 181 132 172 108 137 108 156 1.4 1.3 1.3 1.4 1.4 

Kdf1 1105 1553 1220 1801 1595 2092 1502 1881 1.4 1.5 1.3 1.3 1.4 

A430105I19Rik 281 395 274 386 350 440 286 392 1.4 1.4 1.3 1.4 1.4 
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Dusp8 158 197 136 187 225 350 223 280 1.3 1.4 1.6 1.3 1.4 

Penk 31439 39353 31498 42367 30259 39984 29054 43762 1.3 1.3 1.3 1.5 1.4 

Pde4dip 182 252 171 235 232 295 197 273 1.4 1.4 1.3 1.4 1.4 

Ap1s3 4724 5965 4875 6336 4287 6295 4152 5740 1.3 1.3 1.5 1.4 1.4 

Casz1 90 116 85 115 89 129 95 125 1.3 1.4 1.4 1.3 1.4 

2310079F09Rik 458 581 552 806 705 891 560 787 1.3 1.5 1.3 1.4 1.3 

Map7 222 298 216 304 293 378 282 378 1.3 1.4 1.3 1.3 1.3 

Trpv4 239 319 235 328 354 466 303 393 1.3 1.4 1.3 1.3 1.3 

Nphp3 215 270 224 291 188 271 173 229 1.3 1.3 1.4 1.3 1.3 

BB187676 143 201 127 165 101 127 103 136 1.4 1.3 1.3 1.3 1.3 

Prdm6 331 415 325 419 325 452 277 367 1.3 1.3 1.4 1.3 1.3 

Pcgf5 213 279 202 263 256 328 236 311 1.3 1.3 1.3 1.3 1.3 

Hoxd11 3224 4114 3770 4784 3103 3892 3205 4388 1.3 1.3 1.3 1.4 1.3 

 

Table S11. List of genes with increased expression in the microarray of E14.5 ureters of Fgfr1/2cDKO-

UM and control embryos. Shown are the gene names, the intensity of the four control and mutant ureter 

samples, the individual and the average fold change (FC, avgFC). 
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Table S12. Functional annotation clustering by DAVID for genes with decreased expression in the mi-

croarray of E14.5 Fgfr1/2cDKO-UM ureters. 
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Table S13. Functional annotation clustering by DAVID for genes with increased expression in the mi-

croarray of E14.5 Fgfr1/2cDKO-UM ureters. 
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Table S14A. RT-qPCR analysis of gene expression in control and Fgfr1/2DKO-UM ureters at E14.5. 

SD, standard derivation.  
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Table S14B. RT-qPCR analysis of gene expression in control and Fgfr1/2cDKO-UM ureters at E14.5. 

SD, standard derivation. 
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Table S14C. RT-qPCR analysis of gene expression in control and Fgfr1/2cDKO-UE ureters at E12.5 

cultured for 18 h in presence or absence of FGF10. SD, standard derivation. 
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Table S14D. RT-qPCR analysis of gene expression in control and Fgfr1/2cDKO-UM ureters at E14.5. 

SD, standard derivation. 
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Table S14E. RT-qPCR analysis of gene expression in control and Fgfr1/2cDKO-UE ureters at E14.5. 

SD, standard derivation. 
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Table S14F. RT-qPCR analysis of gene expression in control ureters at E12.5 cultured for 18 h in the 

presence or absence of FGF10. SD, standard derivation. 
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  Intensities Fold change (FC) 

Gene Symbol control 1 mutant 1 control 2 mutant 2 FC 1 FC 2 avgFC 

Hoxb8 4049 1540 2394 683 -2.6 -3.5 -3.1 

Nhlrc4 207 102 229 81 -2.0 -2.8 -2.4 

9030625G05Rik 125 62 136 50 -2.0 -2.7 -2.4 

Fosb 6737 3258 6583 2644 -2.1 -2.5 -2.3 

Gsta2 140 62 115 51 -2.3 -2.3 -2.3 

Hhip 1675 949 1790 677 -1.8 -2.6 -2.2 

Calcr 163 63 143 80 -2.6 -1.8 -2.2 

Gm10639 422 175 313 170 -2.4 -1.8 -2.1 

TC1605611 1490 597 1201 701 -2.5 -1.7 -2.1 

Mapk4 129 77 141 59 -1.7 -2.4 -2.0 

Kifc1 2229 837 1190 867 -2.7 -1.4 -2.0 

Ptch1 334 258 360 135 -1.3 -2.7 -2.0 

Tfcp2l1 5121 3507 3639 1463 -1.5 -2.5 -2.0 

AI661453 151 116 176 67 -1.3 -2.6 -2.0 

A930017K11Rik 247 137 265 126 -1.8 -2.1 -2.0 

Prr7 1088 598 786 383 -1.8 -2.1 -1.9 

Mia 1078 568 1291 658 -1.9 -2.0 -1.9 

Kcnj10 512 208 398 291 -2.5 -1.4 -1.9 

Fos 11268 5792 10197 5458 -1.9 -1.9 -1.9 

Rbm47 258 165 244 110 -1.6 -2.2 -1.9 

Mllt3 211 140 196 86 -1.5 -2.3 -1.9 

Egr1 17217 10467 16512 7781 -1.6 -2.1 -1.9 

Sprr2f 164 100 185 87 -1.6 -2.1 -1.9 

Diap1 285 219 228 93 -1.3 -2.5 -1.9 

Espn 153 77 140 79 -2.0 -1.8 -1.9 

Frmd5 242 125 196 108 -1.9 -1.8 -1.9 

Hs3st6 2505 1174 2230 1413 -2.1 -1.6 -1.9 

Mdn1 417 306 320 137 -1.4 -2.3 -1.8 

Fam150b 153 82 144 80 -1.9 -1.8 -1.8 

Ldoc1 555 366 661 309 -1.5 -2.1 -1.8 

Degs2 533 259 547 343 -2.1 -1.6 -1.8 

Pkhd1 166 118 159 71 -1.4 -2.2 -1.8 

Egr2 270 132 230 143 -2.0 -1.6 -1.8 

Sel1l3 614 316 548 323 -1.9 -1.7 -1.8 

Kcnj16 3144 1801 2521 1333 -1.7 -1.9 -1.8 

Eppk1 125 98 145 62 -1.3 -2.4 -1.8 

Gprin3 129 87 104 48 -1.5 -2.2 -1.8 
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Syt6 519 376 588 261 -1.4 -2.3 -1.8 

Slc44a1 141 111 144 61 -1.3 -2.3 -1.8 

Spry1 2579 1788 2188 1009 -1.4 -2.2 -1.8 

Cmtm4 1535 1192 1302 563 -1.3 -2.3 -1.8 

Bbx 155 118 106 47 -1.3 -2.2 -1.8 

Tfap2b 1115 596 943 561 -1.9 -1.7 -1.8 

Spry2 245 177 231 107 -1.4 -2.2 -1.8 

Srrm2 312 205 294 147 -1.5 -2.0 -1.8 

Sgk2 118 82 121 58 -1.4 -2.1 -1.8 

Hkdc1 3376 2256 3518 1736 -1.5 -2.0 -1.8 

Arhgef38 191 107 154 88 -1.8 -1.7 -1.8 

Ccdc85a 174 128 156 72 -1.4 -2.2 -1.8 

Aldh1a3 1683 1115 1428 727 -1.5 -2.0 -1.7 

Gprc5b 3997 2574 2849 1485 -1.6 -1.9 -1.7 

Hist1h4c 6989 5447 5279 2425 -1.3 -2.2 -1.7 

Ascl1 376 258 338 170 -1.5 -2.0 -1.7 

Tmem229a 419 265 360 193 -1.6 -1.9 -1.7 

Mknk2 141 102 123 60 -1.4 -2.1 -1.7 

A4galt 244 153 196 109 -1.6 -1.8 -1.7 

Shh 176 95 159 102 -1.8 -1.6 -1.7 

Ikzf2 441 314 384 196 -1.4 -2.0 -1.7 

Mid1 165 114 130 68 -1.4 -1.9 -1.7 

E330013P04Rik 134 81 142 83 -1.7 -1.7 -1.7 

Zswim6 894 647 669 340 -1.4 -2.0 -1.7 

Foxf1 2882 1880 3316 1846 -1.5 -1.8 -1.7 

Ptpn21 498 372 419 211 -1.3 -2.0 -1.7 

Fndc1 246 196 296 144 -1.3 -2.1 -1.7 

Clu 7715 4395 8067 5189 -1.8 -1.6 -1.7 

AW549542 4733 3470 4772 2453 -1.4 -1.9 -1.7 

Tcf7l2 280 198 219 116 -1.4 -1.9 -1.7 

Map7 224 140 166 97 -1.6 -1.7 -1.7 

Hoxd1 296 213 278 146 -1.4 -1.9 -1.6 

A_55_P2174736 1056 781 1244 644 -1.4 -1.9 -1.6 

Tmem171 132 72 117 81 -1.8 -1.4 -1.6 

Tfrc 582 352 383 237 -1.7 -1.6 -1.6 

Hist1h4i 2490 1914 2026 1045 -1.3 -1.9 -1.6 

Gabbr2 319 199 326 200 -1.6 -1.6 -1.6 

Dclk3 181 109 195 125 -1.7 -1.6 -1.6 

Ccdc172 134 86 169 101 -1.6 -1.7 -1.6 
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Hspg2 135 103 130 68 -1.3 -1.9 -1.6 

Aqp3 248 176 219 122 -1.4 -1.8 -1.6 

Lama5 7979 6198 7020 3678 -1.3 -1.9 -1.6 

Afm 835 525 705 439 -1.6 -1.6 -1.6 

A_55_P2028852 177 113 185 114 -1.6 -1.6 -1.6 

Elf5 867 533 818 524 -1.6 -1.6 -1.6 

Rhpn2 1696 1148 1478 873 -1.5 -1.7 -1.6 

Rec8 1456 1067 1852 1027 -1.4 -1.8 -1.6 

Atp1b1 4276 2738 3311 2066 -1.6 -1.6 -1.6 

Synpo2 404 296 363 203 -1.4 -1.8 -1.6 

Wnt7b 210 144 245 145 -1.5 -1.7 -1.6 

Klhl14 881 531 715 483 -1.7 -1.5 -1.6 

Cck 601 446 697 389 -1.3 -1.8 -1.6 

Ppm1h 1168 913 1061 571 -1.3 -1.9 -1.6 

Plce1 168 115 116 69 -1.5 -1.7 -1.6 

Inpp5j 237 164 261 155 -1.4 -1.7 -1.6 

Gdnf 536 301 271 204 -1.8 -1.3 -1.6 

Pa2g4 6273 4860 6261 3429 -1.3 -1.8 -1.6 

Sstr1 727 414 635 469 -1.8 -1.4 -1.6 

Papola 4269 2497 2540 1822 -1.7 -1.4 -1.6 

Ncoa7 199 153 158 88 -1.3 -1.8 -1.5 

Kiss1 123 84 146 90 -1.5 -1.6 -1.5 

Mctp2 140 112 140 76 -1.3 -1.8 -1.5 

Ammecr1 1609 1237 1186 665 -1.3 -1.8 -1.5 

BC021891 1079 654 1074 754 -1.6 -1.4 -1.5 

Frem2 2363 1428 2241 1587 -1.7 -1.4 -1.5 

Gna14 381 284 359 209 -1.3 -1.7 -1.5 

Adra2c 625 493 875 488 -1.3 -1.8 -1.5 

Nr1h5 510 335 410 266 -1.5 -1.5 -1.5 

Aim1 4064 3242 4481 2482 -1.3 -1.8 -1.5 

DV650784 165 100 128 92 -1.7 -1.4 -1.5 

Rffl 136 103 142 82 -1.3 -1.7 -1.5 

Krt23 695 446 799 538 -1.6 -1.5 -1.5 

Hoxb5os 2826 1686 2047 1495 -1.7 -1.4 -1.5 

Cntfr 1854 1406 1720 996 -1.3 -1.7 -1.5 

Padi2 2167 1533 2038 1254 -1.4 -1.6 -1.5 

Ano6 685 509 493 292 -1.3 -1.7 -1.5 

Ercc6l2 342 244 177 109 -1.4 -1.6 -1.5 

Adgrg1 1624 1272 1695 966 -1.3 -1.8 -1.5 
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Hook1 139 101 101 61 -1.4 -1.6 -1.5 

Setd8 741 562 610 357 -1.3 -1.7 -1.5 

Cftr 492 361 547 329 -1.4 -1.7 -1.5 

Iqck 251 166 249 165 -1.5 -1.5 -1.5 

Lgr5 126 96 111 65 -1.3 -1.7 -1.5 

4933408B17Rik 478 326 356 229 -1.5 -1.6 -1.5 

Myo9a 376 292 226 131 -1.3 -1.7 -1.5 

Spred2 1276 988 1205 701 -1.3 -1.7 -1.5 

Gm7325 1677 1304 1601 934 -1.3 -1.7 -1.5 

Rasef 213 128 150 114 -1.7 -1.3 -1.5 

Sostdc1 134 86 176 123 -1.6 -1.4 -1.5 

Hapln3 837 556 782 532 -1.5 -1.5 -1.5 

Arglu1 5572 4188 4245 2581 -1.3 -1.6 -1.5 

Itga3 107 82 124 75 -1.3 -1.7 -1.5 

Zfp955b 869 653 574 351 -1.3 -1.6 -1.5 

Cdk14 176 125 129 83 -1.4 -1.5 -1.5 

Grb14 1725 1048 1438 1091 -1.6 -1.3 -1.5 

Pcyox1l 167 113 140 94 -1.5 -1.5 -1.5 

Gyltl1b 1355 881 1107 780 -1.5 -1.4 -1.5 

Ipcef1 234 153 196 138 -1.5 -1.4 -1.5 

TC1624218 445 337 371 227 -1.3 -1.6 -1.5 

2010315B03Rik 182 134 155 98 -1.4 -1.6 -1.5 

Scube3 8585 6829 7702 4558 -1.3 -1.7 -1.5 

D9Ertd115e 296 234 315 187 -1.3 -1.7 -1.5 

ENSMUST00000101281 119 81 106 72 -1.5 -1.5 -1.5 

Raly 26250 16837 20031 14462 -1.6 -1.4 -1.5 

Chrdl2 156 124 192 114 -1.3 -1.7 -1.5 

Lrrc16a 271 202 205 128 -1.3 -1.6 -1.5 

Bmp7 1444 928 1201 871 -1.6 -1.4 -1.5 

Tnfaip6 273 179 214 153 -1.5 -1.4 -1.5 

Fgf9 854 544 814 605 -1.6 -1.3 -1.5 

Cds1 198 150 257 162 -1.3 -1.6 -1.5 

Asb16 211 153 209 136 -1.4 -1.5 -1.5 

Ccl4 162 121 129 82 -1.3 -1.6 -1.5 

Kcnd3 1126 879 1307 807 -1.3 -1.6 -1.4 

Robo2 1104 759 874 606 -1.5 -1.4 -1.4 

Fam199x 190 127 137 98 -1.5 -1.4 -1.4 

Adrb3 318 203 240 182 -1.6 -1.3 -1.4 

Cited2 1871 1376 1915 1257 -1.4 -1.5 -1.4 
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Defb28 104 83 107 66 -1.3 -1.6 -1.4 

Grhl2 1643 1091 1405 1026 -1.5 -1.4 -1.4 

Vstm4 235 161 225 160 -1.5 -1.4 -1.4 

Taf15 1702 1204 1188 814 -1.4 -1.5 -1.4 

A_55_P2065434 297 237 188 116 -1.3 -1.6 -1.4 

Tmem184a 289 221 338 216 -1.3 -1.6 -1.4 

Gm13051 340 235 349 247 -1.4 -1.4 -1.4 

Ehf 312 234 301 197 -1.3 -1.5 -1.4 

Mitf 917 602 537 403 -1.5 -1.3 -1.4 

Bmpr1b 705 524 489 324 -1.3 -1.5 -1.4 

Fam133b 3170 2444 2272 1461 -1.3 -1.6 -1.4 

Ssb 3961 2907 3114 2092 -1.4 -1.5 -1.4 

Ttc39a 416 323 436 279 -1.3 -1.6 -1.4 

Smtnl2 3126 2492 2873 1803 -1.3 -1.6 -1.4 

Hist2h3b 11453 9074 9799 6186 -1.3 -1.6 -1.4 

Cited4 339 255 434 287 -1.3 -1.5 -1.4 

Plcl1 524 415 352 222 -1.3 -1.6 -1.4 

Gabra2 412 325 429 273 -1.3 -1.6 -1.4 

A_55_P2107682 195 138 204 143 -1.4 -1.4 -1.4 

Bcl11b 474 378 510 323 -1.3 -1.6 -1.4 

Lin28b 837 669 711 450 -1.3 -1.6 -1.4 

Hist1h1e 20212 14528 11813 8212 -1.4 -1.4 -1.4 

Spint2 2578 1819 2607 1846 -1.4 -1.4 -1.4 

Ptch2 137 107 136 88 -1.3 -1.5 -1.4 

Ago2 5462 4013 4902 3348 -1.4 -1.5 -1.4 

Rcor1 171 133 115 75 -1.3 -1.5 -1.4 

Arid4b 1001 759 696 463 -1.3 -1.5 -1.4 

Nr4a1 6958 5231 7971 5345 -1.3 -1.5 -1.4 

4930412O13Rik 1119 890 1249 802 -1.3 -1.6 -1.4 

Emid1 8710 6530 9373 6337 -1.3 -1.5 -1.4 

Ctnnal1 307 224 226 157 -1.4 -1.4 -1.4 

Ildr1 154 123 181 117 -1.3 -1.6 -1.4 

Cys1 2112 1670 1863 1207 -1.3 -1.5 -1.4 

Fam120c 143 105 100 69 -1.4 -1.4 -1.4 

ENSMUST00000059110 1120 742 1006 776 -1.5 -1.3 -1.4 

Klhl15 299 235 260 169 -1.3 -1.5 -1.4 

Ino80 192 136 159 114 -1.4 -1.4 -1.4 

Camkmt 174 123 141 102 -1.4 -1.4 -1.4 

Spty2d1 221 172 184 121 -1.3 -1.5 -1.4 
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Atp6v0a2 1339 1059 1016 661 -1.3 -1.5 -1.4 

Mal2 3509 2784 3524 2286 -1.3 -1.5 -1.4 

Trim71 709 522 557 387 -1.4 -1.4 -1.4 

Kifc5b 187 145 160 106 -1.3 -1.5 -1.4 

Lrrc8d 3022 2317 2463 1653 -1.3 -1.5 -1.4 

Gm6402 196 154 151 100 -1.3 -1.5 -1.4 

A430105D02Rik 173 136 112 74 -1.3 -1.5 -1.4 

Lhfpl3 101 78 104 69 -1.3 -1.5 -1.4 

Llgl2 853 629 868 606 -1.4 -1.4 -1.4 

Wnt9b 695 484 640 472 -1.4 -1.4 -1.4 

Sbf2 351 273 257 171 -1.3 -1.5 -1.4 

Krt36 136 94 131 98 -1.4 -1.3 -1.4 

Ptar1 493 359 385 274 -1.4 -1.4 -1.4 

Blnk 1425 1134 1154 762 -1.3 -1.5 -1.4 

Btbd11 1076 777 951 686 -1.4 -1.4 -1.4 

Rln1 233 184 269 179 -1.3 -1.5 -1.4 

Pantr1 1367 972 1312 961 -1.4 -1.4 -1.4 

Rprm 4225 3372 3586 2367 -1.3 -1.5 -1.4 

Ptger2 209 145 227 173 -1.4 -1.3 -1.4 

Wfdc15b 2741 2142 2512 1708 -1.3 -1.5 -1.4 

Il3ra 865 660 904 628 -1.3 -1.4 -1.4 

Adcy1 229 173 289 202 -1.3 -1.4 -1.4 

Mapk8 127 97 102 71 -1.3 -1.4 -1.4 

Synrg 764 603 813 550 -1.3 -1.5 -1.4 

Frmpd4 123 87 105 79 -1.4 -1.3 -1.4 

Nde1 249 194 179 123 -1.3 -1.5 -1.4 

Cldn4 441 336 498 349 -1.3 -1.4 -1.4 

Lama1 7655 5681 5890 4225 -1.3 -1.4 -1.4 

B930095M22Rik 257 180 295 224 -1.4 -1.3 -1.4 

Hoxd3 1999 1531 1980 1383 -1.3 -1.4 -1.4 

Asxl2 563 406 363 269 -1.4 -1.4 -1.4 

Fgd6 334 237 330 248 -1.4 -1.3 -1.4 

A_55_P2115364 1939 1545 2130 1442 -1.3 -1.5 -1.4 

Pipox 200 138 198 156 -1.5 -1.3 -1.4 

Wdr45b 954 710 887 639 -1.3 -1.4 -1.4 

Trim35 285 228 198 135 -1.3 -1.5 -1.4 

Skap1 279 198 242 184 -1.4 -1.3 -1.4 

Epc2 4337 3122 2737 2051 -1.4 -1.3 -1.4 

Ints2 122 97 104 71 -1.3 -1.5 -1.4 
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Tspan15 232 178 268 190 -1.3 -1.4 -1.4 

Gm7008 127 96 115 82 -1.3 -1.4 -1.4 

A3galt2 141 112 125 85 -1.3 -1.5 -1.4 

Tcp11 585 467 667 455 -1.3 -1.5 -1.4 

Nupr1l 125 99 130 89 -1.3 -1.5 -1.4 

Hyls1 353 270 294 209 -1.3 -1.4 -1.4 

Mef2a 221 159 156 118 -1.4 -1.3 -1.4 

D230018H15Rik 677 493 571 427 -1.4 -1.3 -1.4 

Cyr61 2749 2008 2610 1945 -1.4 -1.3 -1.4 

Mfap3l 144 111 126 89 -1.3 -1.4 -1.4 

Zgrf1 253 188 215 158 -1.3 -1.4 -1.4 

Gpr160 198 146 188 139 -1.4 -1.4 -1.4 

Fam132a 10253 7621 10632 7870 -1.3 -1.4 -1.3 

Cers6 243 180 187 139 -1.4 -1.3 -1.3 

Usp53 105 79 122 89 -1.3 -1.4 -1.3 

Hoxd4 5633 4313 4801 3459 -1.3 -1.4 -1.3 

Zdhhc23 123 93 111 82 -1.3 -1.4 -1.3 

Bcl2l15 265 204 238 171 -1.3 -1.4 -1.3 

Zmym2 197 155 131 93 -1.3 -1.4 -1.3 

LOC552873 411 296 349 269 -1.4 -1.3 -1.3 

Ahcyl2 152 121 146 102 -1.3 -1.4 -1.3 

Tfeb 100 78 116 83 -1.3 -1.4 -1.3 

Rasgef1b 1538 1187 1497 1078 -1.3 -1.4 -1.3 

Arhgdig 219 174 258 182 -1.3 -1.4 -1.3 

Twistnb 4323 3393 3246 2308 -1.3 -1.4 -1.3 

Tshz1 4493 3527 4243 3017 -1.3 -1.4 -1.3 

Zfp958 187 136 138 107 -1.4 -1.3 -1.3 

Morc4 142 107 137 102 -1.3 -1.3 -1.3 

Mid2 156 122 136 98 -1.3 -1.4 -1.3 

Elp4 163 130 120 85 -1.3 -1.4 -1.3 

Slc35d1 907 695 667 492 -1.3 -1.4 -1.3 

Sdad1 2206 1722 2164 1571 -1.3 -1.4 -1.3 

Sycp1 224 177 192 139 -1.3 -1.4 -1.3 

Fosl2 5485 4095 4310 3285 -1.3 -1.3 -1.3 

Maff 855 648 902 678 -1.3 -1.3 -1.3 

Ccdc150 120 91 107 81 -1.3 -1.3 -1.3 

Lrrk1 503 391 477 350 -1.3 -1.4 -1.3 

Usp37 135 107 126 91 -1.3 -1.4 -1.3 

Aqp11 512 375 435 342 -1.4 -1.3 -1.3 
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Cdkl1 253 190 229 175 -1.3 -1.3 -1.3 

Apobec3 113 82 118 94 -1.4 -1.3 -1.3 

2900073C17Rik 1021 781 745 560 -1.3 -1.3 -1.3 

Prkg2 122 93 109 82 -1.3 -1.3 -1.3 

Ripk4 2325 1777 1980 1493 -1.3 -1.3 -1.3 

Cystm1 477 367 460 345 -1.3 -1.3 -1.3 

A_55_P1994173 6179 4684 6222 4747 -1.3 -1.3 -1.3 

Itpr3 10171 8019 7660 5664 -1.3 -1.4 -1.3 

Hsd17b7 681 516 569 439 -1.3 -1.3 -1.3 

Dusp1 1938 1528 2200 1631 -1.3 -1.3 -1.3 

Efna5 4106 3186 4514 3404 -1.3 -1.3 -1.3 

Dennd2d 165 129 172 129 -1.3 -1.3 -1.3 

Rrp1b 851 674 734 546 -1.3 -1.3 -1.3 

6330531I01Rik 126 100 133 100 -1.3 -1.3 -1.3 

Arhgef16 1045 787 1174 925 -1.3 -1.3 -1.3 

Stau2 2283 1813 1734 1298 -1.3 -1.3 -1.3 

Gca 314 243 277 213 -1.3 -1.3 -1.3 

Pde8b 272 203 268 215 -1.3 -1.3 -1.3 

Jakmip1 219 167 193 151 -1.3 -1.3 -1.3 

Znf660 158 121 137 107 -1.3 -1.3 -1.3 

Mcf2 199 154 154 120 -1.3 -1.3 -1.3 

Thbd 605 479 512 393 -1.3 -1.3 -1.3 

AI448005 11035 8528 8072 6343 -1.3 -1.3 -1.3 

Aif1l 11460 9116 10920 8375 -1.3 -1.3 -1.3 

Trps1 2028 1572 1824 1435 -1.3 -1.3 -1.3 

Slc16a7 1086 863 1088 836 -1.3 -1.3 -1.3 

Cfap97 1019 780 747 597 -1.3 -1.3 -1.3 

A_55_P2005672 11456 9153 13069 10069 -1.3 -1.3 -1.3 

Syn3 179 139 173 137 -1.3 -1.3 -1.3 

Tnks 201 157 130 103 -1.3 -1.3 -1.3 

Kcnk1 1089 853 1253 997 -1.3 -1.3 -1.3 

1110059G10Rik 1143 910 1001 784 -1.3 -1.3 -1.3 

Sult2b1 106 83 116 92 -1.3 -1.3 -1.3 

Capn5 1169 920 1199 955 -1.3 -1.3 -1.3 

Ybx3 19487 15338 18474 14774 -1.3 -1.3 -1.3 

D8Ertd82e 5273 4214 5579 4415 -1.3 -1.3 -1.3 

Prom2 146 117 136 108 -1.3 -1.3 -1.3 
Table S15. Genes with decreased expression in microarrays of E13.5 Pax2cre/+;Fgfr1fl/+;Fgfr2fl/fl 

(Fgfr1/2cDKO-UE) ureters. The microarrays were filtered for an intensity of >100 in the control RNAs 

and in fold change (FC) >-1.25 in the two arrays performed.  
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Table S16A. Onset of peristaltic activity of explants of E13.5 ureters cultured for 8 days in the presence 

of purmorphamine and/or NOGGIN. Shown are the number of control and mutant ureters that exhibit 

peristaltic contraction waves from day 2 to 8 of the culture period. 
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Table S16B. Statistical analysis of the peristaltic frequency of E13.5 ureter explants treated with DMSO 

(Ctrl, n=12), purmorphamine or NOGGIN (n=11), and purmorphamine and NOGGIN (n=12) over 8 days 

of culture. Shown are the average and corresponding standard deviations of peristaltic contractions per 

minute after 2 to 8 days after ureter explantation at E13.5. One minute was video-monitored. The sta-

tistical significance was calculated by a two-tailed Student’s t-test. SD, standard derivation. n.d., not 

defined.  
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Gene Forward primer Reverse primer 

Aldh1a2 5′-CTGGAAAATTGCTCCCGCAT-3′ 5′-GAAAGCCAGCCTCCTTGATG-3′ 

Axin2 5′-GCAGAAGCCACACAGAGAGT-3′ 5′-CACCTCTGCTGCCACAAAAC-3′ 

Bmp4 5′-CACGAAGAACATCTGGAGAACA-3′ 5′-GGTTGAAGAGGAAACGAAAAGC-3′ 

Bmpr1a 5′-CAGGAGGAATCGTGGAGGAA-3′ 5′-CAGCGGTTAGACACGATTGG-3′ 

Bmpr1b 5′-TGTTCTTCACCACGGAGGAA-3′ 5′-GCAGCAATGAACCCCAGAAT-3′ 

Bmpr2 5′-TTGACAGGAGACCGGAAACA-3′ 5′-TATCGACCCCGTCCAATCAG-3′ 

Elf5 5′-ACTGCATCTCCTTCTGTCACT-3′ 5′-AGTAACCTTGCGAGCGAATG-3′ 

Etv4 5′-GTGATGGAGTGATGGGTTATGG-3′ 5′-TCCCTTCCTGCTTGATGTCT-3′ 

Etv5 5′-AAGAGGTTGCTCGCCGT-3′ 5′-TGTAGACGTAGCGTTCCCC-3′ 

Gapdh 5′-ATGACATCAAGAAGGTGGTG-3′ 5′-CATACCAGGAAATGAGCTTG-3′  

Id2 5′-CTGGACTCGCATCCCACTATC-3′ 5′-ATGCCTGCAAGGACAGGATG-3′ 

Id4 5′-GTGCGATATGAACGACTGCT-3′ 5′-CTTTGCTGACTTTCTTGTTGGG-3′ 

Myocd 5′-CACACCTCAAAGAACCAAATGAAC-3′ 5′-TTTTGACAGGGGATAGAGGGG-3′ 

Ppia 5′-GATTCATGTGCCAGGGTGGT-3′  5′-GCCATTCAGTCTTGGCAGTG-3′  

Ptch1 5′-CATCAAAGTGTCGCCCCAAA-3′ 5′-AACAGGCATAGGCAAGCATC-3′ 

Shh 5′-AGCGGCAGATATGAAGGGAA-3′ 5′-GTCTTTGCACCTCTGAGTCATC-3′ 

Spry1 5′-ACACTCAGCCTGCTACGATT-3′ 5′-CCTTTCCTGCTTTTCGGGTC-3′ 

Wnt9b 5′-CCCAAGAGAGGAAGCAAGGA-3′ 5′-TTCACAGCCTTGATGCCCA-3′ 

 
Table S17. Primer for RT-qPCR analysis of gene expression. 
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Abstract 

The differentiated cell types of the epithelial and mesenchymal compartments of the murine 

ureter arise in a highly coordinated fashion from progenitors in the distal ureteric bud epithelium 

and its surrounding mesenchyme. Previous genetic efforts identified BMP4, a member of the 

bone morphogenetic protein family, as a crucial mesenchymal signal for cyto-differentiation in 

both tissue primordia. Here, we used unbiased transcriptional profiling of ureters with genetic 

or pharmacological inhibition of BMP4 activity combined with specific expression approaches 

to define the BMP4 controlled gene regulatory network in the early ureter focusing on tran-

scription factor genes as possible drivers of cyto-differentiation. We show that BMP4 directly 

controls expression of Snai1, Gata6, Sox9, Tbx18, Myocd, Id2 and Id4 in the ureteric mesen-

chyme, and of Pparg, Msx2 and weakly Trp63 in the ureteric epithelium. BMP4 indirectly en-

hances expression of Grhl3 in the epithelium by repressing the expression of Aldh1a3 and 

Aldh1a2, respectively, encoding RA synthesizing enzymes. Conditional gene targeting of 

Smad4 reveals that BMP4 function is partly mediated by SMAD effectors in both ureteral tis-

sues. Hence, our work links BMP4 with known transcriptional regulators of ureteric cyto-differ-

entiation and uncovers as yet unknown additional factors relevant for this program. 
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Introduction 

The ureters are critical components of the mammalian excretory system by enabling the effi-

cient transport of urine from the renal pelvis to the bladder. Key to the functionality of these 

tubular organs is a patterned array of specialized cell types both in the outer mesenchymal 

wall as well as in the inner epithelial lining, the urothelium. In the mesenchymal wall, fibrocytes 

ensheath contractile smooth muscle cells (SMCs) while layers of basal (B), intermediate (I) 

and large binucleated superficial (S) cells populate the urothelium. S cells strongly contribute 

to sealing of the luminal content by harboring tight junctions and expressing uroplakins (UPKs) 

that form crystalline plaques on the apical surface (Bohnenpoll et al., 2017a, Velardo, 1981, 

Sun et al., 1996). 

The cyto-architecture of the mature ureter derives from a complex interplay of proliferation, 

patterning and differentiation programs that occurs in the tissue primordia of this organ: the 

epithelial ureteric bud stalk (UB) and its surrounding mesenchyme. In the mouse, both progen-

itor pools strongly proliferate from E11.5, when the UB has been established as an outgrowth 

of the nephric duct, until E14.5, to elongate the tube. Cells of the inner layer of the ureteric 

mesenchyme (UM) subsequently differentiate into subepithelial lamina propria fibrocytes or 

into medial SMCs. Cells of the outer mesenchymal layer will become adventitial fibrocytes. 

Epithelial progenitors start to express NP63 and low levels of UPKs and stratify indicating 

differentiation of I cells. Around E16.5, luminal epithelial cells increase their expression of 

UPKs and become S cells. B cells are first recognized at E16.5 by expression of KRT5. At 

E18.5, they populate the entire basal layer of the fully stratified and differentiated urothelium 

(Bohnenpoll et al., 2017a, Bohnenpoll and Kispert, 2014). 

The precise course of these cellular processes ensures the establishment of a peristaltically 

active sealing tube shortly after onset of urine production in the fetal kidney around E16.5. 

Failure of SMC differentiation compromises urine removal to the bladder and leads to dilatation 

of the ureter and the renal drainage system (hydroureter and hydronephrosis) with progressive 

destruction of the renal parenchyma by the hydrostatic pressure (Kurz et al., 2022). Lack of 

urothelial cells, particularly S cells, impedes the urothelial barrier function and results in efflux 

of urine into the interstitial space and subsequent hydroureter and inflammation (Dalghi et al., 

2020, Hu et al., 2005, Hu et al., 2002). Given the severity of these defects and the frequent 

nature of their occurrence in human newborns (Kagan et al., 2022, Khan et al., 2022), it is 

important to unravel the molecular players driving cyto-differentiation in the ureter. 

The exit of the ureteric progenitors from the proliferative phase is controlled by a complex 

network of signaling activities in which BMP4 has been recognized as a central hub. Bmp4 is 

expressed in the undifferentiated UM from E11.5 to E14.5 under the control of epithelial SHH 

and WNT signals (Bohnenpoll et al., 2017d, Trowe et al., 2012). SHH triggers via SMO 
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signaling expression of the forkhead transcription factor (TF) gene Foxf1 while WNTs activate 

expression of the T-box TF genes Tbx2 and Tbx3 via the canonical (CTNNB1-dependent) 

pathway in the UM (Aydoğdu et al., 2018, Bohnenpoll et al., 2017d). Shh expression is en-

hanced by epithelial FGFR1/2 signaling which is triggered by mesenchymal FGF7 and FGF10 

and modulated by mesenchymal FGFR1/2 (Deuper et al., 2022, Meuser et al., 2022). Retinoic 

acid (RA) synthesized both in the UE and UM maintains the progenitors possibly by counter-

acting WNT signaling (Bohnenpoll et al., 2017a). 

Human patients with heterozygous loss of BMP4 as well as mice which carry one loss-of-

function allele of the orthologous gene, exhibit at birth congenital anomalies of the kidney and 

the urinary tract including hypo- or dysplastic kidneys, and/or hydroureter with associated hy-

dronephrosis (Miyazaki et al., 2000, Miyazaki et al., 2003, Weber et al., 2008). Pharmacologi-

cal inhibition experiments in ureter explant systems revealed a requirement for Bmp4 in SMC 

and S cell differentiation (Brenner-Anantharam et al., 2007, Wang et al., 2009). We recently 

showed that conditional (Tbx18cre-mediated) loss of both alleles of Bmp4 in the UM results in 

complete bilateral hydroureter and hydronephrosis at birth. Proliferation in the mesenchymal 

and epithelial primordia was severely reduced; SMC and urothelial differentiation failed (Mamo 

et al., 2017). Genetic analysis identified Smad4 as an effector of BMP4 signaling in SMC dif-

ferentiation (Tripathi et al., 2012, Mamo et al., 2017).  

Given the complete loss of all differentiated cell types in Bmp4cKO ureters, it seems likely that 

BMP4 possibly via SMADs positively controls the expression of TF genes that activate cell-

type specific differentiation programs in the ureteric tissue compartments. In fact, our previous 

work described that in Bmp4cKO ureters the SMC regulatory gene Myocd (Wang et al., 2003) 

is not activated in the UM, while expression of NP63, a TF gene required for stratification and 

I/ B cell differentiation (Weiss et al., 2013), was abrogated in the UE (Mamo et al., 2017). 

Whether BMP4 impinges on some of the other TF genes already known to affect the mesen-

chymal SMC program such as Gata2, Gata6, Foxf1, Id2, Tbx18, Tbx2/Tbx3, Tshz3 and Sox9 

(Airik et al., 2006, Airik et al., 2010, Aoki et al., 2004, Aydoğdu et al., 2018, Bohnenpoll et al., 

2017d, Caubit et al., 2008, Kurz et al., 2022, Weiss et al., 2019) and/or urothelial differentiation 

including Pparg, Grhl3, Foxa1, Elf3, Klf5 or Ovol1 (Bell et al., 2011, Böck et al., 2014, Varley 

et al., 2009, Weiss et al., 2013, Yu et al., 2009) or uses as yet unknown TF genes to execute 

these programs has remained enigmatic. Using genetic and pharmacological disruption of 

BMP4 signaling and its Smad4 effector and subsequent transcriptional profiling experiments, 

we here show that BMP4 signaling via SMADs directly controls expression of pro-differentia-

tion TF genes but also impacts on signaling pathways, most notably RA signaling to indirectly 

control expression of crucial TF genes for ureter differentiation. 
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Results 

Loss of Bmp4 affects expression of genes encoding transcriptional regulators 

of epithelial and mesenchymal differentiation in the ureter 

We previously reported that conditional (Tbx18cre-mediated) deletion of Bmp4 in the UM leads 

to a complete absence of differentiated cell types both in the epithelial and mesenchymal tissue 

compartments of the murine ureter at birth. To decipher the molecular programs and unravel 

TF genes whose loss may underlie these cyto-differentiation defects, we performed by micro-

array technology unbiased transcriptional profiling of mutant ureters at E14.5, i.e. at the end of 

the undifferentiated phase. Using intensities >100 and fold changes ≥-2 in the two individual 

microarrays performed as filters, we identified 144 down-regulated genes (Fig. 1A, Table S1).  

Functional annotation using the DAVID software tool (david.ncifcrf.gov) revealed in this gene 

set enrichment of gene ontology (GO) terms relating to cyto-differentiation of the UE (“epithelial 

differentiation”, “apical plasma membrane urothelial plaque”, “cell differentiation”, “keratinocyte 

differentiation” and “skin epidermis development”). GO terms relating to BMP signaling and the 

cyto-differentiation of the UM (“cell differentiation”, “cardiac muscle differentiation”, “regulation 

of smooth muscle differentiation”) were less strongly but still significantly enriched (Fig. 1B, 

Table S2).  

Many of the genes associated with the terms “epithelial differentiation” belonged to the group 

of the top 50 down-regulated genes including various Upks (Upk1a, Upk1b, Upk2, Upk3a) as 

well as TF genes previously implicated in stratification (Trp63) and S cell differentiation (Pparg 

and Grhl3) in the ureter and/or bladder (Liu et al., 2019, Pignon et al., 2013, Weiss et al., 2013, 

Yu et al., 2009). Genes associated with mesenchymal differentiation included the master reg-

ulator of SMC differentiation Myocd and its activator Gata6 (Kurz et al., 2022, Wang et al., 

2003) as well as SMC structural genes Myh11, Actg2 and Cnn1 (Fig. 1C).   

Besides Trp63, Pparg, Grhl3, Myocd and Gata6, we curated Msx2, Hopx, Smad9, Foxa1, 

Snai1 and Irf5 as encoded TF genes in the list of 144 down-regulated genes.  Id genes, direct 

targets of BMP/SMAD signaling (Hollnagel et al., 1999, Nakahiro et al., 2010), were at the 

threshold of the filters used as were Tbx18 and Foxf1, TF genes essential for ureteric SMC 

differentiation (Airik et al., 2006, Bohnenpoll et al., 2017d). Ovol1, Klf5 and Elf3, TF genes 

previously implicated in urothelial differentiation in the ureter and/or the bladder (Bell et al., 

2011), were weakly reduced (Fig. 1D). 

To validate these findings and to determine the time line and tissue specificity of expression, 

we performed RNA in situ hybridization analysis on proximal sections of E12.5 and E14.5 con-

trol and Bmp4cKO ureters starting with Upks and selected top-down-regulated structural 

genes. Upk1b, Rab27, Upk3a and Upk1a were expressed in the UE of control embryos at 

E14.5; Car3 and Bmp4 (as a control) expression was found in the UM both at E12.5 and E14.5. 
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Expression of all these genes was severely reduced or absent in Bmp4cKO ureters (Fig. 1E). 

We did not detect expression of Aldh3b2, Upk2, Ivl, Trim29, Perp and Fbxl22 in control or 

mutant ureters at either stage by this method (Fig. S1A). For the TF genes, we found expres-

sion of Trp63, Pparg, Msx2 and Grhl3 in the UE of control embryos at E14.5 which was lost in 

the mutant. Expression of Foxa1, Klf5 and Ovol1 was also confined to the UE at E14.5 but 

expression appeared only weakly reduced in the mutant ureter. Hopx, Myocd and Foxf1 were 

confined to the UM of E14.5 control embryos. Expression in the mutant was lost (Hopx, Myocd) 

or strongly reduced (Foxf1). Expression of Snai1, Gata6 and Tbx18 was found in the UM of 

control embryos at both E12.5 and E14.5. Id2 and Id4 were strongly expressed in the UM and 

weakly in the UE. In the Bmp4cKO ureter, Snai1, Gata6, Id2 and Id4 expression was strongly 

reduced at both stages, while expression of Tbx18 appeared weakly reduced (Fig. 1F). Ex-

pression of Smad9 and Irf5 was not detected in control or mutant ureters while Id1 and Id3 

were more broadly expressed, but appeared reduced in both tissue compartments (Fig. S1B). 

Other TF genes previously shown to be expressed in the UM and to be involved in SMC dif-

ferentiation including Gata2, Sox9, Tbx2, Tbx3 and Tshz3 (Airik et al., 2010, Aydoğdu et al., 

2018, Caubit et al., 2008, Weiss et al., 2019) were not or marginally affected in the microarray 

and appeared unchanged (or in case of Tshz3 rather up-regulated) in the RNA in situ hybridi-

zation analysis (Fig. S1C).  

We conclude from this analysis that Bmp4 in the UM is essential for expression of Hopx, My-

ocd, Snai1, Gata6, Id2, Id4 and Foxf1 in the UM and of Trp63, Pparg, Msx2 and Grhl3 in the 

UE. Tbx18 in the UM and Foxa1, Klf5 and Ovol1 in the UE depend only weakly on Bmp4 (Fig. 

1G).   

Pharmacological inhibition experiments of explant cultures identify a set of TF 

genes that may directly depend on BMP4 signaling activity in the ureter 

Reduced expression of TF genes in Bmp4cKO ureters at E14.5 may reflect the lack of direct 

BMP4 signaling inputs but may also relate to secondary changes that accumulated over time. 

To identify genes that are possibly directly controlled by BMP4 signaling, we switched to a 

short time pharmacological inhibition experiment with the BMP4 inhibitor NOGGIN 

(Zimmerman et al., 1996) in ureter explant cultures. We explanted ureters at E12.5, treated 

them for 18 h with 10 µg/ml NOGGIN and monitored transcriptional changes compared to the 

control by microarray technology. Using the same filters as above, we identified 90 down-reg-

ulated genes (Fig. 2A, Table S3). Functional annotation using DAVID did not recover GO terms 

relating to epithelial and SMC differentiation in this gene pool. Instead “cartilage development”, 

“negative regulation of osteoblast differentiation” and particularly “TGFß/BMP4” signaling 

terms were enriched (Fig. 2B, Table S4). This related to strong downregulation of genes en-

coding BMP signaling antagonists (Grem2, Chrdl1, Chrdl2, Nog) and signaling components 
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(Smad9) as well as (known) direct transcriptional targets (Id genes, Smad9) (Hollnagel et al., 

1999, Tsukamoto et al., 2014) (Fig. 2C). Besides Smad9 and Id genes, TF genes with reduced 

expression were Tcf24, Sox9, Pparg, Tlx2, Cux2, Snai1, Atoh8, Ahr, Msx2 and Tbx18. From 

the TF genes with reduced expression in E14.5 Bmp4cKO ureters, Irf5, Gata6 and Hopx were 

also affected while expression of Ovol1, Foxa1, Trp63, Grhl3, Myocd, Klf5 and Foxf1 was 

weakly reduced or was normal (Fig. 2D). RNA in situ hybridization analysis for Tcf24, Tlx2, 

Cux2, Atoh8 and Ahr did not detect expression on sections of E12.5 ureters cultured for 18 h. 

Tcf24 and Tlx2 were neither detected in control nor in Bmp4cKO ureters at E12.5 or E14.5 

while Atoh8 and Ahr exhibited weak expression in the UM, which however, was difficult to 

distinguish from the background (Fig. S2A). Cux2, which showed weak expression in E12.5 

and E14.5 wildtype UM as well (Fig. S2A), appeared reduced in the NOG-treated ureters (Fig. 

2E). We validated other TF genes which showed specific expression in E12.5 control ureters. 

Expression of Id2, Sox9, Snai1, Tbx18 and Gata6 was clearly reduced in the mesenchyme of 

NOG treated E12.5 ureter explants. Expression of Id4 was difficult to distinguish from the back-

ground (Fig. 2E). Expression of Pparg and Msx2 was not detectable in E12.5 + 18 h ureter 

cultures. Id1 and Id3 were broadly expressed in the ureter but only Id3 expression appeared 

reduced upon NOG treatment (Fig. S2E).  

To characterize whether the set of BMP4 regulated TF genes changes with time, we addition-

ally profiled the transcriptional changes caused by treating E13.75 ureters for 18 h with 10 

µg/ml NOG. In this setting, 66 genes with decreased expression were detected (Fig. 2G, Table 

S5). Functional annotations strongly enriched the terms “TGFß-signaling”, “osteoblast differ-

entiation” and “cartilage development” similar to the situation at E12.5 (Fig. 2H, Table S6). 

Again, all Id genes and Smad9 were strongly down-regulated. Additional TF genes with re-

duced expression above or around the filter threshold were Pparg, Sp5, Ahr, Myocd, Msx2 and 

Sox9. From the TF genes which were reduced in E14.5 Bmp4cKO ureters or in E12.5 NOG-

treated ureters Tcf24, Cux2, Snai1, Atoh8, Tlx2, Irf5, Trp63, Gata6 and Tbx18 were reduced 

as well, whereas Hopx, Grhl3, Ovol1, Foxa1, Klf5 and Foxf1 were not or only marginally af-

fected (Fig. 2I, J). We performed RNA in situ hybridizations for most of these TF genes. We 

found that in E13.75 ureters treated with NOG for 18 h, expression of Id2, Id4, Ahr, Myocd, 

Sox9, Snai1, Gata6 and Tbx18 was clearly reduced in the UM, and of Pparg and Msx2 in the 

UE (Fig. 2K). Sp5 was weakly expressed in the UM of E13.75 treated explants and in E12.5 

and E14.5 wildtype ureters. Expression upon NOG-treatment and in Bmp4cKO ureters ap-

peared very weak (Fig. S2C, D). Expression of Cux2 provided a lot of background, however it 

appeared clearly reduced in the UM upon NOG treatment (Fig. S2F). All other candidates 

(Trp63, Hopx, Grhl3, Ovol1, Foxa1, Klf5, Foxf1) were - as expected from the weak changes - 

not affected by the treatment (Fig. S2F). Expression of Id1 and Id3 again provided only unspe-

cific or no staining (Fig. S2F). We conclude that BMP4 signaling robustly regulates a similar 
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set of TF genes in the UM (Id2, Id4, Cux2, Gata6, Snai1, Sox9 and weakly Tbx18) and in the 

UE (Msx2, Pparg) at both time-points analyzed (Fig. 2 F, L). 

BMP4 administration leads to upregulation of some of the TF genes whose ex-

pression depends on BMP4 signaling 

To further investigate which TF genes are directly regulated by BMP4, we performed a com-

plementary BMP4 activation experiment. For this, we explanted E12.5 ureters, treated them 

for 18 h with 100 ng/ml BMP4 and profiled the transcriptional changes by microarray analysis. 

Using intensity >100 and fold change ≥2 as filters, we obtained 129 genes with increased 

expression (Fig. 3A, Table S7). Functional annotation found an enrichment of terms relating to 

BMP signaling and multicellular and cartilage development indicating again that BMP4 signal-

ing components were up-regulated (Fig. 3B, Table S8). 29 of the genes encoded TF genes 

including ones that were described as targets of BMP signaling in other developmental con-

texts such as Tbx20 and Gata4  (Schultheiss et al., 1997) (Fig. 3C). When we compared the 

genes with increased expression from this microarray with the list of genes with reduced ex-

pression from the microarrays of NOG treated E12.5 and E13.75 ureters, we found a large 

overlap comprising Gata6, Irf5, Cux2, Tcf24, Msx2, Smad9, Snai1, Pparg, Tlx2 and Myocd 

presenting most likely direct targets of BMP4 signaling in the ureter. Intriguingly, the Id genes, 

Sox9, Atoh8 and Ahr which were strongly decreased upon NOG-treatment were not up-regu-

lated by BMP4, possibly due to saturation of expression in the wildtype (Fig. 3D). RNA in situ 

hybridizations revealed increased expression of Cux2, Gata6, Snai1 and Id2 upon BMP4 treat-

ment, all other TF genes tested were not detected by this method (Fig. 3E, Fig. S3).  

BMP4 represses RA signaling to timely activate the ureteric cytodifferentiation 

programs  

Our transcriptional profiling experiments revealed that expression of some of the TF genes is 

differentially affected by pharmacological short time inhibition of BMP4 signaling and genetic 

ablation of Bmp4.  Some TF genes were similarly reduced in both conditions (Gata6, Irf5, 

Msx2, Myocd, Pparg, Smad9, Snai1, Tbx18), some were more weakly affected in the genetic 

condition (Ahr, Atoh8, Cux2, Id genes, Sox9, Sp5, Tcf24, Tlx2) whereas a third group was only 

or more strongly affected by genetic loss of Bmp4 (Foxa1, Foxf1, Klf5, Ovol1 weakly and Grhl3, 

Hopx and Trp63 strongly).  

We hypothesized that the differences in the two latter groups may be due to (secondary) alter-

ations in Bmp4cKO ureters of signals and/or signaling activities important for cyto-differentia-

tion (Bohnenpoll et al., 2017a, Bohnenpoll et al., 2017d, Deuper et al., 2022, Meuser et al., 

2022, Trowe et al., 2012). We interrogated this possibility by analyzing expression of 
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components and targets of SHH, WNT, FGFR1/2 and RA signaling in E14.5 Bmp4cKO ureters 

by RNA in situ hybridization (Fig. 4A-D).  

In the microarray of E14.5 Bmp4cKO ureters, we found increased expression of Shh (+1.8), 

Wnt9b (+4.4), and of the genes encoding the RA-synthesizing enzymes Aldh1a1 (+2.9), 

Aldh1a2 (+3.7) and Aldh1a3 (+4.8). In contrast, expression of Fgf7 (-3.2) and Fgf10 (-1.5) was 

reduced. Expression of the SHH signaling targets Ptch1 (+1.2) and Hhip1 (-1.4), of the WNT 

target Axin2 (+1), of the FGFR receptor genes Fgfr1 and Fgfr2, of the FGF signaling target 

Spry1 (-1.3), and of the RA signaling target Rarb (+1.2) were marginally affected. The RA 

signaling target Stra6 (+1.9) was increased.  

RNA in situ hybridization largely reflected these changes. Shh expression was clearly in-

creased in the UE while Ptch1 and Hhip appeared unaltered in the UM (Fig. 4A). Wnt7b was 

decreased while Wnt9b was strongly increased in the UE. Axin2 was unchanged in the UM 

(Fig. 4B). Expression of Fgf10 in the UM was decreased. Notably, Fgfr1/2 showed reduced 

expression in the UM. Expression of Spry1 appeared unchanged in the UE (Fig. 4C). Expres-

sion of RA-synthesizing enzyme Aldh1a2 was strongly increased in the UM while Aldh1a3 was 

strongly increased in the UE; Aldh1a1 was not detected. Rarb and Stra6 appeared slightly 

increased in the UM (Fig. 4E).  

Owing to the report that RA signaling inhibits cyto-differentiation in the ureter (Bohnenpoll et 

al., 2017a), we wished to interrogate the possible significance of increased RA (signaling) lev-

els on the expression of TF genes in Bmp4cKO ureters. For this, we first interrogated the data 

from a previous microarray profiling of transcriptional changes induced by treating E12.5 ureter 

explants for 18 h with RA and the RA signaling antagonist BMS (Bohnenpoll et al., 2017a). 

Intriguingly, we found for some of the genes with exclusive strongly decreased expression in 

Bmp4cKO ureters (Grhl3, Trp63, and Hopx), a reduction of expression upon RA treatment and 

a corresponding increase by BMS treatment suggesting that these genes are repressed by RA 

signaling. For Sp5 and Tlx2, we found the opposite.  Expression of Foxa1 was also exclusively 

decreased in Bmp4cKO mutants, however RA treatment did not affect its expression and BMS 

treatment led to a further repression suggesting Foxa1 expression depends on additional fac-

tors. For genes that strongly and quickly responded to BMP4 signaling changes (Pparg, Msx2) 

we found no expression changes upon RA treatment. However, application of BMS slightly 

decreased the expression of Pparg (Fig. 4E). To interrogate the possibility that the decreased 

expression of some of these TF genes in Bmp4cKO ureters is a consequence of increased RA 

signaling, we explanted E12.5 kidney and ureter rudiments, grew them for 4 days in the pres-

ence or absence of 10 µg/ml NOG and/or 1 µM RA and scored for the expression of Grhl3, 

Trp63, Pparg and Foxa1 (Fig. 4F). After 4 days of NOG treatment the expression of Grhl3, 

Trp63 and Pparg was strongly reduced, while Foxa1 expression was only mildly affected, re-

capitulating the changes in Bmp4cKO mutant ureters (Fig. 4F). As expected, RA treatment did 
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not affect the expression of Pparg and Foxa1, but expression of Grhl3 was nearly absent. 

Expression of Trp63 appeared only weakly affected (Fig. 4F). In E12.5 explants treated with a 

combination of 10 µg/ml NOG and 1 µM BMS, expression of Grhl3 was regained in half of the 

individuals analyzed. In contrast, expression of Trp63 was not detectable under these condi-

tions. Expression of Pparg and Foxa1 was even more reduced (Fig. 4E, F). 

We conclude that loss of Grhl3 in Bmp4cKO mutants is due to increased RA signaling. In-

creased RA signaling also contributes to the reduction of Trp63 expression whereas Pparg is 

unaffected by altered RA signaling levels. 

Epithelial loss of Smad4 delays urothelial differentiation 

We previously reported that the conditional (Tbx18cre-mediated) loss of Smad4 in the UM re-

sulted in weak hydroureter formation due to a delay in the activation of Myocd and the SMC 

differentiation program. To interrogate the relevance of the SMAD effector pathway in the dif-

ferentiation of the UE, we combined a floxed allele of Smad4 (Chu et al., 2004), and a Pax2-

cre line which mediates recombination in the nephric duct, the precursor of the UE and of the 

renal collecting duct system (Trowe et al., 2011, Bohnenpoll et al., 2017a). We mated Pax2-

cre/+;Smad4fl/+ males with Smad4fl/fl females and analyzed the genotype distribution at different 

time points of embryogenesis. At all stages analyzed, Pax2-cre/+;Smad4fl/fl (Smad4cKO(UE)) 

mice presented without external morphological defects and at the expected Mendelian fre-

quency (Table S9). To judge whether loss of Smad4 affects urothelial development, we ana-

lyzed by immunofluorescence expression of cyto-differentiation markers on proximal ureter 

sections from E14.5 to E18.5, and at postnatal day (P) 14 as an end-point. The epithelial 

marker CDH1 revealed a delay in urothelial stratification in Smad4cKO(UE) embryos. At E16.5, 

the UE was one-layered rather than two-layered as in the control. This was paralleled by re-

duced expression of NP63, which occurred in few cells at E14.5 and marked all cells in the 

basal layer at E18.5 only. Few of these cells co-expressed the B cell marker KRT5 contrasting 

the situation in the control where KRT5 expression occurred in almost all cells of the basal 

layer. Expression of S100A1 and UPK1B which mark S cells of the luminal layer at E16.5 in 

the control was activated in some luminal cells at E18.5 only. Stratification and urothelial dif-

ferentiation appeared unaltered at P14. SMC differentiation was not affected as shown by nor-

mal expression of TAGLN (Fig. 5A). Subsequent quantification confirmed reduced presenta-

tion of NP63+ (B/I cells) from E14.5 to E18.5, of KRT5+ basal and of S100A1+ S cells from 

E16.5 to P14 (Fig. 5B, Table S10). We conclude that Smad4 is required for correct timing and 

full execution of the urothelial cyto-differentiation programs. 
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SMAD effectors mediate part of the epithelial and mesenchymal differentiation 

program downstream of Bmp4 

To investigate how the SMAD effector pathway affects global and TF gene expression patterns 

in the epithelial and mesenchymal compartments of the ureter, we independently performed 

microarray analysis of Smad4cKO(UE) ureters and of ureters with mesenchymal loss of 

Smad4 (Tbx18cre/+;Smad4fl/fl, short:  Smad4cKO(UM)). Using less stringent conditions for the 

fold change (intensity>100, fold change ≥-1.5) we identified 68 genes with reduced expression 

in Smad4cKO(UE) ureters (Fig. 6A, Table S11). Functional annotation revealed in this gene 

set enrichment of GO terms relating to cyto-differentiation of the UE (“skin barrier”, “epithelial 

differentiation”, “apical plasma membrane urothelial plaque”, “epidermis development” and 

“skin epidermis development”) mimicking a subset of the terms found in the microarrays of 

Bmp4cKO ureters (Fig. 6B, Table S12). In the list of top down-regulated genes, we found var-

ious Upks (Upk3a, Upk1a, Upk1b, Upk3bl), Aldh3b2, Rab27b, Perp and Trim29, similar to the 

situation in Bmp4cKO ureters (Fig. 6C). TF genes with reduced expression among the top 50 

down-regulated genes were Trp63, Msx2 and Grhl3. Manual inspection of the list revealed 

additional regulation of Foxi1, Elf5 and Pparg (Fig. 6D). All these genes were less strongly 

down-regulated compared to Bmp4cKO mutant ureters. Expression of Ovol1, Klf5 and Foxa1 

was not affected by epithelial loss of Smad4 (Fig. 6D). In situ hybridization analysis confirmed 

downregulation of Grhl3, Trp63 and Pparg (Fig. 6E). Foxi1 and Elf5 expression was not de-

tected in wildtype ureters (Fig. S4A). 

In E14.5 Smad4cKO(UM) ureters, we found 90 genes to be down-regulated using the same 

filter criteria as before (Fig. 6F, Table S13). Associated GO terms related to defects in “TGF-

ß” and “BMP4-signaling”, “muscle protein”, “cartilage development”, “heart development” and 

“cardiac muscle tissue development” again reflecting a subset of the terms found for Bmp4cKO 

ureters (Fig. 6G, Table S14). Among the top down-regulated genes, we found Car3, Myh11, 

Actg2 and Cnn1, also being negatively regulated in Bmp4cKO ureters. TF genes with reduced 

expression comprised Smad9, Irf5, Myocd, Id2, Id1, Id3, Smad6 and Hopx (Fig. 6H, I). Other 

TF genes including Snai1, Tbx18, Cux2, Gata6, Atoh8, Sox9, Id4, Foxf1, Sp5 and Ahr were 

not or only very mildly affected. Inspection by in situ hybridization confirmed strong downreg-

ulation of Myocd, Id2, Smad6 and Hopx in the UM (Fig. 6J). Again, Smad9 expression was not 

detectable in either ureter compartment. Expression of Id1 and Id3 was reduced in the UM 

(Fig. S4B). 

We next intersected the lists of genes with reduced expression in Smad4cKO(UM), 

Smad4cKO(UE) and Bmp4cKO ureters with each other (Fig. 7). In the overlap of the 26 genes 

between the Smad4cKO(UE) and Bmp4cKO gene lists were the TF genes Grhl3, Msx2, Trp63 

and Pparg, i.e. all TF genes with strong downregulation in Bmp4cKO ureter.  In the overlap of 
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the 29 genes between the Smad4cKO(UE) and Bmp4cKO gene lists were the TF genes Hopx, 

Myocd, Smad9 and Irf5 as well as the Id genes (Fig. 6J). We conclude that SMAD effectors 

mediate parts of the epithelial and mesenchymal differentiation program downstream of BMP4 

signaling.  
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Discussion 

Here, we characterized BMP4 signaling as an important regulator of TF gene activation as well 

as a coordinator of signaling pathways to guide cyto-differentiation in the UE and the UM. Our 

work indicates that transcriptional activation of some TF genes directly depends on Bmp4 while 

others are controlled indirectly. We showed that Bmp4 represses the expression of Aldh1a2 in 

the UM and of Aldh1a3 in the UE, respectively. Hence, BMP4 signaling limits the activity of RA 

signaling and thereby indirectly increases Grhl3 expression. Furthermore, this study confirms 

that SMAD effectors partly mediate BMP4 function in the UE and the UM.  

BMP4 signaling coordinates signaling activities in early ureter development 

SHH, WNT, RA and FGF signaling exert important functions during early murine ureter devel-

opment acting at least partly together in regulatory networks (Bohnenpoll et al., 2017a, 

Bohnenpoll et al., 2017d, Deuper et al., 2022, Meuser et al., 2022, Trowe et al., 2012). Here, 

we showed that BMP4 is not only a downstream effector of these signaling pathways but con-

trols their activities in both the mesenchymal and epithelial compartments of the early ureter.  

We found that Bmp4 is required for expression of mesenchymal Fgf10 and Fgfr2 while epithe-

lial FGF signals are independent from BMP4 signaling input. During ureter development epi-

thelial FGFR2 is activated by mesenchymal FGF10 (and FGF7) while mesenchymal FGFR2 

acts as a sink for FGF ligands to prevent overactivation of the epithelial receptor (Deuper et 

al., 2022). Since expression of the FGFR2 signaling target Spry1 is unaffected in the UE, the 

combined reduction of both Fgf10 and mesenchymal Fgfr2 may leave epithelial FGFR2 acti-

vation unaffected.  

We detected upregulation of Shh in the UE of Bmp4cKO embryos while SHH signaling targets 

in the UM appeared unaltered (Ptch1) or down-regulated (Hhip, Foxf1). The importance of HH 

signaling during ureter development was deduced from transgenic mice lacking either Shh 

itself or its mediator Smoothened (Smo) (Bohnenpoll et al., 2017d, Yu et al., 2002). The role 

of another homolog of the hedgehog family, Indian hedgehog (Ihh), that signals also via 

PTCH/SMO and controls the same set of target genes including Hhip, has not yet been ad-

dressed in the ureter (Sigafoos et al., 2021). Interestingly, Ihh is strongly down-regulated (-4.6) 

in Bmp4cKO ureters and may therefore compensate the increase of Shh expression, resulting 

in normal or decreased activation of HH targets genes.  

The RA signaling pathway was strongly affected by genetic deletion of Bmp4. Expression of 

the RA synthesizing enzymes (Aldh1a1, Aldh1a2 and Aldh1a3) as well as of RA receptor and 

target genes (Rarb, Stra6) was strongly increased. Owing to the fact that RA signaling was 

previously shown to inhibit ureteric cyto-differentiation and thereby promote proliferation of 

progenitors (Bohnenpoll et al., 2017a), it is conceivable that increased RA signaling contributes 
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to the cyto-differentiation defects in Bmp4cKO ureters. BMP4 signaling may therefore regulate 

cyto-differentiation both by inhibiting pro-proliferative RA signaling and by promoting the ex-

pression of pro-differentiation TF genes (see below).  

Although expression of the WNT signaling target gene Axin2 was unchanged in Bmp4cKO 

ureters, we found increased expression of the gene encoding the WNT ligand WNT9B. Since 

Wnt9b has been described as a target of RA signaling (Bohnenpoll et al., 2017a), its upregu-

lation might be a consequence of increased RA signaling. Unaltered activity of canonical sig-

naling might be the consequence of downregulation of a second WNT ligand gene, Wnt7b, in 

the UE of Bmp4cKO ureter. 

BMP4 signaling directs SMC development by controlling Myocd activation  

We previously showed that Bmp4 is required in the mesenchymal compartment of the devel-

oping ureter for activation of Myocd, the master regulator of visceral SMC differentiation (Mamo 

et al., 2017). Here, we confirmed this finding and collected evidence that Myocd expression 

and hence SMC differentiation is controlled in multiple ways by BMP4 signaling. Importantly, 

we uncovered that Myocd directly depends on Bmp4, since application of BMP4 to ureter ex-

plant cultures was sufficient to increase its expression. However, we detected a much stronger 

deregulation in Bmp4cKO ureters than in NOG treated ureters, arguing for additional input(s) 

on Myocd. In fact, we found that Tbx18, Gata6 and Sox9, TF genes that were all described to 

impact on Myocd expression and/or SMC differentiation during ureter development (Airik et al., 

2006, Airik et al., 2010, Kurz et al., 2022), are also positively regulated by BMP4 signaling. 

Moreover, Atoh8 and Ahr present additional TF genes which depend directly on Bmp4 in the 

UM. Although the function of both TF genes has not yet been addressed in the context of ureter 

development, Atoh8 impacts on the expression of MyoD (the master regulator of skeletal mus-

cle differentiation) during zebrafish development (Yao et al., 2010). 

Moreover, we found that Foxf1 and Hopx are indirectly regulated by BMP4 signaling in the UM. 

Foxf1 is the most critical transcriptional activator of Myocd expression during ureter develop-

ment (Bohnenpoll et al., 2017c). The function of Hopx was not addressed during ureter devel-

opment but it was shown that Hopx is required for differentiation of cardiomyocytes (Friedman 

et al., 2018).  

Together, our findings suggest that BMP4 signaling directly impinges on Myocd expression but 

may also indirectly activate expression of this gene by inducing and/or maintaining expression 

of a number of TF genes including Tbx18, Sox9, Gata6, Atoh8 and Ahr in the UM.  
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Bmp4 controls the expression of TF genes in the urothelium to guide stratifica-

tion and cyto-differentiation 

A number of TF genes has previously been characterized to regulate urothelial cyto-differenti-

ation in the bladder and/or ureter. Whether these TF genes are sufficient to account for all 

differentiation events or whether additional TF genes are involved has remained enigmatic as 

has been the activation and regulation, respectively, of these TF genes by BMP4 signaling.  

Our study provides compelling evidence that BMP4 signaling directly controls the activation of 

two TF genes in the UE, namely Pparg and Msx2. Pparg was previously shown to be indis-

pensable for S cell differentiation and uroplakin production in the murine bladder (Liu et al., 

2019, Varley et al., 2006, Varley et al., 2004) while Msx2 was described to impact on the 

development of the murine vaginal epithelium. The vaginal epithelium of Msx2 null mice lacks 

the superficial cell layer and shows abnormal I/B cell layers (Yin et al., 2006). Hence, it is likely 

that Bmp4 controls epithelial development and S cell differentiation in the ureter by activating 

the expression of these TF genes.  

Our work also showed that Ovol1, Klf5, Foxa1 and Grhl3 are indirectly activated by BMP4 

signaling. All of these TF genes are critical for the differentiation of S cells in the murine bladder 

urothelium (Bell et al., 2011, Yu et al., 2009, Varley et al., 2009) making them candidate regu-

lators of this cyto-differentiation program in the ureter. 

Bmp4cKO ureters do not only suffer from a lack of S cell differentiation, they exhibit a complete 

lack of urothelial differentiation and stratification (Mamo et al., 2017). Our work defined Trp63 

as a downstream effector of Bmp4. Trp63 encodes for P63 protein, of which the ∆N isoform is 

expressed in the ureter. ∆NP63+ cells stratify and serve as a precursor population for S and B 

cells (Bohnenpoll et al., 2017a). Similar to Myocd, Trp63 seems to depend on Bmp4 both in a 

direct and indirect fashion. Trp63 is strongly down-regulated in Bmp4cKO ureters, while its 

expression upon NOG treatment is only mildly affected. This points to additional factors down-

stream of Bmp4 controlling Trp63 expression.  

Taken together this study unraveled a network of TF genes that are likely to control epithelial 

stratification and cyto-differentiation downstream of BMP4 signaling.   

BMP4 represses RA signaling to induce TF gene expression important for cyto-

differentiation 

Our transcriptional profiling experiments showed that Grhl3 is strongly down-regulated in 

Bmp4cKO ureters but is unchanged in ureters treated with NOGGIN, strongly indicating that 

expression of this gene indirectly depends on BMP4 signaling. Interestingly, we described in a 

previous study that RA signaling represses Grhl3 expression in the early ureter (Bohnenpoll et 

al., 2017b). Moreover, we found here that RA signaling is increased in Bmp4cKO ureters and 
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that inhibition of RA signaling by BMS application in NOG treated ureter explants rescued Grhl3 

expression in half of the individuals analyzed providing strong evidence that loss of Grhl3 ex-

pression in Bmp4cKO ureters is a consequence of increased RA signaling.  

Since Trp63 expression was decreased in RA treated ureter cultures and up-regulated in BMS 

treated cultures, we tested whether combined NOG and BMS treatment might at least partly 

rescue Trp63 expression. Surprisingly, we found no rescue of Trp63 by this treatment. This 

points to additional (up to now unidentified) factors regulated by Bmp4 that in turn regulate the 

expression of Trp63.  

Hopx was also recognized as an indirect target of Bmp4. Again, we found reduced expression 

upon RA treatment and increased expression following BMS treatment. It is possible that Hopx 

is also lost due to increased RA signaling in the background of Bmp4cKO ureters. Whether 

Hopx expression can be reinstalled in NOG treated ureters by application of BMS remains to 

be analyzed.  

Hence, our study provides evidence that timely expression of some TF genes including Grhl3, 

relies on suppression of RA signaling by BMP4. 

TF genes in the UE are expressed in a temporal asynchrony to TF genes in the 

UM  

Bmp4 expression occurs in the UM from E11.5 to E14.5. Interestingly, we found that Bmp4-

dependent mesenchymal TF genes are already expressed at E12.5 (with the exception of My-

ocd) whereas expression of direct TF target genes in the UE occurs only at E14.5. There are 

at least three explanations for this dichotomy: First, expression of BMP4 receptors might differ 

in the UM and in the UE. Second, inhibitory factors may selectively prevent premature expres-

sion of TF genes in the UE. Third, epithelial TF genes require additional inputs for expression 

that only occur from E14.5 onwards in the UE. Irrespective of the precise molecular explana-

tion, it is obvious that BMP4 signaling impinges differentially on TF gene activation in the epi-

thelial and mesenchymal compartment of the ureter.   

Smad4 affects the precise temporal activation of the epithelial differentiation and 

stratification programs downstream of Bmp4 

We previously reported that mesenchymal Smad4 is an important mediator of BMP4 signaling 

in the activation of Myocd expression and SMC differentiation (Mamo et al., 2017). Here, we 

showed that inactivation of Smad4 in the UE resulted in a delayed onset of ∆NP63 expression, 

and a delay in stratification and B and S cell differentiation indicating a similar requirement in 

the timely activation of epithelial cyto-differentiation. 
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We used a Pax2cre line to inactivate Smad4 in the UE. Mutants occurred in the expected 

frequency. This is in contrast to previous studies, that reported embryonic lethality of 

Pax2cre/+;Smad4fl/fl mutants (Laronda et al., 2013). This discrepancy may be due to different 

genetic backgrounds of the mice and the use of different Cre lines. While our transgene was 

constructed by fusing a murine 8.5 kbp Pax2 upstream fragment (Kuschert et al., 2001) to a 

Cre gene cassette containing a nuclear localization signal (Lewandoski et al., 1997), our col-

leagues generated their Pax2-Cre transgenic line by modification of a Pax2 bacterial artificial 

chromosome (BAC) (Ohyama and Groves, 2004). In the Smad4 line used in our study the first 

exon was floxed (Chu et al., 2004) while exon 8 was floxed in the line used in the previous 

study (Yang et al., 2002).  

Our study demonstrated the need for Smad4 to precisely activate ∆NP63 expression at E14.5 

in the murine ureter. The dependence of ∆NP63 on SMAD4 mediated BMP4 signaling was 

described before in the context of the development of the murine vaginal epithelium where 

inactivation of Smad4 completely abolished ∆NP63 expression (Laronda et al., 2013). How-

ever, in our study ∆NP63 expression was delayed but not absent. This may be due to additional 

effectors of BMP4 signaling that act cooperatively to induce epithelial differentiation. In fact, 

we have previously reported that BMP4 function in the mesenchyme is synergistically medi-

ated by SMADs and AKT and P38 kinases. Furthermore, we have demonstrated that the de-

velopment of the UE at least partly depends on AKT, P38 and ERK kinase activity. However, 

inhibition of none of these factors alone or in combination was able to abolish ∆NP63 expres-

sion (Mamo et al., 2017). Our data suggests that Smad4 is an additional effector of BMP4 

signaling in the UE. Synergistic action of SMAD4 and P38 downstream of TGFß/BMP has 

previously been described in the oral epithelium where pharmacological inhibition experiments 

demonstrated that blockage of only one downstream effector delays development, while block-

age of both downstream effectors arrests development (Xu et al., 2008). Whether SMAD4 acts 

synergistically with effector kinases in the development of the murine UE will be an important 

question of future research.  

SMAD effectors partly mediate Bmp4 function in the UM and the UE 

We have shown in this and in a recent study that Smad4 is important for epithelial and mes-

enchymal cyto-differentiation in the ureter (Mamo et al., 2017). Here, we provided evidence 

that the molecular function of BMP4 is also partly mediated by SMADs in both ureteric tissue 

compartments. We have identified Grhl3, Pparg and Trp63 in the UE and Myocd, Id2, Smad6 

and Hopx in the UM as important TF genes regulated by the BMP4-SMAD-signaling axis. 

However, for most of the genes (except for Id2) the expression changes were attenuated in 

the Smad4cKO compared to the Bmp4cKO mutants. This points to the possibility that expres-

sion of these TF genes only partly depends on SMAD mediators, and that there are additional 
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downstream effectors of BMP4 that impinge on the same set of target genes. It has been 

reported that e.g. Snai1 expression depends on SMAD or MAPK signaling (Simon-Tillaux and 

Hertig, 2017). Our comparisons of the transcriptional profiles of Bmp4cKO, Smad4cKO(UE) 

and Smad4cKO(UM) ureters revealed that expression of a large set of genes depends on 

Bmp4 but is not affected by the loss of Smad4 supporting the idea that these genes are exclu-

sively and predominantly regulated by SMAD independent mediators. 
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Material and Methods 

Mice 

All mouse lines used in this study were maintained on an NMRI outbred background. In the 

Bmp4 allele used (Bmp4tm3Blh, synonym: Bmp4fl) Cre recombinase recognition sites (loxP) were 

placed upstream and downstream of exons 3 and 4, within intron 2 and 3’ of the poly-adenyl-

ation site, such that Cre recombination excises the entire Bmp4 protein coding sequence 

(Kulessa and Hogan, 2002). In the Smad4 allele used (Smad4tm1Rob, synonym: Smad4fl) the 

first codon was flanked with loxP sites (Chu et al., 2004). Recombination of the Bmp4fl and 

Smad4fl allele in the ureteric mesenchyme was achieved with the Tbx18tm4(cre)Akis line (synonym: 

Tbx18cre) line previously generated in the lab (Airik et al., 2010) while recombination of the 

Smad4fl allele in the ureteric epithelium used the Tg(Pax2-cre)1AKis (synonym: Pax2-cre) line 

(Bohnenpoll et al., 2017a, Trowe et al., 2011). 

Embryos for ureter explant cultures were derived from matings of NMRI wildtype mice. Em-

bryos for cellular and molecular analyses were derived from matings of 

Tbx18cre/+;Bmp4fl/+males with Bmp4fl/fl females, and from matings of Pax2-cre/+;Smad4fl/+ and 

Tbx18cre/+;Smad4fl/+ males, respectively, with Smad4fl/fl females.  

For timed pregnancies, vaginal plugs detected in the morning after mating were designated as 

embryonic day (E)0.5 at noon. Urogenital systems and embryos were dissected in PBS, fixed 

in 4% paraformaldehyde (PFA) in PBS and stored in methanol at -20°C. For genotyping by 

PCR genomic DNA prepared from yolk sacs or ear clip biopsies was used. 

Mice were housed in rooms with controlled light and temperature. The experiments were in 

accordance with the German Animal Welfare Legislation and approved by the local Institutional 

Animal Care and Research Advisory Committee and permitted by the Lower Saxony State 

Office for Consumer Protection and Food Safety (AZ 33.12-42502-04-13/1356, AZ42500/1H).  

Organ cultures  

Ureters for explant cultures were dissected in L-15 Leibovitz medium (#F1315, Biochrom, Ber-

lin, Germany), explanted on 0.4 µm polyester membrane Transwell supports (#3450, Corning) 

and cultured at the air-liquid interface with DMEM/F12 (#21331020, Gibco, Waltham, MA, 

USA) supplemented with 10% FCS (S0115, Biochrom), 1x Penicillin/Streptomycin 

(#15140122, Gibco), 1x non-essential amino acids (#11140035, Gibco), 1x Pyruvate 

(#11360070, Gibco) and 1x Glutamax (#35050038, Gibco) in a humidified incubator with 5 % 

CO2 at 37oC. Pathway activating components were dissolved as follows: recombinant human 

BMP4 (100 ng/ml in 4 mM HCl/0.1% BSA; #PHP171, Abd Serotec, Oxford, UK), NOGGIN (10 

µg/ml in ddH2O; #Z0320525, Genescript), BMS (#3509, Tocris) and retinoic acid (RA; 1 µM in 
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DMSO; #0695 Trocis). Medium containing DMSO or components was refreshed every second 

day.  

Immunofluorescence analyses 

Embryos, urogenital systems and ureter explants were fixed in 4% PFA, paraffin-embedded 

and sectioned to 5 µm. Immunofluorescence staining was performed using the following pri-

mary antibodies and dilutions: polyclonal rabbit-anti-KRT5 (1:200; #PRB-160P, Biolegend, San 

Diego, CA, USA), polyclonal rabbit-anti-∆NP63 (1:100; clone Poly6190, #619001, BioLegend), 

monoclonal mouse-anti-UPK1B (1:200; clone1E1, #WH0007348M2, Sigma-Aldrich), polyclo-

nal rabbit-anti-TAGLN (1:200; #ab14106, Abcam, Cambridge, UK) and polyclonal rabbit-anti-

S100A1 (1:200 #C0318-1, Acris Antibodies, Herford, Germany). Fluorescent staining was per-

formed using the following secondary antibodies: biotinylated goat-anti-rabbit IgG (1:200; 

#111065033; Dianova, Hamburg, Germany), biotinylated goat-anti-mouse IgG (1:200; #115-

065-166, Jackson ImmunoResearch, Cambridgeshire, UK), Alexa488-conjugated goat-anti-

rabbit IgG (1:400; #A11034; Molecular Probes, Carlsbad, CA, USA), and Alexa555-conjugated 

goat-anti-mouse IgG (1:400; #A21422; Molecular Probes). The signal of ∆NP63 was amplified 

using the Tyramide Signal Amplification system (#NEL702001KT, Perkin Elmer, Waltham, MA, 

USA). For co-stainings with primary antibodies of the same host (∆NP63 and KRT5 or CDH1) 

the staining was performed sequentially and the epitope of the first antibody was blocked with 

goat-anti-rabbit FAB fragment (1:50; 111007003, Dianova). For antigen retrieval, paraffin sec-

tions were deparaffinized, pressure-cooked for 15 min in antigen unmasking solution (#H3300, 

Vector Laboratories, Burlingame, CA, USA), treated with 3% H2O2/PBS for blocking of endog-

enous peroxidases, washed in PBS-T (0.05% Tween-20 in PBS) and incubated in TNB Block-

ing Buffer (NEL702001KT, Perkin Elmer). Sections were then incubated with primary antibod-

ies at 4oC overnight. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI, # 6335.1, 

Carl Roth, Karlsruhe, Germany).  

In situ hybridization analysis 

Section in situ hybridization on 10-µm paraffin sections using digoxigenin-labeled antisense 

riboprobes was performed as previously described (Moorman et al., 2001).  

Whole mount in situ hybridization analysis 

Whole-mount in situ hybridization was performed following a standard procedure with digoxig-

enin-labeled antisense riboprobes (Wilkinson and Nieto, 1993). 

 

 



Part 3 

164 
 

Microarray analysis 

Two independent pools each of control and mutant or compound treated ureters were used for 

microarray analysis. Pool sizes were as follows: >20 ureters each form male and female E12.5 

or E13.75 ureters, 20 ureters from E14.5 mutant embryos. Total RNA from each pool was 

extracted using peqGOLD RNApure (#30-1010, VWR international GmbH, Darmstadt, Ger-

many) and subsequently processed by the Research Core Unit Transcriptomics of Hannover 

Medical School. Agilent whole Mouse Genome Oligo v2 (4x44K) Microarrays (#G4846A; Ag-

ilent Technologies Inc, Santa Clara, CA, USA) were used for transcriptome analysis. Normal-

ized expression data were filtered using Microsoft Excel (MicrosoftCorp, Redmond, WA, USA). 

Functional enrichment analysis for up- and down-regulated genes was performed with DAVID 

6.8 web-software (david.ncifcrf.gov), and terms were selected based on p-value.  

Statistics 

Statistical analysis was performed using the unpaired, two-tailed Student’s t-test (GraphPad 

Prism version 7.03, GraphPad Software, San Diego, CA, USA; Excel, MicrosoftCorp). Values 

are indicated as mean±SD P<0.05 was considered significant.  

Image documentation 

Sections were photographed using a DM5000 microscope (Leica Camera, Wetzlar, Germany) 

with Leica DFC300FX digital camera or a Leica DMI6000B microscope with Leica DFC350FX 

digital camera. All images were then processed in Adobe Photoshop CS4 (Adobe, San Jose, 

CA, USA).  
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Figures/Figure Legend 

 

Figure 1: Bmp4 controls the expression of TF genes in the UE and the UM. See figure description 

on the next page.  
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Figure 1: Bmp4 controls the expression of TF genes in the UE and the UM. (A) Pie chart visualizing 

differentially expressed genes in E14.5 Bmp4cKO mutant ureters found by global transcriptome analysis 

using microarray technology. (B) Functional annotation clustering by DAVID for down-regulated genes 

in mutant ureters. (C,D) List of top 50 down-regulated genes (C) and TF genes with decreased or un-

changed expression (D) in Bmp4cKO ureters. Shown is the average fold change (avgFC) from two 

independent microarrays. Genes in (D) without a rank did not fulfill the initial filter criteria but were addi-

tionally inspected due to described expression and/or function in ureter development. (E,F) RNA in situ 

hybridization analysis on transverse ureter sections at the indicated stages of control and Bmp4cKO 

ureters at E12.5 and E14.5. Numbers in the upper right corner reflect the average fold change deter-

mined by microarray analysis. n ≥3 for each probe and genotype. (G) Summary of Bmp4 dependent TF 

genes in the UE and in the UM.  
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Figure 2: Pharmacological inhibition experiments identify TF genes that may directly depend on 

BMP4 activity in the ureter. See figure description on the next page. 
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Figure 2: Pharmacological inhibition experiments identify TF genes that may directly depend on 

BMP4 activity in the ureter. (A,G) Pie chart summarizing microarray results from E12.5 (A) and E13.75 

(G) ureters inhibited for 18 h with the BMP4 antagonist NOGGIN (NOG). (B,H) Functional annotation 

clustering by DAVID for down-regulated genes detected after BMP4 inhibition by NOG. (C,I) List of top 

50 genes with strongest decreased expression after NOG treatment. Shown is the average fold change 

(avgFC) from two independent microarrays. (D,J) List of TF genes with decreased or unaffected expres-

sion after NOG treatment. TF genes at the bottom of the lists did not match the initial filter criteria but 

were manually inspected for being down-regulated in Bmp4cKO ureters. (E,K) RNA in situ hybridization 

analysis on transverse ureter sections of control and NOG (10 µg/ml) treated ureters. Numbers in the 

upper right corner reflect the average fold change from the microarray analysis. n ≥3 for each probe and 

condition. (F,L) Summary of BMP4 signaling dependent TF genes and their tissue-specificity at the two 

time-points analyzed. UE, ureteric epithelium; UM ureteric mesenchyme. 
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Figure 3: Pharmacological manipulation in ureter explant cultures uncovers TF genes that rap-

idly and positively respond to BMP4 administration. (A) Pie chart summarizing microarray analysis 

for control versus BMP4 treated E12.5 + 18 h ureter cultures. (B,C) Functional annotation clustering by 

DAVID (B) and list of TF genes showing increased expression (C) after BMP4 treatment. (C) Shown are 

the individual intensities (INT) in control and treated ureters and the average fold change (avgFC) from 

two independent microarrays. (D) Venn diagram visualizing TF genes with increased expression upon 

BMP4 and decreased expression upon NOGGIN (NOG) treatment in E12.5 and E13.75 + 18 h ureter 

cultures. (E) RNA in situ hybridization analysis on transverse ureter sections of control individuals and 

individuals treated with 100 ng/ml BMP4. Numbers in the upper right corner reflect the average fold 

change from the microarray analysis. n ≥3 for each probe and condition.  
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Figure 4: Reduced TF gene expression in Bmp4cKO ureters is partly caused by increased RA 

signaling. (A-D) RNA in situ hybridization analysis on transverse ureter sections of E14.5 control and 

Bmp4cKO ureters analyzing the expression of components and target genes of SHH (A), WNT (B), FGF 

(C) and RA signaling (D). Numbers in the upper right corner reflect the average fold change in the 

Bmp4cKO ureter microarray analysis. n ≥4 for each probe and genotype. (E) List of selected TF genes 

with their changes in expression found in microarrays of ureters with manipulation of BMP4 and RA 

signaling. Shown are the average fold changes (avgFC) after BMP4 (100 ng/ml), NOGGIN (NOG, 10 

µg/ml), retinoic acid (RA, 1µM) and BMS189453 (BMS, 1 µM) treatment on E12.5 or E13.5 +18 h ureter 

cultures and the average fold change in E14.5 Bmp4cKO mutant ureters. (F) Whole mount in situ hy-

bridization analyzing the expression of different TF genes on E12.5 kidney and ureter rudiments grown 

for 4 days in presence and/or absence of NOGGIN (NOG, 10 µg/ml), retinoic acid (RA, 1 µM) and/or 

BMS189453 (BMS, 1 µM). n ≥3 for each probe and condition. 
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Figure 5: Urothelial differentiation and stratification is delayed in Smad4cKO(UE) ureters. (A) 

Immunofluorescence of different proteins that characterize epithelial cells (CDH1), different urothelial 

cell types (NP63, KRT5, UPK1B, S100A1) and SMCs (TAGLN) at the indicated stages. Nuclei are 

counterstained with DAPI (blue). (B) Quantification of the ratio of NP63+/DAPI, KRT5+/DAPI and 

S100A1+/DAPI cells on transverse ureter sections. For statistics see Table S10. Differences were con-

sidered non-significant (ns; P>0.05), significant (*P<0.05), highly significant (*P<0.01) or extremely sig-

nificant (*P<0.001); two tailed Students t-test.  
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Figure 6: SMAD effectors mediate part of the epithelial and mesenchymal differentiation program 

downstream of Bmp4. See figure description on the next page. 
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Figure 6: SMAD effectors mediate part of the epithelial and mesenchymal differentiation program 

downstream of Bmp4. (A,F) Pie chart summarizing microarray data from epithelial (Smad4cKO(UE)) 

and mesenchymal (Smad4cKO(UM)) Smad4 mutant ureters. (B,G) Functional annotation clustering by 

DAVID for genes showing decreased expression upon conditional inactivation of Smad4. (C,H) List of 

the top 50 genes showing decreased expression. Shown is the average fold change (avgFC) from two 

independent microarray pools. (D,I) TF genes with decreased or unchanged expression. (E,J) RNA in 

situ hybridization analysis on transverse ureter sections of E14.5 control and mutant ureters. Numbers 

in the upper right corner reflect the average fold change from the microarray analysis. n ≥ 3 for each 

probe and genotype. 
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Figure 7: All relevant TF genes for ureteric cytodifferentiation downstream of Bmp4 are at least 

partly regulated by Smad4. Venn diagram visualizing the intersection of the lists of genes with de-

creased expression in Bmp4cKO, Smad4cKO(UE) and Smad4cKO(UM) mutant ureters at E14.5.  
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Supplementary Figures 

 

 

Figure S1: Genes showing no specific or unchanged expression in Bmp4cKO mutant ureters. 

(A-C) RNA in situ hybridization on transverse ureter sections for structural genes (A) and TF genes 

(B,C). Numbers in the upper right corner reflect the average fold change determined by microarray 

analysis. n ≥ 3 for each probe and genotype. 
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Figure S2: Genes showing no specific or unchanged expression in Bmp4cKO mutant ureters or 

ureter explant cultures. (A-E) RNA in situ hybridization on transverse ureter sections on explant cul-

tures (A,C,E) or Bmp4cKO ureters (B,D). Shown are genes with no, unspecific or unchanged expres-

sion. Numbers in the upper right corner reflect the average fold change determined by microarray anal-

ysis. n ≥ 3 for each probe and genotype or condition. 
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Figure S3: Genes showing no specific expression after BMP4 treatment in ureter explant cul-

tures. RNA in situ hybridization on transverse ureter sections on E12.5 + 18 h explant cultures treated 

with 100 ng/ml BMP4. Shown are genes with no or unspecific expression. Numbers in the upper right 

corner indicate the average fold change from microarray analysis. n ≥ 3 for each probe and condition. 
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Figure S4: Genes showing no specific or unchanged expression in Smad4cKO mutant ureters. 

(A,B) RNA in situ hybridization on E14.5 transverse ureter sections of wildtype (A) and control and 

Smad4cKO(UM) mutant ureters. Numbers in the upper right corner reflect the average fold change de-

termined by microarray analysis. n ≥ 3 for each probe and genotype. 
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Supplementary Tables 

 

    Intensities fold changes (FC) 

Rank Gene Symbol control 1 mutant 1 control 2 mutant 2 FC1 FC2 avgFC 

1 Upk1b 1844 186 2450 100 -9.9 -24.6 -17.3 

2 Bmp4 21568 2642 17775 1280 -8.2 -13.9 -11.0 

3 Aldh3b2 133 23 192 15 -5.7 -12.8 -9.3 

4 Car3 61822 8735 43802 3946 -7.1 -11.1 -9.1 

5 Otop2 273 30 284 34 -9.2 -8.5 -8.9 

6 Fam183b 263 30 308 38 -8.8 -8.1 -8.5 

7 Sprr1a 1953 484 4018 332 -4.0 -12.1 -8.1 

8 Ldoc1 704 118 924 93 -6.0 -10.0 -8.0 

9 Trp63 313 43 571 67 -7.4 -8.5 -7.9 

10 Serpinb5 101 15 132 15 -6.7 -8.8 -7.8 

11 Rab27b 1431 213 1614 192 -6.7 -8.4 -7.6 

12 Upk2 330 73 683 67 -4.5 -10.2 -7.4 

13 Ivl 113 26 152 15 -4.4 -10.1 -7.2 

14 C1ql3 354 61 327 38 -5.8 -8.7 -7.2 

15 Myh11 576 142 1333 134 -4.1 -9.9 -7.0 

16 Ctse 959 147 1159 168 -6.5 -6.9 -6.7 

17 Trim29 168 53 325 33 -3.2 -10.0 -6.6 

18 Grem2 113 15 103 19 -7.5 -5.3 -6.4 

19 Perp 3436 693 4359 566 -5.0 -7.7 -6.3 

20 Sprr2a2 215 46 230 29 -4.7 -7.8 -6.3 

21 Elmod1 160 31 244 34 -5.2 -7.1 -6.2 

22 Esyt3 290 43 271 49 -6.8 -5.5 -6.1 

23 Upk3a 4968 987 4215 619 -5.0 -6.8 -5.9 

24 Hmgcs2 200 43 323 47 -4.7 -6.8 -5.8 

25 Cbr2 242 59 305 42 -4.1 -7.2 -5.6 

26 Fbxl22 242 80 524 64 -3.0 -8.2 -5.6 

27 4631405K08Rik 519 113 660 100 -4.6 -6.6 -5.6 

28 Actg2 1469 435 3417 440 -3.4 -7.8 -5.6 

29 Shisa2 2216 390 2874 543 -5.7 -5.3 -5.5 

30 Upk1a 1372 373 2397 336 -3.7 -7.1 -5.4 

31 Paqr5 217 54 261 40 -4.0 -6.5 -5.3 

32 Pparg 2543 553 2362 436 -4.6 -5.4 -5.0 

33 Fxyd3 12019 2869 12802 2279 -4.2 -5.6 -4.9 

34 Lmcd1 1845 479 2512 427 -3.8 -5.9 -4.9 

35 Agr2 112 24 107 21 -4.6 -5.1 -4.8 

36 Ccdc68 530 149 801 136 -3.6 -5.9 -4.7 

37 Cnn1 2531 788 4143 669 -3.2 -6.2 -4.7 

38 Chgb 1325 405 2107 345 -3.3 -6.1 -4.7 

39 Ihh 233 92 679 102 -2.5 -6.7 -4.6 

40 Syt1 2418 518 1987 450 -4.7 -4.4 -4.5 

41 Msx2 389 134 695 118 -2.9 -5.9 -4.4 

42 Oit1 292 91 482 88 -3.2 -5.5 -4.3 
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43 Msln 694 220 993 182 -3.2 -5.5 -4.3 

44 Grhl3 1395 558 2761 468 -2.5 -5.9 -4.2 

45 Aqp3 417 128 528 106 -3.3 -5.0 -4.1 

46 BC057651 264 75 418 96 -3.5 -4.4 -4.0 

47 Dmkn 358 93 298 76 -3.8 -3.9 -3.9 

48 Kcnk3 321 109 387 81 -3.0 -4.8 -3.9 

49 Ptprd 297 101 358 76 -2.9 -4.7 -3.8 

50 Ly6g 306 110 393 82 -2.8 -4.8 -3.8 

51 Prom2 296 112 565 115 -2.6 -4.9 -3.8 

52 Enpp2 16569 4369 13062 3538 -3.8 -3.7 -3.7 

53 AU015836 128 34 106 29 -3.7 -3.7 -3.7 

54 Prss22 123 42 179 41 -2.9 -4.4 -3.7 

55 AI314604 137 35 135 40 -3.9 -3.4 -3.7 

56 Ugt2b34 347 102 313 80 -3.4 -3.9 -3.7 

57 ENSMUST00000055719 976 331 1041 241 -2.9 -4.3 -3.6 

58 Npy1r 3304 833 2650 871 -4.0 -3.0 -3.5 

59 Hopx 2333 814 2745 669 -2.9 -4.1 -3.5 

60 Lamc3 526 159 768 210 -3.3 -3.7 -3.5 

61 Sptlc3 158 51 161 41 -3.1 -3.9 -3.5 

62 Aqp1 1589 588 1916 452 -2.7 -4.2 -3.5 

63 1700055N04Rik 168 69 259 59 -2.5 -4.4 -3.4 

64 Lamb3 224 109 349 73 -2.1 -4.8 -3.4 

65 Itih2 329 111 244 64 -3.0 -3.8 -3.4 

66 Fgfr3 1064 367 1408 366 -2.9 -3.8 -3.4 

67 Hpgd 2267 748 2429 673 -3.0 -3.6 -3.3 

68 Nrn1l 654 224 690 190 -2.9 -3.6 -3.3 

69 Upk3bl 727 309 1251 304 -2.4 -4.1 -3.2 

70 Fgf7 2184 685 2160 662 -3.2 -3.3 -3.2 

71 Nrg1 652 251 846 220 -2.6 -3.8 -3.2 

72 Cox8b 374 129 415 118 -2.9 -3.5 -3.2 

73 Syt8 173 68 212 55 -2.5 -3.8 -3.2 

74 Pla2g1b 131 50 117 31 -2.6 -3.7 -3.2 

75 Myocd 137 65 293 69 -2.1 -4.2 -3.2 

76 Gsdmc3 275 77 154 57 -3.6 -2.7 -3.1 

77 Urah 147 53 139 40 -2.8 -3.4 -3.1 

78 Apela 4216 1676 4354 1224 -2.5 -3.6 -3.0 

79 Smim6 227 90 211 62 -2.5 -3.4 -3.0 

80 Anxa9 157 72 247 67 -2.2 -3.7 -2.9 

81 Smoc1 898 286 931 348 -3.1 -2.7 -2.9 

82 Ednrb 4863 1636 3468 1251 -3.0 -2.8 -2.9 

83 Ildr1 111 45 188 57 -2.4 -3.3 -2.9 

84 Sh3gl2 372 136 436 149 -2.7 -2.9 -2.8 

85 Ppm1e 439 149 414 154 -2.9 -2.7 -2.8 

86 Ncmap 355 167 513 146 -2.1 -3.5 -2.8 

87 Fzd9 268 100 343 118 -2.7 -2.9 -2.8 

88 S100a5 244 107 218 67 -2.3 -3.3 -2.8 

89 Prkcb 479 223 625 184 -2.1 -3.4 -2.8 
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90 2200002D01Rik 2145 832 2023 691 -2.6 -2.9 -2.8 

91 Lmo1 485 229 585 173 -2.1 -3.4 -2.8 

92 Ddc 374 158 375 121 -2.4 -3.1 -2.7 

93 Nt5e 237 83 232 89 -2.8 -2.6 -2.7 

94 Ccdc184 406 179 509 162 -2.3 -3.1 -2.7 

95 Mal 3410 1300 3465 1249 -2.6 -2.8 -2.7 

96 Pipox 172 64 175 65 -2.7 -2.7 -2.7 

97 A_55_P2243558 169 75 197 63 -2.2 -3.1 -2.7 

98 Krt42 3155 1380 3794 1232 -2.3 -3.1 -2.7 

99 Krt19 15089 6308 15572 5247 -2.4 -3.0 -2.7 

100 Cers3 1164 485 1306 456 -2.4 -2.9 -2.6 

101 ENSMUST00000089689 483 219 520 173 -2.2 -3.0 -2.6 

102 Trim71 1003 468 1657 553 -2.1 -3.0 -2.6 

103 Smad9 329 129 410 161 -2.5 -2.5 -2.5 

104 Tmem54 570 262 653 225 -2.2 -2.9 -2.5 

105 Ptx3 1510 579 1472 602 -2.6 -2.4 -2.5 

106 Sfrp2 38888 13460 29715 13794 -2.9 -2.2 -2.5 

107 Sh2d4a 111 50 150 54 -2.2 -2.8 -2.5 

108 Lrrc75b 1071 451 1285 484 -2.4 -2.7 -2.5 

109 Iigp1 2315 941 2025 797 -2.5 -2.5 -2.5 

110 Cmbl 798 338 722 276 -2.4 -2.6 -2.5 

111 Cytl1 104 39 116 50 -2.6 -2.3 -2.5 

112 Epha5 526 211 522 214 -2.5 -2.4 -2.5 

113 Sct 5952 2618 5696 2149 -2.3 -2.7 -2.5 

114 Lnx1 376 147 355 152 -2.6 -2.3 -2.4 

115 Rasgrf1 303 140 368 137 -2.2 -2.7 -2.4 

116 Aspa 197 76 163 73 -2.6 -2.2 -2.4 

117 Aspn 461 212 585 220 -2.2 -2.7 -2.4 

118 A930009L07Rik 114 55 134 49 -2.1 -2.7 -2.4 

119 TC1703733 432 183 425 173 -2.4 -2.5 -2.4 

120 Foxa1 5297 2606 7154 2596 -2.0 -2.8 -2.4 

121 Rasef 214 81 186 88 -2.7 -2.1 -2.4 

122 Crym 5043 1945 4523 2095 -2.6 -2.2 -2.4 

123 Gm4951 849 351 689 296 -2.4 -2.3 -2.4 

124 Eif2ak4 110 44 124 56 -2.5 -2.2 -2.4 

125 Cela1 284 112 272 125 -2.5 -2.2 -2.4 

126 Insc 139 64 149 59 -2.2 -2.5 -2.3 

127 Degs2 428 214 483 179 -2.0 -2.7 -2.3 

128 Snai1 3016 1448 4461 1714 -2.1 -2.6 -2.3 

129 Fam49a 262 124 256 99 -2.1 -2.6 -2.3 

130 Hspb6 3562 1706 4871 1931 -2.1 -2.5 -2.3 

131 Lgals3 2657 1176 2626 1135 -2.3 -2.3 -2.3 

132 Bnipl 198 91 220 92 -2.2 -2.4 -2.3 

133 Lhfpl3 149 65 159 70 -2.3 -2.3 -2.3 

134 Irf5 354 167 344 144 -2.1 -2.4 -2.3 

135 Zcchc12 1662 733 1475 671 -2.3 -2.2 -2.2 

136 Tmem140 119 52 131 60 -2.3 -2.2 -2.2 
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137 Tspan8 6307 2898 5633 2520 -2.2 -2.2 -2.2 

138 Tmem37 5828 2797 5724 2495 -2.1 -2.3 -2.2 

139 Trim9 233 104 214 102 -2.2 -2.1 -2.2 

140 Gata6 13387 6250 12709 6005 -2.1 -2.1 -2.1 

141 Akr1c14 360 170 377 181 -2.1 -2.1 -2.1 

142 Tmc7 1031 486 906 438 -2.1 -2.1 -2.1 

143 Dusp10 340 167 389 192 -2.0 -2.0 -2.0 

144 Krt8 18611 9219 16856 8290 -2.0 -2.0 -2.0 
 

Table S1. List of genes with decreased expression in microarrays of E14.5 Bmp4cKO ureters. Shown 

are the gene names, the intensity of the two control and mutant ureter samples, the individual and the 

average (avg) fold change (FC).        
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Table S2. Functional annotation by DAVID for genes with decreased expression in E14.5 Bmp4cKO 

ureters. 
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    Intensities fold changes (FC) 

Rank  Gene Symbol control 1 NOG 1 control 2 NOG 2 FC1 FC2 avgFC 

1 Grem2 251 40 216 22 -6.2 -9.8 -8.0 

2 Id2 43029 10261 42291 4028 -4.2 -10.5 -7.3 

3 Gata5os 119 19 122 15 -6.3 -8.1 -7.2 

4 Crhbp 166 26 216 36 -6.5 -6.1 -6.3 

5 Wfdc18 210 51 145 18 -4.1 -8.0 -6.1 

6 Smad9 1093 208 1013 150 -5.3 -6.7 -6.0 

7 Gm4841 102 31 132 17 -3.3 -7.6 -5.4 

8 Gpr165 130 23 108 22 -5.6 -4.9 -5.3 

9 Npy1r 6327 1354 6163 1078 -4.7 -5.7 -5.2 

10 Tcf24 216 50 167 28 -4.4 -6.0 -5.2 

11 Sphkap 191 40 162 30 -4.8 -5.5 -5.1 

12 Chrdl1 389 75 294 59 -5.2 -5.0 -5.1 

13 Chrdl2 113 26 134 25 -4.4 -5.4 -4.9 

14 Sox9 5654 1116 5232 1149 -5.1 -4.6 -4.8 

15 Brinp3 263 78 346 59 -3.4 -5.9 -4.6 

16 Pparg 4200 1339 4790 894 -3.1 -5.4 -4.2 

17 Id1 4434 1570 5138 906 -2.8 -5.7 -4.2 

18 Id4 14272 4842 13943 2719 -2.9 -5.1 -4.0 

19 Ptger2 388 114 293 65 -3.4 -4.5 -3.9 

20 Gprin3 360 109 354 82 -3.3 -4.3 -3.8 

21 1010001N08Rik 1034 340 1421 320 -3.0 -4.4 -3.7 

22 Nog 309 96 293 70 -3.2 -4.2 -3.7 

23 Myl1 208 54 177 53 -3.9 -3.3 -3.6 

24 Sct 1632 630 1666 393 -2.6 -4.2 -3.4 

25 Cdh18 171 58 178 47 -3.0 -3.8 -3.4 

26 Iigp1 3880 1407 3911 993 -2.8 -3.9 -3.3 

27 Hs3st1 442 172 460 115 -2.6 -4.0 -3.3 

28 Micalcl 135 46 136 38 -2.9 -3.6 -3.3 

29 Kctd8 292 119 388 96 -2.4 -4.1 -3.3 

30 ENSMUST00000131638 1076 470 1190 291 -2.3 -4.1 -3.2 

31 Ednrb 5395 1854 4628 1337 -2.9 -3.5 -3.2 

32 Tlx2 4033 1455 2695 836 -2.8 -3.2 -3.0 

33 a 376 118 238 86 -3.2 -2.8 -3.0 

34 Timp4 116 40 108 36 -2.9 -3.0 -2.9 

35 Cux2 6140 2135 5745 1914 -2.9 -3.0 -2.9 

36 LOC102633497 421 162 541 168 -2.6 -3.2 -2.9 

37 Masp1 614 220 571 189 -2.8 -3.0 -2.9 

38 Snai1 4360 1612 3700 1222 -2.7 -3.0 -2.9 

39 Gdf5 2039 800 1921 612 -2.5 -3.1 -2.8 

40 Cck 2714 1158 3294 985 -2.3 -3.3 -2.8 

41 Id3 66190 26689 54551 17080 -2.5 -3.2 -2.8 

42 Akr1b7 142 56 162 53 -2.5 -3.1 -2.8 

43 Fgfr3 2035 766 1954 667 -2.7 -2.9 -2.8 

44 A_55_P1957123 112 46 129 41 -2.4 -3.1 -2.8 

45 Gm5105 148 54 144 51 -2.7 -2.8 -2.8 
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46 Kcnip4 289 123 320 101 -2.3 -3.2 -2.8 

47 Atoh8 1387 568 1377 451 -2.4 -3.1 -2.7 

48 BC023105 258 98 290 103 -2.6 -2.8 -2.7 

49 Ahr 5475 2180 5141 1799 -2.5 -2.9 -2.7 

50 Col9a3 287 106 230 88 -2.7 -2.6 -2.7 

51 Sst 514 210 434 151 -2.4 -2.9 -2.7 

52 Gabra1 413 169 468 167 -2.5 -2.8 -2.6 

53 Enpp2 13192 5249 13538 4939 -2.5 -2.7 -2.6 

54 Gabra2 110 44 105 39 -2.5 -2.7 -2.6 

55 Spag16 159 78 207 66 -2.0 -3.1 -2.6 

56 Msx2 533 207 440 172 -2.6 -2.6 -2.6 

57 Akr1c14 228 101 226 78 -2.2 -2.9 -2.6 

58 Hapln1 1148 443 1373 543 -2.6 -2.5 -2.6 

59 BC057651 362 170 415 144 -2.1 -2.9 -2.5 

60 1110032F04Rik 194 72 204 90 -2.7 -2.3 -2.5 

61 Fzd9 486 211 436 164 -2.3 -2.7 -2.5 

62 Syt4 186 69 197 88 -2.7 -2.2 -2.5 

63 Pnlip 103 47 119 44 -2.2 -2.7 -2.5 

64 Syt1 3659 1698 3928 1444 -2.2 -2.7 -2.4 

65 Tbx18 6839 3270 8455 3046 -2.1 -2.8 -2.4 

66 Sstr1 883 379 888 352 -2.3 -2.5 -2.4 

67 4930431P19Rik 536 242 675 269 -2.2 -2.5 -2.4 

68 Dleu2 136 64 167 64 -2.1 -2.6 -2.4 

69 Fam19a2 1079 510 1145 445 -2.1 -2.6 -2.3 

70 Dkk2 3385 1611 3608 1394 -2.1 -2.6 -2.3 

71 Elavl2 1391 595 1596 681 -2.3 -2.3 -2.3 

72 Galnt14 1006 482 1091 427 -2.1 -2.6 -2.3 

73 A_55_P2015594 157 76 228 90 -2.1 -2.5 -2.3 

74 Calcr 130 54 104 47 -2.4 -2.2 -2.3 

75 Gabrb2 1172 519 1187 524 -2.3 -2.3 -2.3 

76 Phlda2 219 97 208 92 -2.3 -2.3 -2.3 

77 A_55_P2175050 283 116 235 114 -2.4 -2.1 -2.3 

78 Traf1 221 105 219 93 -2.1 -2.3 -2.2 

79 Ihh 195 94 210 89 -2.1 -2.4 -2.2 

80 Stxbp5l 376 159 311 150 -2.4 -2.1 -2.2 

81 Sntg1 457 220 459 195 -2.1 -2.4 -2.2 

82 Edil3 3210 1388 3151 1514 -2.3 -2.1 -2.2 

83 Cadps 1570 728 1240 558 -2.2 -2.2 -2.2 

84 Nxpe3 4798 2364 4831 2108 -2.0 -2.3 -2.2 

85 Pcdh9 607 278 676 316 -2.2 -2.1 -2.2 

86 CB193388 2005 935 2461 1134 -2.1 -2.2 -2.2 

87 Pipox 151 74 176 79 -2.0 -2.2 -2.1 

88 Rab27b 827 375 750 363 -2.2 -2.1 -2.1 

89 Clstn2 9357 4464 8565 3985 -2.1 -2.1 -2.1 

90 Gper1 381 189 337 158 -2.0 -2.1 -2.1 
Table S3. List of genes with decreased expression in microarrays of explants of E12.5 ureters treated 

for 18 h with 10 µg/ml NOGGIN (NOG). Shown are the gene names, the intensity of the two control and 

treated ureter samples, the individual and the average (avg) fold change (FC).  
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Table S4. Functional annotation by DAVID for genes with decreased expression in explants of E12.5 

ureters treated for 18 h with 10 µg/ml NOGGIN.  
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  Intensities fold changes (FC) 

Rank Gene Symbol control 1 NOG 1 control 2 NOG 2 FC1 FC2 avgFC 

1 Gsdmc3 137 21 208 28 -6.6 -7.5 -7.0 

2 Id2 37141 7027 36241 5164 -5.3 -7.0 -6.2 

3 Ifit3 157 69 6340 692 -2.3 -9.2 -5.7 

4 Calcb 142 20 138 40 -7.1 -3.4 -5.3 

5 Gpr165 110 32 104 15 -3.4 -7.0 -5.2 

6 Grem2 214 46 202 39 -4.6 -5.2 -4.9 

7 Smad9 961 177 798 183 -5.4 -4.4 -4.9 

8 Ctse 955 202 1093 226 -4.7 -4.8 -4.8 

9 Id1 8428 1812 8472 1871 -4.7 -4.5 -4.6 

10 Ednrb 3906 942 3590 773 -4.1 -4.6 -4.4 

11 Fa2h 261 47 195 63 -5.6 -3.1 -4.3 

12 Iigp1 3696 1332 6173 1054 -2.8 -5.9 -4.3 

13 ENSMUST00000131638 1466 612 2750 485 -2.4 -5.7 -4.0 

14 Sct 1389 343 1731 451 -4.0 -3.8 -3.9 

15 Npy1r 6478 1546 5605 1602 -4.2 -3.5 -3.8 

16 Ldoc1 614 221 1159 238 -2.8 -4.9 -3.8 

17 Gm4951 4352 1839 8713 1751 -2.4 -5.0 -3.7 

18 Pdzk1 544 172 822 198 -3.2 -4.1 -3.7 

19 Phlda2 459 150 624 156 -3.1 -4.0 -3.5 

20 Id4 11456 3031 9216 2959 -3.8 -3.1 -3.4 

21 BC023105 105 40 104 25 -2.6 -4.2 -3.4 

22 Dmkn 116 35 140 40 -3.3 -3.5 -3.4 

23 Nrn1l 442 117 344 123 -3.8 -2.8 -3.3 

24 Wif1 516 174 508 142 -3.0 -3.6 -3.3 

25 Trim9 283 86 275 90 -3.3 -3.1 -3.2 

26 Tcf24 176 47 139 55 -3.7 -2.5 -3.1 

27 Pparg 5507 1694 5448 1829 -3.3 -3.0 -3.1 

28 S100a5 133 38 149 55 -3.5 -2.7 -3.1 

29 Aqp3 533 164 527 179 -3.2 -2.9 -3.1 

30 Hmgcs2 221 73 295 99 -3.0 -3.0 -3.0 

31 Sst 346 119 305 101 -2.9 -3.0 -3.0 

32 Ugt2b34 614 259 914 257 -2.4 -3.6 -3.0 

33 A_55_P2175050 341 105 322 121 -3.2 -2.7 -3.0 

34 Ihh 306 90 324 129 -3.4 -2.5 -2.9 

35 Calcr 152 60 186 56 -2.5 -3.3 -2.9 

36 Otor 456 217 704 190 -2.1 -3.7 -2.9 

37 Sp5 343 101 289 127 -3.4 -2.3 -2.8 

38 Id3 29857 10996 29420 10105 -2.7 -2.9 -2.8 

39 Ahr 8178 3191 8535 3047 -2.6 -2.8 -2.7 

40 Insc 363 124 299 128 -2.9 -2.3 -2.6 

41 Syt1 3553 1358 3219 1225 -2.6 -2.6 -2.6 

42 ENSMUST00000089689 111 50 170 58 -2.2 -2.9 -2.6 

43 Ntng1 144 68 146 49 -2.1 -3.0 -2.6 

44 Myocd 135 52 116 46 -2.6 -2.5 -2.5 

45 Msx2 365 147 453 177 -2.5 -2.6 -2.5 
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46 Paqr5 179 78 215 79 -2.3 -2.7 -2.5 

47 Mansc4 780 268 629 300 -2.9 -2.1 -2.5 

48 BC025446 259 105 351 141 -2.5 -2.5 -2.5 

49 Maob 2174 769 1625 798 -2.8 -2.0 -2.4 

50 Hpgd 649 284 604 235 -2.3 -2.6 -2.4 

51 Synpr 492 230 618 230 -2.1 -2.7 -2.4 

52 Gprin3 102 47 132 50 -2.2 -2.7 -2.4 

53 Inhbb 303 133 583 230 -2.3 -2.5 -2.4 

54 Tnfsf13b 764 336 986 389 -2.3 -2.5 -2.4 

55 Kcne3 239 116 540 203 -2.0 -2.7 -2.4 

56 3830417A13Rik 135 60 178 73 -2.3 -2.4 -2.3 

57 Upk3b 129 54 112 50 -2.4 -2.2 -2.3 

58 Enpp2 17155 6984 17019 7885 -2.5 -2.2 -2.3 

59 Cck 818 330 590 281 -2.5 -2.1 -2.3 

60 Rnf186 851 376 1061 463 -2.3 -2.3 -2.3 

61 Sox9 4026 1691 3207 1489 -2.4 -2.2 -2.3 

62 Cela1 688 334 764 329 -2.1 -2.3 -2.2 

63 Ptger2 276 123 338 164 -2.2 -2.1 -2.2 

64 Rab27b 1585 739 1625 791 -2.1 -2.1 -2.1 

65 Fxyd3 4414 2057 4618 2293 -2.1 -2.0 -2.1 

66 Fam132a 5425 2619 6017 2963 -2.1 -2.0 -2.1 
 

Table S5. List of genes with decreased expression in microarrays of explants of E13.75 ureters treated 

for 18 h with 10 µg/ml NOGGIN (NOG). Shown are the gene names, the intensity of the two control and 

treated ureter samples, the individual and the average (avg) fold change (FC).       
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Table S6. Functional annotation by DAVID for genes with decreased expression in explants of E13.75 

ureters treated for 18 h with 10 µg/ml NOGGIN.  
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    Intensities fold changes (FC) 

Rank Gene  control 1 BMP4 1 control 2 BMP4 2 FC1 FC2 avgFC 

1 Hsd17b2 18 178 32 213 9.6 6.7 8.2 

2 Ano2 42 210 34 369 5.0 10.8 7.9 

3 Tbx20 32 194 18 167 6.0 9.4 7.7 

4 Nog 345 2745 403 2664 8.0 6.6 7.3 

5 Phlda2 370 2278 399 3225 6.1 8.1 7.1 

6 Thbs4 142 768 160 1395 5.4 8.7 7.1 

7 Bcan 47 161 33 337 3.5 10.3 6.9 

8 Cpne6 83 580 147 968 6.9 6.6 6.8 

9 A_55_P2147160 46 196 37 324 4.3 8.9 6.6 

10 Chrdl2 116 651 158 1051 5.6 6.6 6.1 

11 Fam25c 30 195 40 201 6.5 5.1 5.8 

12 Gata4 33 186 42 246 5.6 5.9 5.8 

13 Grem2 242 1102 233 1572 4.6 6.7 5.6 

14 Cbln1 48 214 59 373 4.4 6.3 5.4 

15 Crhbp 204 991 172 968 4.9 5.6 5.2 

16 Onecut2 215 1139 253 1311 5.3 5.2 5.2 

17 Rgs6 27 129 56 304 4.8 5.4 5.1 

18 Asic1 133 516 179 1088 3.9 6.1 5.0 

19 Wif1 759 3072 819 4293 4.0 5.2 4.6 

20 Ttr 30 131 47 229 4.4 4.8 4.6 

21 Irx4 127 487 154 801 3.8 5.2 4.5 

22 Dkk1 2582 11394 2739 12484 4.4 4.6 4.5 

23 Ibsp 52 184 36 194 3.6 5.3 4.5 

24 Cux2 4072 17197 4888 22812 4.2 4.7 4.4 

25 Sost 58 253 71 318 4.4 4.5 4.4 

26 Agtr1a 323 1113 373 1998 3.4 5.4 4.4 

27 Smad6 2280 9212 2614 12233 4.0 4.7 4.4 

28 Slc25a34 64 180 57 298 2.8 5.3 4.0 

29 Tacr3 169 543 125 605 3.2 4.8 4.0 

30 Gbp11 63 160 47 256 2.5 5.4 4.0 

31 Tmem178 1107 3468 1409 6192 3.1 4.4 3.8 

32 Chst9 87 224 58 276 2.6 4.8 3.7 

33 Msx1 528 1946 586 2100 3.7 3.6 3.6 

34 Kcnh1 44 145 45 177 3.3 4.0 3.6 

35 Syndig1 194 692 237 859 3.6 3.6 3.6 

36 Brinp3 352 866 226 1022 2.5 4.5 3.5 

37 Cidea 39 113 25 102 2.9 4.1 3.5 

38 Gcgr 1810 4941 1778 7393 2.7 4.2 3.4 

39 Sprr1a 2367 11026 4079 8898 4.7 2.2 3.4 

40 3830417A13Rik 76 189 61 260 2.5 4.2 3.4 

41 Fam189a1 55 133 79 332 2.4 4.2 3.3 

42 Tmem200a 840 2209 777 3068 2.6 3.9 3.3 

43 Myocd 39 134 52 164 3.5 3.1 3.3 

44 Tenm2 87 307 131 398 3.5 3.0 3.3 

45 Ppapdc1a 80 225 90 340 2.8 3.8 3.3 
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46 a 355 1253 237 711 3.5 3.0 3.3 

47 Zfpm1 693 2461 1000 2904 3.6 2.9 3.2 

48 Tcf24 36 111 38 123 3.1 3.3 3.2 

49 Pcdh17 293 741 340 1302 2.5 3.8 3.2 

50 Kctd8 262 719 234 845 2.7 3.6 3.2 

51 Msx2 562 1691 691 2281 3.0 3.3 3.2 

52 Ttn 78 179 90 347 2.3 3.8 3.1 

53 Htr3a 131 417 113 323 3.2 2.9 3.0 

54 Trim9 190 480 225 787 2.5 3.5 3.0 

55 Fmod 180 558 250 730 3.1 2.9 3.0 

56 2900001G08Rik 85 237 95 306 2.8 3.2 3.0 

57 Myl1 313 715 285 1043 2.3 3.7 3.0 

58 Fgfr3 1843 4842 2407 7860 2.6 3.3 2.9 

59 Pdlim3 1166 3540 1388 3924 3.0 2.8 2.9 

60 Pcdh10 60 167 63 196 2.8 3.1 2.9 

61 Gata6 12957 38502 14827 42333 3.0 2.9 2.9 

62 Irf5 435 1105 365 1186 2.5 3.3 2.9 

63 Pi16 41 110 41 125 2.7 3.1 2.9 

64 4930466F19Rik 80 178 67 238 2.2 3.5 2.9 

65 4930412O13Rik 1635 4236 1395 4275 2.6 3.1 2.8 

66 Fam19a2 931 1990 797 2768 2.1 3.5 2.8 

67 Ldoc1 1073 2185 1082 3840 2.0 3.5 2.8 

68 Pitx1 620 1928 841 2073 3.1 2.5 2.8 

69 Asb4 2923 6737 2102 6860 2.3 3.3 2.8 

70 Ifitm10 39 116 46 117 3.0 2.5 2.7 

71 Calcr 97 199 91 310 2.1 3.4 2.7 

72 Rarres1 254 624 230 689 2.5 3.0 2.7 

73 Nkx3-1 46 147 51 113 3.2 2.2 2.7 

74 Smad9 854 2083 923 2742 2.4 3.0 2.7 

75 Hand1 428 1046 386 1120 2.4 2.9 2.7 

76 Snai1 2972 7930 3358 8976 2.7 2.7 2.7 

77 Sct 3036 7497 2681 7517 2.5 2.8 2.6 

78 Rxrg 256 603 207 597 2.4 2.9 2.6 

79 Gata5os 79 191 123 341 2.4 2.8 2.6 

80 Gm6403 163 355 206 619 2.2 3.0 2.6 

81 Esrrg 197 438 166 493 2.2 3.0 2.6 

82 Syn2 84 232 96 232 2.8 2.4 2.6 

83 Nefm 3614 8899 3280 8865 2.5 2.7 2.6 

84 Calcb 89 201 76 221 2.3 2.9 2.6 

85 Igf1 1425 2888 1266 3958 2.0 3.1 2.6 

86 Cfh 207 431 200 614 2.1 3.1 2.6 

87 Trabd2b 308 847 317 751 2.8 2.4 2.6 

88 Olfm1 3350 7798 3985 11104 2.3 2.8 2.6 

89 Grin2c 531 1263 588 1607 2.4 2.7 2.6 

90 Hrct1 94 212 87 242 2.3 2.8 2.5 

91 Ecel1 406 838 478 1427 2.1 3.0 2.5 

92 Dmkn 62 132 77 223 2.1 2.9 2.5 
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93 Ppp2r2b 762 1827 852 2231 2.4 2.6 2.5 

94 Sstr1 919 2122 864 2332 2.3 2.7 2.5 

95 Syt1 3657 7778 3788 10643 2.1 2.8 2.5 

96 4930432J09Rik 82 193 65 168 2.4 2.6 2.5 

97 Hoxc9 1693 3956 1574 4080 2.3 2.6 2.5 

98 Nrn1l 525 1134 641 1773 2.2 2.8 2.5 

99 Ceacam10 87 178 67 190 2.0 2.8 2.4 

100 Baiap2l2 2383 5298 2465 6508 2.2 2.6 2.4 

101 Thrb 135 308 167 430 2.3 2.6 2.4 

102 BC100530 75 170 69 180 2.3 2.6 2.4 

103 Hoxb13 91 207 121 304 2.3 2.5 2.4 

104 Smad7 989 2072 1054 2821 2.1 2.7 2.4 

105 Grik3 87 203 72 173 2.3 2.4 2.4 

106 Ccdc3 113 272 148 335 2.4 2.3 2.3 

107 Tbx4 217 544 291 624 2.5 2.1 2.3 

108 Fst 1834 4334 1975 4514 2.4 2.3 2.3 

109 Prrx2 4050 8512 3657 9066 2.1 2.5 2.3 

110 Slc18a3 564 1319 614 1366 2.3 2.2 2.3 

111 Gabra2 94 204 82 193 2.2 2.4 2.3 

112 Slitrk5 957 2187 1119 2501 2.3 2.2 2.3 

113 Me1 1340 2976 1688 3849 2.2 2.3 2.3 

114 Pparg 4409 10224 4668 10012 2.3 2.1 2.2 

115 Nrg1 1810 3818 2149 5027 2.1 2.3 2.2 

116 A_55_P2042833 51 105 50 118 2.1 2.4 2.2 

117 Dlg2 292 629 281 626 2.2 2.2 2.2 

118 Tlx2 3509 7815 3334 7101 2.2 2.1 2.2 

119 AA387883 63 127 69 161 2.0 2.3 2.2 

120 Npy 563 1173 583 1301 2.1 2.2 2.2 

121 NAP001637-001 322 723 386 779 2.2 2.0 2.1 

122 Bmper 19226 39741 19450 41281 2.1 2.1 2.1 

123 Bean1 621 1270 740 1582 2.0 2.1 2.1 

124 Srrm3 314 642 406 867 2.0 2.1 2.1 

125 Map1b 2708 5545 3114 6635 2.0 2.1 2.1 

126 Rorb 57 118 71 143 2.1 2.0 2.1 

127 Hr 3450 7016 4566 9401 2.0 2.1 2.0 

128 Foxo6 932 1865 1107 2306 2.0 2.1 2.0 

129 Unc5b 6668 13620 7931 15942 2.0 2.0 2.0 
 

Table S7. List of genes with increased expression in microarrays of explants of E12.5 ureters treated 

for 18 h with 100 ng/ml BMP4 (BMP4). Shown are the gene names, the intensity of the two control and 

treated ureter samples, the individual and the average (avg) fold change (FC).  
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Table S8. Functional annotation by DAVID for genes with increased expression in explants of E12.5 

ureters treated for 18 h with 100 ng/ml BMP4.  
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Genotype Pax2+/+ 
Pax2-cre/+; 

Smad4fl/+ 
Pax2-cre/+; 

Smad4fl/fl 
 

   

expected genotype fre-
quency  

50% 25% 25%  

   

stages, numbers obtained obtained numbers (obtained frequency)  

E14.5, n=270 131 (49%) 67 (25%) 72 (26%)  

E16.5, n=42 23 (55%) 12 (28%) 7 (17%)  

E18.5, n=54 31 (57%) 10 (19%) 13 (24%)  

 

Table S9. Genotype distribution of embryos obtained from matings of Pax2-cre/+;Smad4fl/+ males with 

Smad4fl/fl females at E14.5, E16.5 and E18.5. 
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Table S10. Onset of urothelial differentiation in control and Smad4cKO(UE) ureters. Shown are the 

numbers of differentiated cells in the UE. Statistical significance was calculated using students t-Test. 

SD, standard derivation. 
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    Intensities fold changes (FC) 

Rank Gene  control 1 mutant 1 control 2 mutant 2 FC1 FC2 avgFC 

1 Serpinb5 148 69 165 28 -2.2 -5.8 -4.0 

2 Prap1 204 132 1295 222 -1.5 -5.8 -3.7 

3 Aldh3b2 153 63 176 42 -2.4 -4.1 -3.3 

4 Upk3a 3420 1259 3237 977 -2.7 -3.3 -3.0 

5 Gsdmc3 446 161 583 182 -2.8 -3.2 -3.0 

6 Ldoc1 2207 902 2164 704 -2.4 -3.1 -2.8 

7 Upk1a 3318 1395 3095 1041 -2.4 -3.0 -2.7 

8 Pdzk1 4722 1736 3914 1523 -2.7 -2.6 -2.6 

9 Afp 2298 719 4854 2322 -3.2 -2.1 -2.6 

10 Anxa8 4591 1680 3921 1556 -2.7 -2.5 -2.6 

11 Upk1b 1197 491 1056 377 -2.4 -2.8 -2.6 

12 Perp 6882 2771 6384 2408 -2.5 -2.7 -2.6 

13 S100a14 549 231 524 194 -2.4 -2.7 -2.5 

14 Fa2h 231 111 213 71 -2.1 -3.0 -2.5 

15 Cbr2 277 144 327 112 -1.9 -2.9 -2.4 

16 Wnt10a 211 115 183 65 -1.8 -2.8 -2.3 

17 Grhl3 2016 1051 1696 625 -1.9 -2.7 -2.3 

18 Ppbp 174 87 185 73 -2.0 -2.5 -2.3 

19 A_55_P1953377 21413 11852 20916 7797 -1.8 -2.7 -2.2 

20 Msx2 490 287 548 198 -1.7 -2.8 -2.2 

21 ENSMUST00000199575 341 166 308 132 -2.1 -2.3 -2.2 

22 Gp9 201 73 133 84 -2.8 -1.6 -2.2 

23 Eddm3b 147 69 159 73 -2.1 -2.2 -2.2 

24 4631405K08Rik 1160 648 1812 729 -1.8 -2.5 -2.1 

25 Rab27b 600 319 614 258 -1.9 -2.4 -2.1 

26 Urah 206 91 177 89 -2.3 -2.0 -2.1 

27 Trim29 324 181 255 104 -1.8 -2.5 -2.1 

28 Ttr 115 53 171 83 -2.2 -2.1 -2.1 

29 Tmprss13 244 143 251 102 -1.7 -2.5 -2.1 

30 Trp63 584 283 591 289 -2.1 -2.0 -2.1 

31 Aqp3 1184 612 1080 503 -1.9 -2.1 -2.0 

32 Fxyd3 4031 1983 3871 1903 -2.0 -2.0 -2.0 

33 Foxi1 367 181 313 159 -2.0 -2.0 -2.0 

34 Upk3bl 988 543 961 447 -1.8 -2.2 -2.0 

35 Tmem45b 993 464 919 516 -2.1 -1.8 -2.0 

36 Paqr5 374 184 324 184 -2.0 -1.8 -1.9 

37 Slc35g1 1412 799 1386 688 -1.8 -2.0 -1.9 

38 Elf5 394 223 389 200 -1.8 -1.9 -1.9 

39 Sfn 362 204 323 166 -1.8 -1.9 -1.9 

40 Calml3 167 89 183 101 -1.9 -1.8 -1.8 

41 Sprr2a2 110 69 111 54 -1.6 -2.0 -1.8 

42 Dmkn 356 181 292 177 -2.0 -1.7 -1.8 

43 Prom2 434 263 321 164 -1.7 -2.0 -1.8 

44 Lgals3 2276 1496 2656 1293 -1.5 -2.1 -1.8 

45 Abcc3 910 600 935 456 -1.5 -2.0 -1.8 
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46 4930434F21Rik 221 127 220 124 -1.7 -1.8 -1.8 

47 Zbtb32 135 78 122 69 -1.7 -1.8 -1.8 

48 Grhl1 223 122 211 129 -1.8 -1.6 -1.7 

49 Crim1 254 146 210 122 -1.7 -1.7 -1.7 

50 Fam183b 740 419 719 436 -1.8 -1.6 -1.7 

51 Krt20 362 200 334 211 -1.8 -1.6 -1.7 

52 Cers3 2845 1632 2862 1792 -1.7 -1.6 -1.7 

53 Lama3 323 177 246 163 -1.8 -1.5 -1.7 

54 Ptprd 173 107 167 99 -1.6 -1.7 -1.7 

55 Slc39a4 553 340 548 326 -1.6 -1.7 -1.7 

56 Ang 324 188 326 206 -1.7 -1.6 -1.7 

57 Slco2a1 1018 629 821 487 -1.6 -1.7 -1.7 

58 Pparg 3833 2226 3498 2215 -1.7 -1.6 -1.7 

59 Bglap3 118 68 128 84 -1.7 -1.5 -1.6 

60 Cck 393 257 388 230 -1.5 -1.7 -1.6 

61 Eaf2 214 132 223 140 -1.6 -1.6 -1.6 

62 Hmgcs2 270 169 204 128 -1.6 -1.6 -1.6 

63 Sh3tc2 765 462 695 462 -1.7 -1.5 -1.6 

64 Ang4 160 104 176 111 -1.5 -1.6 -1.6 

65 Aldh1a7 370 242 446 282 -1.5 -1.6 -1.6 

66 Il17re 1148 720 950 631 -1.6 -1.5 -1.5 

67 Bglap2 213 141 232 149 -1.5 -1.6 -1.5 

68 Kng1 130 86 217 143 -1.5 -1.5 -1.5 

 

Table S11. List of genes with decreased expression in microarrays of E14.5 Smad4cKO(UE) ureters. 

Shown are the gene names, the intensity of the two control and mutant ureter samples, the individual 

and the average (avg) fold change (FC).        
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Table S12. Functional annotation by DAVID for genes with decreased expression in E14.5 

Smad4cKO(UE) ureters.  
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    Intensities fold changes (FC) 

Rank Gene  control 1 mutant 1 control 2 mutant 2 FC1 FC2 avgFC 

1 Myh11 871 187 1326 182 -4.7 -7.3 -6.0 

2 Cnn1 2474 783 3241 670 -3.2 -4.8 -4.0 

3 Sct 7560 1573 6407 2092 -4.8 -3.1 -3.9 

4 Actg2 1925 705 2640 585 -2.7 -4.5 -3.6 

5 Acta2 7002 3485 10522 2308 -2.0 -4.6 -3.3 

6 Mrap2 797 188 435 188 -4.2 -2.3 -3.3 

7 Smad9 627 203 643 195 -3.1 -3.3 -3.2 

8 Car3 41916 14122 24984 7723 -3.0 -3.2 -3.1 

9 Hpgd 2820 875 2923 1006 -3.2 -2.9 -3.1 

10 Irf5 368 119 335 123 -3.1 -2.7 -2.9 

11 Syt1 3962 1087 2596 1258 -3.6 -2.1 -2.9 

12 Myocd 366 174 560 157 -2.1 -3.6 -2.8 

13 Mansc4 1313 453 1080 565 -2.9 -1.9 -2.4 

14 Maob 2505 941 2466 1154 -2.7 -2.1 -2.4 

15 Id2 22836 12088 18492 6473 -1.9 -2.9 -2.4 

16 Epha5 581 255 677 284 -2.3 -2.4 -2.3 

17 Slitrk5 855 320 630 332 -2.7 -1.9 -2.3 

18 Id1 11291 5366 9950 4113 -2.1 -2.4 -2.3 

19 Bmp5 1996 926 2061 880 -2.2 -2.3 -2.2 

20 A_55_P2041693 417 217 516 204 -1.9 -2.5 -2.2 

21 Pcdh9 323 139 341 168 -2.3 -2.0 -2.2 

22 Cfh 4955 2598 5154 2117 -1.9 -2.4 -2.2 

23 Mylk 234 116 285 124 -2.0 -2.3 -2.2 

24 Cfhr2 1439 728 1596 696 -2.0 -2.3 -2.1 

25 Cox8b 320 138 324 170 -2.3 -1.9 -2.1 

26 Srprb 3640 1819 4499 2081 -2.0 -2.2 -2.1 

27 Id3 80422 32033 40501 25098 -2.5 -1.6 -2.1 

28 Lhfpl3 307 152 335 159 -2.0 -2.1 -2.1 

29 Alpl 578 328 631 273 -1.8 -2.3 -2.0 

30 Asic1 258 135 276 130 -1.9 -2.1 -2.0 

31 Sned1 9858 4857 8190 4075 -2.0 -2.0 -2.0 

32 6720482D04 589 307 617 299 -1.9 -2.1 -2.0 

33 Olfm1 2219 1105 2464 1288 -2.0 -1.9 -2.0 

34 Lactb 2833 1448 2714 1401 -2.0 -1.9 -1.9 

35 A_55_P2175050 343 160 281 161 -2.1 -1.7 -1.9 

36 Actc1 4203 2601 4630 2055 -1.6 -2.3 -1.9 

37 Sfrp2 23604 14355 20265 9110 -1.6 -2.2 -1.9 

38 Slc38a5 937 407 701 449 -2.3 -1.6 -1.9 

39 Sdpr 4933 2437 4741 2589 -2.0 -1.8 -1.9 

40 Enpp2 14584 7801 12288 6259 -1.9 -2.0 -1.9 

41 Ecm1 489 278 557 275 -1.8 -2.0 -1.9 

42 9630023C09Rik 254 118 214 133 -2.1 -1.6 -1.9 

43 F830014O18Rik 276 142 320 180 -1.9 -1.8 -1.9 

44 Otop2 450 248 486 255 -1.8 -1.9 -1.9 

45 Tmeff2 1148 586 1055 601 -2.0 -1.8 -1.9 



Part 3 

213 
 

46 Baiap2l2 1376 716 1434 801 -1.9 -1.8 -1.9 

47 Tspan1 536 251 668 425 -2.1 -1.6 -1.9 

48 Hapln1 797 407 803 473 -2.0 -1.7 -1.8 

49 Srrm3 293 169 299 155 -1.7 -1.9 -1.8 

50 Rbp4 838 428 812 479 -2.0 -1.7 -1.8 

51 Efhd1 175 101 235 123 -1.7 -1.9 -1.8 

52 Ppfia2 174 102 191 102 -1.7 -1.9 -1.8 

53 Lmcd1 2675 1672 2702 1367 -1.6 -2.0 -1.8 

54 Pde11a 289 144 237 152 -2.0 -1.6 -1.8 

55 Tmem37 5753 2910 5047 3208 -2.0 -1.6 -1.8 

56 Hmgcs2 223 114 238 151 -2.0 -1.6 -1.8 

57 Nrg1 1256 670 1121 676 -1.9 -1.7 -1.8 

58 Smad6 1719 1075 1892 983 -1.6 -1.9 -1.8 

59 Pxylp1 181 104 179 100 -1.7 -1.8 -1.8 

60 Smoc1 1367 766 1315 757 -1.8 -1.7 -1.8 

61 Hspb6 3559 1863 3608 2296 -1.9 -1.6 -1.7 

62 Akr1c14 312 193 352 191 -1.6 -1.8 -1.7 

63 Itih5 756 456 840 467 -1.7 -1.8 -1.7 

64 Trim9 373 229 402 220 -1.6 -1.8 -1.7 

65 Des 534 305 556 329 -1.7 -1.7 -1.7 

66 Gnao1 2616 1637 2722 1485 -1.6 -1.8 -1.7 

67 Kcnt2 420 225 374 243 -1.9 -1.5 -1.7 

68 Galm 1428 815 1366 840 -1.8 -1.6 -1.7 

69 Abhd14b 1168 642 1024 658 -1.8 -1.6 -1.7 

70 Fgfr4 919 600 941 511 -1.5 -1.8 -1.7 

71 Lrfn5 1484 808 1398 920 -1.8 -1.5 -1.7 

72 Sh3gl2 261 149 246 155 -1.7 -1.6 -1.7 

73 Vstm4 248 150 244 145 -1.7 -1.7 -1.7 

74 Pfkp 396 217 382 254 -1.8 -1.5 -1.7 

75 Ebf1 809 521 846 484 -1.6 -1.7 -1.6 

76 Pgbd5 413 267 431 248 -1.5 -1.7 -1.6 

77 Fgfr3 811 483 893 558 -1.7 -1.6 -1.6 

78 Hopx 4143 2606 4165 2473 -1.6 -1.7 -1.6 

79 Dlgap3 442 277 476 285 -1.6 -1.7 -1.6 

80 S100b 813 483 890 576 -1.7 -1.5 -1.6 

81 Mdga1 360 238 436 258 -1.5 -1.7 -1.6 

82 Btbd17 829 516 917 576 -1.6 -1.6 -1.6 

83 Ifitm5 703 433 756 483 -1.6 -1.6 -1.6 

84 Cav1 6970 4492 6856 4271 -1.6 -1.6 -1.6 

85 Fam46a 1855 1145 1738 1132 -1.6 -1.5 -1.6 

86 Lrrn2 947 607 964 618 -1.6 -1.6 -1.6 

87 Sp7 350 229 390 247 -1.5 -1.6 -1.6 

88 Il27ra 311 200 334 215 -1.6 -1.5 -1.6 

89 Edil3 1022 658 999 653 -1.6 -1.5 -1.5 

90 Abca9 160 106 183 122 -1.5 -1.5 -1.5 
Table S13. List of genes with decreased expression in microarrays of E14.5 Smad4cKO(UM) ureters. 

Shown are the gene names, the intensity of the two control and mutant ureter samples, the individual 

and the average (avg) fold change (FC).     
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Table S14. Functional annotation by DAVID for genes with decreased expression in E14.5 

Smad4cKO(UM) ureters. 
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Concluding remarks 

Ureter development is controlled by a complex interplay of different signaling 

pathways and TF genes 

The functional relevance of signaling pathways during ureter development has been described 

in various studies. SHH and WNT signals released from the UE and BMP4 from the UM pro-

mote ureteric proliferation and cyto-differentiation while RA signaling maintains the epithelial 

and mesenchymal precursor populations (Bohnenpoll et al., 2017b, Bohnenpoll et al., 2017c, 

Mamo et al., 2017, Trowe et al., 2012). In contrast to the advances made in characterizing the 

function of individual signaling pathways, it remained poorly understood how these signaling 

pathways interact with each other and which TF genes mediate the patterning and cyto-differ-

entiation program in the ureter. This thesis provided novel insight into these urgent questions 

by three independent experimental project lines concerning the role of FGF and BMP4 signal-

ing in early ureter development.  

In a first project, the relevance of epithelial FGFR signaling was characterized to increase the 

SHH-FOXF1-BMP4 signaling axis thereby ensuring the temporally precise onset of SMC dif-

ferentiation as well as LP formation in the UM on one hand, and directing the patterning, strat-

ification and cyto-differentiation of all three cell types within the urothelium on the other hand. 

In a second project, evidence was provided that mesenchymal FGFRs act as a sink to prevent 

overactivation of epithelial FGFR signaling, a state which leads to increased and premature 

development of the LP at the expense of SMC. Finally in a third project, BMP4 signaling was 

characterized as an important inhibitor of Aldh1a2 expression and thereby RA signaling and 

LP formation. Moreover, a set of BMP4-dependent TFs was identified that mediates the cyto-

differentiation in the UE and the UM (for graphical summary see Figure 8).  

Patterning of the UM occurs as a consequence of cells differently responding to 

SHH and BMP4 signaling within the SM layer and the lamina propria  

This thesis uncovered that patterning of the UM depends on the differential activity and levels 

of signaling pathways. Shh released from the UE is a crucial inducer of Aldh1a2 expression in 

the UM and therefore for LP development. This is in good agreement with earlier studies re-

porting that LP development depends on high levels of SHH (Ikeda et al., 2017, Yu et al., 

2002). However, one of these studies suggested that high levels of SHH inhibit SMC formation 

at the same time (Yu et al., 2002). Here, we suggested a different concept of LP formation and 

Aldh1a2 expression. The first two projects of this thesis provided compelling evidence, that 

SHH acts as the main inducer for Aldh1a2 expression and for LP formation. However, the 

second project suggests that high levels of SHH do not inhibit SMC development but promote 
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LP and SMC formation at the same time, speaking for additional regulatory mechanisms sep-

arately controlling the development of both cell layers. In this context we described BMP4 sig-

naling in the second and third project as in important inhibitor for Aldh1a2 expression and LP 

formation. Hence, the development of both mesenchymal compartments depends indeed on 

the same signals, but cells within the LP respond differentially to these signals than cells within 

the SMC layer. 

 

 

Figure 8: Network of signaling pathways and TF genes that direct early ureter development in 
the mouse. ue, ureteric epithelium; um, ureteric mesenchyme. 

 

FGF signaling regulates SHH and BMP4 signaling to ensure correct patterning 

and cyto-differentiation in the murine ureter 

The importance of SHH and BMP4 signaling for ureteric cyto-differentiation was shown before. 

Conditional inactivation of both pathways resulted in a complete loss of ureteric cyto-differen-

tiation in both compartments (Bohnenpoll et al., 2017c, Mamo et al., 2017, Yu et al., 2002). 

The first two projects of this study highlighted the importance of the tight regulation of SHH and 

BMP4 signaling activity. Both projects determined that already minor changes in the activity of 

these signaling pathways impairs cyto-differentiation and leads to functional insufficiency of 

the ureter. We showed that mice lacking epithelial Fgfr2 presented a mono-layered epithelium 

consisting of S cells, featured a reduced SMC layer and lacked the LP while mice with condi-

tional inactivation of Fgfr1/2 in the UM presented a widened LP at the expense of the SMC 

layer at the end of embryonic development. We have shown that FGF signaling in the UE is 

required to increase Shh expression, thereby promoting the differentiation of LP cells and 

SMC. We also determined mesenchymal Fgfr1/2 to prevent overactivation of this signaling 
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axis and to tightly balance BMP4 signaling activity by controlling on the one hand Bmp4 ex-

pression downstream of the FGFR2-SHH-signaling axis and on the other hand the expression 

of BMP receptors in the ureter. Notably, the third project identified BMP4 signaling as a regu-

lator for mesenchymal expression of both, Fgf7/10 and Fgfr1/2, indicating a complex feed-back 

activation loop between SHH, BMP4 and FGFR2 signaling. 

We have provided compelling evidence, that correct cyto-differentiation in both ureter compart-

ments depends on the tight regulation of the SHH-BMP4-signaling axis by FGFR2 signaling.  

Precise onset of Myocd expression is of utmost relevance for ureter function 

and integrity 

The importance of Myocd for the differentiation of SMCs in various cell types was known for 

long, as was its relevance for the differentiation of SMC in the context of ureter development 

(Kurz et al., 2022, Wang et al., 2003). Here, we provided additional evidence for the importance 

to precisely activate Myocd expression to ensure unopposed urine transport from the renal 

pelvis to the bladder. Conditional inactivation of Fgfr2 in the UE and Fgfr1/2 in the UM both 

resulted in a one-day delay in the onset of Myocd expression and/or SMC differentiation. Both 

mutants presented hydroureters at the end of embryonic development. Although Fgfr2cKO-UE 

embryos additionally suffered from physical obstruction, most likely aggravating hydroureter 

formation, we did not observe physical obstruction in Fgfr1/2cDKO-UM embryos. Thus, hy-

droureter formation in these mutants must be a consequence of delayed SMC development. 

Moreover, we showed that a one-day delay in the onset of Myocd expression already interferes 

with the functional integrity of the ureter. Delayed Myocd expression subsequently resulted in 

delayed expression of structural SM genes leading to delayed peristaltic activity and hy-

droureter formation after onset of urine production in the fetal kidney.  

The importance of timely activating Myocd expression was further highlighted in the third sub-

project of this thesis. We did not only confirm the importance of BMP4 signaling for Myocd 

expression (Mamo et al., 2017) but we also found that regulation takes place by different mech-

anisms. Our model suggests that Bmp4 regulates Myocd expression directly and additionally 

indirectly by controlling the expression of various TF genes that, in turn, control Myocd expres-

sion. This highlights the importance of strict regulation of Myocd in the context of ureter devel-

opment to ensure ureter function and integrity.  

Epithelial development and S cell differentiation in the murine ureter may depend 

on antagonism of BMP4 and RA signaling 

The importance of BMP4 signaling for urothelial development in the murine ureter was previ-

ously revealed by targeted genetic inactivation of Bmp4 in the UM (Mamo et al., 2017). 
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Moreover, our earlier study has shown that reinstallation of BMP4 downstream of SHH and 

FOXF1 is sufficient to rescue epithelial but not mesenchymal differentiation (Bohnenpoll et al., 

2017c). But how exactly BMP4 drives the cyto-differentiation of three different cell types from 

a homogenous, uncommitted precursor cell population remained elusive. In the third sub-pro-

ject of this thesis, we defined a set of TF genes (Pparg, Msx2) expressed in the UE that directly 

depends on Bmp4 and controls S cell differentiation in other developmental contexts (Weiss 

et al., 2013, Liu et al., 2019, Yin et al., 2006). Moreover, we identified additional TF genes 

important for S cell differentiation that indirectly depend on Bmp4 and are negatively influenced 

by RA signaling, most notably Grhl3. Combined with the observed phenotypes in Fgfr2cKO-

UE and Fgfr1/2cDKO-UM ureters there are two possible mechanisms by which BMP4 signal-

ing drives development of different cell types in the UE. First, it is possible that low doses of 

BMP4 may suffice to induce S cell fate, whereas higher doses are necessary to induce I/B cell 

differentiation. This notion is supported by ureter culture experiments, in which I cells are re-

duced upon low NOG concentrations while S cells are only reduced upon high NOG concen-

trations. Moreover, Fgfr2cKO-UE ureters suffered from a lack of I and B cells leaving a mono-

layered epithelium consisting only of S cells in agreement with a dose-depended function of 

BMP4 signaling in the UE. However, this hypothesis neglects the influence of reduced RA 

signaling activity in these mutant ureters as indicated by reduced expression of the RA syn-

thesizing enzymes Aldh1a2 and Aldh1a3 and reduced target gene expression. As mentioned 

above, RA signaling represses TF genes important for S cell differentiation. Shortly before the 

onset of Trp63/∆NP63 expression in the UE, Aldh1a2 and Aldh1a3 are expressed in the UM 

and UE, respectively, possibly inhibiting S cell differentiation from epithelial progenitors. With 

the onset of stratification and of S and B cell differentiation in the ureter around E16.5, a new 

source for RA is established: the lamina propria. Again, given the cyto-architecture of the ure-

ter, luminal S cells are furthest away to the new RA source, supporting the theory that high 

levels of RA inhibit S cell differentiation from urothelial progenitor cells. This is further sup-

ported by the phenotypes of Fgfr1/2cDKO-UM ureters. Although at that time we did not pay 

much attention to it, mutant ureters did not only show increased and premature LP formation 

but additionally exhibited decreased expression of Grhl3 and of Upks. This is in line with our 

findings in the third project, that Grhl3 is negatively regulated by RA signaling. In summary, 

our studies suggest that epithelial development and S cell differentiation is antagonistically 

controlled by BMP4 and RA signaling. 

 

 

Taken together, the characterization of FGFR1/FGFR2 and BMP4 signaling increased our 

knowledge of the molecular control mechanisms of patterning and differentiation in the devel-

opment of a critical tubular organ, the murine ureter.  
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