Supplemental Section: Molecular Events in Early, Mid and Late Gestation
Molecular Events in Early Gestational Upper Urinary Tract Development


The molecular regulation of pronephric duct formation is of significant importance in overall kidney development as the pronephric duct extends caudally after degeneration of the pronephros to form the nephric duct, in turn giving rise the UB.12 The formation of the pronephric duct is regulated primarily by three groups of transcription factors: Pax2/Pax8, Gata3, and Lhx1. The paired-box transcription factors (Pax) Pax2 and Pax8 are functionally redundant homeotic transcription factors, first expressed in the intermediate mesoderm in precursors to the pronephric duct at E8.5. Transcripts of both transcription factors persist in the pronephric duct as it extends caudally to form the mesonephric or nephric duct, which will give rise to the UB. Because these two factors are functionally redundant, Pax8-deficient only mutants show no kidney abnormalities, and Pax2-deficient only mutants still demonstrate nephric duct formation, though it does not fully extend to meet the urogenital sinus and eventually degrades. However, Pax8/Pax2-deficient double mutants show no nephric duct formation, kidney agenesis, and apoptosis of the intermediate mesoderm at E9.5. This suggests that Pax8 and Pax2 function in early kidney organogenesis to direct the intermediate mesoderm to nephric duct formation. Gata3 is a zinc-fingered transcription factor that is also first expressed in pronephric duct precursors at E8.5. GATA3 has been implicated as a regulator for guidance molecules in the extension of the nephric duct to meet the urogenital sinus. Inactivation of Gata3 in the nephric region leads to undirected growth of the nephric duct, resulting in reduced mesonephric duct formation and kidney agenesis due to failure of the nephric duct to reach the UGS. Lhx1 is part of the LIM class of transcription factors and its protein is first expressed broadly in the intermediate mesoderm at E7.5, but becomes concentrated to the early nephric duct structure at E9.5. In Lhx1 mutants the nephric duct undergoes degeneration leading to a failure to extend fully and connect with the UGS. This indicates that Lhx1 is important in nephric duct survival and extension to the UGS.12
The MM is a distinct population of mesenchymal cells that differentiates from the nephrogenic cord at approximately E10.5. Three groups of transcriptional regulators, Eya1, Six1/Six4, and Odd1, are primarily responsible for the specification of the MM. Eyes-absent-1 (Eya1) encodes a transcriptional coactivator that works with other transcription factors to induce expression in targeted genes. Its protein is first expressed in the intermediate mesoderm at E8.5 and is normally concentrated to the MM by E11.5. It has been implicated in early metanephric kidney development as being responsible for the conversion of intermediate mesoderm cells to MM. This conversion is achieved by regulating the expression of Pax2, Six1, Six2, and glial-derive neurotrophic factor (Gdnf), which is also key to UB formation. Embryos deficient in Eya1 lack a distinct MM and UB at E10.5, despite the formation of a normal intermediate mesoderm, leading to renal agenesis. Furthermore, these embryos demonstrate reduced or absent expression of Pax2, Six1, Six2, and Gdnf. Two sine-oculis (Six) homeobox transcription factors, Six1 and Six4, have also been implicated as key regulators of MM specification. The majority of Six1-deficient mutants show renal agenesis due to decreased MM size, leading to the failure of the UB to invade the MM. However, Six1/Six4 double mutants show a more significant phenotype, similar to that seen in Eya1-deficient mutants, indicating that these two factors act redundantly along with Eya1 to activate expression of other regulators. Odd-skipped related-1 (Odd1) encodes a zinc-fingered transcription factor that is one of the earliest markers of the distinct intermediate mesoderm. Odd1 is usually expressed in the intermediate mesoderm at E8.5 and in the MM at E10.5, and embryos deficient in Odd1 have no MM, lack Eya1 in the metanephric region, and show renal agenesis. This indicates that Odd1 likely acts upstream of Eya1 in the intermediate mesoderm to promote the development of the MM.12
UB formation is primarily regulated by the GDNF/RET signaling pathway. Gdnf is expressed broadly in the nephrogenic cord from E9.5, but is restricted to the MM by the time of UB induction at E10.5. The UB forms from the Wolffian duct, which expresses the Gdnf receptor tyrosine kinase (Ret) and co-receptor Gfr-(1. The expression of Gdnf in the MM is dependent on a series of regulating factors, while the expression of Ret in the UB is dependent on retinoic acid signaling. The majority of embryos deficient in Gdnf, Ret, or Gfr-(1 do not produce a UB, though a small proportion do, suggesting other pathways for UB induction that are not yet understood. However, it is known that overexpression of Gdnf in the MM leads to ectopic UBs. One important regulator of Gdnf expression is the gene Wilms tumor suppressor-1 (Wt1), which codes for a zinc-finger transcription factor. First expressed in the intermediate mesoderm at E9.0, WT1 becomes localized to the MM at E10.5. Embryos deficient in Wt1 demonstrate a lack of UB outgrowth, and apoptosis of the MM occurs at E11.5. These mutants still possess Gdnf transcripts, but WT1 is required to induce expression of Gdnf to a level required for UB outgrowth. Other factors that are important in the regulation of the GDNF/RET signaling pathway include fibroblast growth factors (Fgfs), Sall1, the integrin (8 subunit, sprouty RTK signaling anatogonist 1 (Spry1), bone morphogenetic protein 4 (Bmp4), and its antagonist Gremlin1 (Grem1).1,2,12,91 
Molecular Events in Mid-Gestational Upper Urinary Tract Development

Through its role in branching morphogenesis, the GDNF/RET signaling pathway continues to be important in metanephric kidney development after UB induction. At the point in which the UB invades the MM, at approximately E11.0, Gdnf expression becomes localized to the cap mesenchyme within the MM. Additionally, Ret expression becomes localized in the UB branch tips, ensuring that Gdnf is received at the branch tips, which is necessary for continued branching. One important regulator of this GDNF/RET signaling pathway is Spry1. Expressed primarily in the ureteric branch tips and at a low level in the cap mesenchyme, Spry1 encodes a protein that inhibits uptake of Gdnf in the trunk of ureteric branches. Spry1 mutants exhibit excess UB branching and budding from the nephric duct, likely due to an increased level of GDNF/RET signaling. WNT/(-cantenin signaling has also been implicated in the regulation of the GDNF/RET signaling pathway during branching morphogenesis. Loss of expression of (-catenin, Wnt4, or Wnt9b leads to disruption of UB branching, and can have phenotypic consequences as severe as renal aplasia. Fgfs have also been indicated as positive regulators of UB branching, with deletion of various Fgf receptor (Fgfr) genes leading to small ureteric trunks and fewer UB tips. Bmps, particularly Bmp4, are expressed in the MM surrounding the UB and in stromal cells surrounding the nephric duct. Bmp4 mutants develop ectopic branching from the stalk of the UB, indicating that Bmps act to inhibit UB outgrowth away from the ampulla.2,12,14,15 

Because many genetic deletions that affect renal development cause defects in UB outgrowth and early branching, little is known about later-stage developmental processes such as nephrogenesis and glomerulogenesis. Still, several previously discussed proteins have been identified as responsible for the regulation of the mesenchymal-to-epithelial transition that occurs in nephrogenesis, including Pax2, Bmps, Wnt proteins, and Eya1.64 Wnt4 expression is also involved in the transition from pre-tubule aggregates into renal vesicles. Data also suggests that Brn1/Pou3f3 expression, possibly regulated by Lhx1 and Pax2/Pax8, is responsible for the proximo-distal patterning of nephron tubules. Additionally, there is evidence that the notch signaling pathway is also involved in the proximo-distal patterning of developing nephrons.12,64 The molecular events described above, that are associated with nephrogenesis and branching morphogenesis, continue through the late gestational period until the cessation of these two processes postnatally.13,33 
Molecular Events in Early Gestational Lower Urinary Tract Development
Hedgehog signaling, particularly sonic hedgehog (Shh) signaling, is important throughout the development of the lower urinary tract. Components of the Hedgehog pathway include sonic hedgehog (Shh), Indian hedgehog (Ihh), and desert hedgehog (Dhh). Shh expression can first be detected in the cranial portion of the mesoderm at E7.25, and this expression expands posteriorly until Shh is expressed throughout the endoderm.89 Shh expression continues to be prominent throughout the early events in development of the endodermally derived portion of the urinary tract, notably in the epithelial lining of the cloaca at E10.5.29 However, cloacal defects in Shh knockout mice are not identifiable until E11.5.92 
Molecular Events in Mid-Gestational Lower Urinary Tract Development


Sonic hedgehog signaling remains important in the midgestational lower urinary tract development. Prior to cloacal septation at E11.5, wild type mice strongly express Shh and show molecular compartmentalization with expression of Sox2 in the distal region, and expression of Cdx2 in the proximal region. By contrast, Shh knockout mice lack expression of Sox2, though Cdx2 expression is not altered. Additionally, the cloacal epithelium in Shh-deficient mice at E11.5 consists primarily of pseudostratified columnar epithelium, while the cloacal epithelium of wild type mice is primarily columnar epithelium.92 This is significant in the continued development of the bladder, as Shh mutants demonstrate abnormal septation of the cloaca.93 From E11.5-13.5, the domain of Shh expression expands to include the urethral plate and the epithelial lining of the developing internal urethra and bladder. The sonic hedgehog receptors Ptc1 and Gli1 are expressed in the mesenchyme surrounding these epithelial structures, consistent with the proposed epithelial-mesenchymal interaction in the formation and differentiation of the lower urinary tract.29 Sonic hedgehog, Bmp 4, and transforming growth factor-( (Tgf-() are all involved in smooth muscle differentiation from surrounding mesenchyme and the patterning of the bladder, which also begin in the midgestational period.28 
Molecular Events in Late Gestational Lower Urinary Tract Development



The external genitalia, and by association the urethra, become sex-differentiated in the late gestational period. This process is hormone dependent and leads to the development of the penis, penile and prostatic urethra, and various reproductive glands in males, and the clitoris, the vestibule of the vagina, and feminized reproductive glands in females. Androgen receptor (Ar) plays a critical role in this development, particularly in the formation of the penis and the penile urethra in males. Ar is expressed strongly in the GT of males at E16.5, contributing to this sex-differentiation.29 Additionally, fibroblast growth factor receptors 2 (Fgfr2) and 10 (Fgf10) have been identified as essential for the closing of the urethral groove in males, with null mice demonstrating an open urethral groove due to a failure of the fusion of the urethral folds. Furthermore, at E17.5, Bmp7 null male mice have an abnormal urethral plate, proximal urethral opening, and have complications in the septation of the cloaca. Because of their close resemblance, these abnormalities are significant in the use of animal models to study hypospadias, a common congenital malformation in human males.94
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