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Obstructive and nonobstructive forms of hydronephrosis (increased diameter of the renal pelvis and calyces) 
and hydroureter (dilatation of the ureter) are the most frequently detected antenatal abnormalities, yet the 
underlying molecular mechanisms are largely undefined. Hedgehog (Hh) proteins control tissue patterning 
and cell differentiation by promoting GLI-dependent transcriptional activation and by inhibiting the process-
ing of GLI3 to a transcriptional repressor. Genetic mutations that generate a truncated GLI3 protein simi-
lar in size to the repressor in humans with Pallister-Hall syndrome (PHS; a disorder whose characteristics 
include renal abnormalities) and hydroureter implicate Hh-dependent signaling in ureter morphogenesis and 
function. Here, we determined that Hh signaling controls 2 cell populations required for the initiation and 
transmission of coordinated ureter contractions. Tissue-specific inactivation of the Hh cell surface effector 
Smoothened (Smo) in the renal pelvic and upper ureteric mesenchyme resulted in nonobstructive hydrone-
phrosis and hydroureter characterized by ureter dyskinesia. Mutant mice had reduced expression of markers 
of cell populations implicated in the coordination of unidirectional ureter peristalsis (specifically, Kit and 
hyperpolarization-activation cation–3 channel [Hcn3]), but exhibited normal epithelial and smooth muscle 
cell differentiation. Kit deficiency in a mouse model of PHS suggested a pathogenic role for GLI3 repressor in 
Smo-deficient embryos; indeed, genetic inactivation of Gli3 in Smo-deficient mice rescued their hydronephro-
sis, hydroureter, Kit and Hcn3 expression, and ureter peristalsis. Together, these data demonstrate that Hh 
signaling controls Kit and Hcn3 expression and ureter peristalsis.

Introduction
Congenital dilatation of the urinary tract, defined as increased 
diameter of the renal pelvis (hydronephrosis) with or without 
dilatation of the ureter (hydroureter), is the most frequently 
detected abnormality by prenatal ultrasound, with an incidence 
of 0.5%–1% (1). Although antenatal urinary dilation is frequently 
transient, approximately 20%–30% of cases fail to resolve sponta-
neously and become clinically significant (2). Indeed, congenital 
obstructive nephropathy is a common cause of renal failure in 
infants and children (3). Approximately 50% of all cases of urinary 
tract dilatation have no evidence of a physical obstruction and no 
abnormality in the structural components of the pelvic or ureteral 
wall. Despite the assumption of a functional obstruction in such 
cases, the underlying pathogenic mechanisms that contribute to 
impaired ureter peristalsis are unknown.

The Hedgehog-GLI (Hh-GLI) signaling pathway plays a critical 
role in kidney and ureter morphogenesis (4–8). In vertebrates, the 
members of the GLI family of proteins — GLI1, GLI2, and GLI3 — 
mediate Hh signaling. Hh ligand binds its transmembrane receptor, 
Patched1 (PTCH1), relieving inhibition of Smoothened (SMO) and 
triggering SMO localization to the cilium. In this state, full-length 
GLI activators translocate to the nucleus and activate gene transcrip-
tion. In the absence of Hh ligand, PTCH1 inhibits the ciliary local-
ization of SMO and prevents its interaction with an intracellular 
molecular complex consisting of KIF7/KIF27, Fused (FU), and Sup-
pressor of Fused (SUFU). In this state, the KIF7/KIF27-FU-SUFU  
complex is able to bind full-length GLI proteins, ultimately result-
ing in C-terminal cleavage of GLI3, which translocates to the nucle-

us and represses gene transcription (9). The response to Hh ligand 
in any particular cell is dependent on the intracellular balance of 
GLI activators and GLI3 repressor. Shh deficiency targeted to the 
ureteric cell lineage results in decreased ureter mesenchyme prolif-
eration, delayed ureter smooth muscle differentiation, and severe 
hydroureter, suggestive of a critical role for Hh signaling in ureter 
morphogenesis (8). Humans and mice with mutations predicted to 
generate a truncated protein similar in size to GLI3 repressor exhibit 
hydroureter and hydronephrosis, although the underlying mecha-
nisms in these cases are undefined (2, 10).

Although smooth muscle is required for ureter peristalsis, the 
mechanisms that control peristaltic activity are unknown. Inter-
stitial cells of Cajal–like cells (ICC-LCs), marked by Kit expression, 
are localized throughout the upper urinary tract and have mor-
phologic and molecular characteristics similar to those of intes-
tinal pacemaker cells (11–13). Inhibition of Kit activity in ureter 
explants using neutralizing antibodies results in perturbation of 
unidirectional peristalsis, but not smooth muscle cell differentia-
tion, which suggests that Kit function is required for ureter peristal-
sis (11). More recently, a cell population residing in the pelvis-kid-
ney junction that expresses hyperpolarization-activated cation–3 
channel (Hcn3) has been described (14). Hyperpolarization-acti-
vated cation (HCN) channels are implicated in spontaneous mem-
brane polarizations of heart pacemaker cells (15, 16). Inhibition of 
HCN ion channel activity in urinary tract explants results in loss 
of coordinated, proximal-distal ureter contractions, which suggests 
a requirement for Hcn3 function in ureter peristalsis (14). Yet the 
molecular mechanisms regulating Kit and Hcn3 are unknown.

Here, we have identified what we believe to be a novel function of 
the Hh signaling pathway in the establishment and maintenance of 
coordinated unidirectional proximal-distal ureter contractions via 
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control of Kit and Hcn3 expression. We propose a model whereby 
Hh signaling activity, and thereby absence of GLI3 repressor func-
tion, has a multifunctional role in the functional development of 
the ureter, being (a) required for normal ureter smooth muscle cell 
development and differentiation and (b) necessary for the control 
of Kit and Hcn3 expression in 2 distinct cell populations required 
for initiation and transmission of ureter peristalsis.

Results
Smo deficiency causes congenital hydroureter and hydronephrosis. Hh 
signaling activity, reported by Ptch1-lacZ expression, within ure-
teric mesenchyme during embryogenesis suggests a functional 
role for Hh signaling during kidney-urinary development (4). Yet 
embryonic lethality in Smo-deficient embryos prior to the onset 
of urinary tract development has limited elucidation of Hh sig-
naling functions (17). Therefore, we generated mice in which Smo 
inactivation is restricted to the intermediate mesoderm (Rarb2-Cre; 
SmoloxP/– mice) using SmoloxP mice and Rarb2-Cre mice, in which 
expression of Cre recombinase is controlled by a Rarb2 promoter 
(18). Analysis of the temporal and spatial activity of Rarb2-Cre was 
analyzed using the ROSA reporter mouse strain. In Rarb2-Cre;ROSA 
mice at E11.5, a stage at which the ureteric bud has branched once 
within the metanephric mesenchyme, lacZ activity was localized 
to the metanephric mesenchyme and absent from the periure-
teric mesenchyme (Figure 1, A and B, and ref. 18). Beginning at 
E15.5, lacZ activity was observed in the periureteric mesenchyme in 
addition to the metanephric mesenchyme (Figure 1, C–F). Taken 
together, these data demonstrate that CRE-mediated deletion 
in the periureteric mesenchyme occurs after the onset of kidney 
development in Rarb2-Cre;SmoloxP/– mice.

Rarb2-Cre;SmoloxP/– mice were recovered at birth in the numbers 
predicted by Mendelian segregation, indicating no adverse effect 
of Smo deficiency on embryonic viability. However, many mutants 
failed to thrive in the postnatal period and died within the first 
2 months of life. Smo deletion was confirmed using quantita-
tive real-time PCR on E11.5 metanephric mesenchyme dissected 
free of ureteric branches. Smo mRNA transcripts were reduced by 
approximately 65% in metanephric mesenchyme isolated from 
Rarb2-Cre;SmoloxP/– mice (control, 0.096 ± 0.015; Rarb2-Cre;SmoloxP/–,  
0.036 ± 0.009; P < 0.05). The lack of absolute Smo mRNA deficiency 
in mutant mice is likely explained by the heterogeneity of Rarb2-Cre  
expression in the metanephric mesenchyme (18). E18.5 Rarb2-Cre; 
SmoloxP/– mice demonstrated bilateral hydroureter and hydropelvis 
(16 of 22; 72%), characterized by dilation of the proximal ureter 
and renal pelvis, and ablation of the renal papilla and medul-
lary tissue. In contrast, bilateral hydroureter was never observed 
in mice heterozygous for Smo deficiency (SmoloxP/– and Rarb2-Cre; 
SmoloxP/+), although mild unilateral hydroureter was observed in 
17% of these mice (7 of 42; Figure 1, G–J). Urinary tract dilata-
tion was never observed in WT or SmoloxP/+ control mice (0 of 18).  
To determine whether a physical obstruction contributes to 
hydroureter and hydronephrosis in Rarb2-Cre;SmoloxP/– embryos, 
we performed intrapelvic dye injection in E18.5 mouse embryos. 
Similar to control mice, dye was readily cleared from Rarb2-Cre; 
SmoloxP/– kidneys and pooled in the bladder (Figure 1, K and L). 
These data indicate that Rarb2-Cre–mediated Smo deletion causes 
nonobstructive hydronephrosis and hydroureter.

Mechanisms that determine the structural integrity of the renal 
pelvis and ureter have been previously defined. Here we investigat-
ed the relevance of these mechanisms in Rarb2-Cre;SmoloxP/– mice. 

Mutations in genes that control urothelial and smooth muscle cell 
differentiation result in nonobstructive hydroureter and hydrone-
phrosis (8, 19–24). Histologic analysis of the ureter in Rarb2-Cre; 
SmoloxP/– mice, including those with mild or severe hydrone-
phrosis, demonstrated normal urothelial, subepithelial, smooth 
muscle, and outer connective tissue layers. Moreover, analysis of 
urothelial differentiation, via uroplakin III (UpkIII) expression, 
and ureteral smooth muscle differentiation, via α-SMA expres-
sion, revealed normal cell differentiation in these mice (Figure 1,  
M–R). Hydronephrosis can also arise from a delay, but not an 
absolute deficiency, in ureteral smooth muscle cell differentiation 
(8). Thus, we analyzed the ontogeny of ureteric smooth muscle dif-
ferentiation in Rarb2-Cre;SmoloxP/– mice using immunofluorescence 
microscopy and did not observe any delay in smooth muscle dif-
ferentiation (Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI45523DS1).This 
is likely because the onset of Rarb2-Cre expression in the ureter 
mesenchyme occurs after the critical period of smooth muscle cell 
development. Abnormal ureteric branching has been implicated 
in medullary malformation and subsequent hydropelvis and 
hydroureter (25–27). Analysis of Rarb2-Cre;SmoloxP/– and control  
SmoloxP/+ mice at E12.5 revealed comparable branch number (control,  
65.6 ± 15.5 branches, n = 13; Rarb2-Cre;SmoloxP/–, 52.6 ± 22.3 branch-
es, n = 10; P = 0.113) and pattern as well as comparable expression 
of Ret and Wnt11, which are functionally required in ureter tip cells 
for branching morphogenesis (Supplemental Figure 2). Further-
more, histological analysis of medullary formation from E15.5 
to E18.5, and expression of medullary collecting duct markers 
Wnt7b and Wnt9b, were indistinguishable from control littermates 
(Supplemental Figure 3). Taken together, these data indicate that 
hydronephrosis and hydroureter in Rarb2-Cre;SmoloxP/– mice is not 
associated with abnormal collecting duct formation or structural 
maldevelopment of the pelvis and upper ureter.

Smo-deficient embryos exhibit functional ureter obstruction. We 
investigated the contribution of abnormal ureter function to 
hydronephrosis and hydroureter in Rarb2-Cre;SmoloxP/– mice by 
analyzing ureter peristalsis using an in vitro culture system. In 
control ureters, peristalsis occurred in a fluent wave-like motion, 
commencing in the renal pelvis/proximal ureter and moving dis-
tally (Figure 1, S and U, and Supplemental Video 1). In contrast, 
we observed severe dyskinesia in ureters isolated from Rarb2-Cre; 
SmoloxP/– mice (Figure 1, T and V, and Supplemental Video 2). 
Although Rarb2-Cre;SmoloxP/– ureters demonstrated strong con-
tractions, peristalsis failed to propagate in a sequential proxi-
mal-distal direction. Rather, we observed ectopic initiation of 
the contraction, failure of the contraction to propagate distally, 
and, in some cases, the complete absence of segmental contrac-
tion. These data suggest that hydroureter and hydronephrosis 
in Rarb2-Cre;SmoloxP/– mice result from a functional obstruction 
caused by abnormal ureter peristalsis.

Our finding of dysregulated ureter contractions in Rarb2-Cre; 
SmoloxP/– ureters prompted us to examine mechanisms by which 
peristalsis is initiated and how the unidirectional coordination 
of the contraction is maintained and propagated. ICC-LCs are 
considered to act as urinary electrical pacemaker cells, instigat-
ing smooth muscle contraction (12). ICC-LCs are defined by 
their characteristic spindle shape and immunoreactivity to Kit 
in the mature upper urinary tract of mice and humans (28, 29). 
Immunofluorescence analysis demonstrated spindle-shaped, Kit-
positive cells characteristic of ICC-LCs located in close proximity 
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to the smooth muscle layer of the renal pelvis and proximal ureter 
in the E18.5 urinary tract of controls (Figure 1, W and Y). In con-
trast, Kit-positive ICC-LCs were undetectable in the renal pelvis or 
proximal ureter of Rarb2-Cre;SmoloxP/– mice (Figure 1, X and Z).

Ureter contractions are initiated in the pelvis-kidney junc-
tion and are considered critical for the coordination of down-
stream contractile activity. Recently, spontaneous membrane 
polarizations required for the initiation of ureter peristalsis in 
this region have been demonstrated to be under the control of 

Hcn3 (14). To determine whether abnormal initiation of peri-
stalsis in the pelvis-kidney junction might also contribute to 
functional obstruction in Rarb2-Cre;SmoloxP/– embryos, we ana-
lyzed the expression of Hcn3. In control mice, Hcn3 was localized 
to a specific region of connective tissue within the renal pelvis  
(Figure 1AA and ref. 14). Remarkably, Hcn3 expression was 
substantially reduced in the renal pelvis of Rarb2-Cre;SmoloxP/– 
embryos (Figure 1BB). Taken together, these reductions in Kit 
and Hcn3 suggest that abnormal peristaltic initiation and trans-

Figure 1
Smo deficiency targeted to the ureter mesenchyme results in nonobstructive hydroureter and hydronephrosis. (A–F) Rarb2-Cre activity was 
notably absent from the cells surrounding the ureteric bud (arrow) at E11.5 (A and B), was weakly localized to the developing smooth muscle 
layer at E15.5 (C and D), and was strongly expressed in all mesenchyme-derived ureter cell layers of the proximal ureter at E18.5 (E and F). 
(G–J) E18.5 Rarb2-Cre;SmoloxP/– mutants exhibited hydroureter and hydronephrosis. Arrowheads in H denote dilated proximal ureter. (K and L)  
Nonobstructive hydroureter of Rarb2-Cre;SmoloxP/– mice, as demonstrated by intrapelvic dye injection. (M–R) Smo-deficient mutants did not 
exhibit ureter structural abnormalities, as indicated by hematoxylin and eosin staining (M and N), Masson trichrome stain for collagen-rich con-
nective tissue layers (O and P), and normal expression of smooth muscle and specialized apical urothelium markers α-SMA and UpkIII, respec-
tively (Q and R). u, urothelium; s, subepithelial stroma layer; m, smooth muscle layer; c, outer connective tissue layer. (S–V) Analysis of ureter 
peristalsis in isolated ureters revealed an absence of coordinated ureter contractions in the Rarb2-Cre;SmoloxP/– mutant (blue line [1], proximal 
ureter; red line [2], midproximal ureter; green line [3], mid-distal ureter; yellow line [4], distal ureter). In U and V, percent relaxation is plotted for 
the duration of a single peristaltic movement (x axis). (W and X) Kit-positive ICC-LCs (arrows) were absent in Rarb2-Cre;SmoloxP/– renal pelvis 
and proximal ureters. (Y and Z) Higher-magnification views of W and X. (AA and BB) Hcn3, a marker of a pelvic-kidney cell population required 
for ureter contraction initiation, was markedly reduced in Rarb2-Cre;SmoloxP/– mutants. Asterisks denote renal arterioles. Scale bars: 100 μm 
(A–F, M–T, and W–BB), 500 μm (G–L).
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mission are the underlying mechanisms causing ureter dyskine-
sia, functional obstruction, and hydroureter and hydronephro-
sis in Rarb2-Cre;SmoloxP/– mice.

Elevated levels of GLI3 repressor are deleterious to the functional develop-
ment of the ureter. Hh signaling increases activity of GLI transcriptional 
activators and inhibits formation of GLI3 transcriptional repressor. 
GLI2 is the primary GLI activator in mammals (9). During urinary 
development, homozygous Shh deficiency or inhibition of SMO by 
the pharmacological inhibitor cyclopamine, decreases levels of GLI 
activator proteins and reverses the ratio of GLI activators to GLI3 
repressor in favor of GLI3 repressor (6). We investigated the function-
al contribution of GLI2 activator and GLI3 repressor to the function-
al development of the ureter by analyzing ureter morphogenesis and 
function in Gli2 and Gli3 homozygous mutant mice. Whole-mount 

and histological analysis of E18.5 Gli2-null urinary systems revealed 
no observable differences from control littermates (Figure 2, A, B, F, 
and G). Intrapelvic dye injections and analyses of ureter peristalsis 
also demonstrated normal ureter lumen diameter and sequential 
proximal-distal coordination of ureter contraction in Gli2-null mice 
(Figure 2, C–E and H–J, and Supplemental Videos 3 and 4). Similarly, 
no morphological or functional abnormalities in ureter morphogen-
esis were observed in E18.5 Gli3-null urinary systems (Figure 2, K–O, 
and Supplemental Video 5). Together, these results suggest that nei-
ther the major GLI activator (GLI2) nor GLI3 repressor is required 
for normal functional development of the ureter.

Next we investigated the contribution of increased levels of GLI3 
repressor to hydroureter and hydronephrosis in a murine model of 
Pallister-Hall syndrome (PHS) in which a targeted mutation gen-

Figure 2
GLI3 repressor is deleterious to the functional development of the ureter. (A–T) E18.5 Gli2 homozygous mutants and Gli3 homozygous mutants 
exhibited normal kidney and ureter morphology (F, G, K, and L), normal ureter lumen diameter and dye clearance (H and M), and coordinated 
proximal-distal ureter contractions (I, J, N, and O; blue line [1], proximal ureter; red line [2], midproximal ureter; green line [3], mid-distal ureter; 
yellow line [4], distal ureter) compared with those of control littermates (A–E). The Gli3Δ699/Δ699 mouse model demonstrated severe nonobstructive 
hydroureter and hydronephrosis (P–R) and ureter dyskinesia (S and T). In E, J, O, and T, percent relaxation is plotted for the duration of a single 
peristaltic movement (x axis). (U–X) Smooth muscle differentiation and Kit-positive ICC-LCs (arrows) were comparable among control (U), Gli2zfd/zfd 
(V), and Gli3XtJ/XtJ (W) proximal ureters. In contrast, despite the presence of smooth muscle, Kit-positive ICC-LCs were undetectable in Gli3Δ699/Δ699 
proximal ureters (X). Scale bars: 100 μm (D, I, N, S, and U–X), 500 μm (A–C, F–H, K–M, and P–R).
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erates a 699–amino acid N-terminal GLI3 protein similar to GLI3 
repressor (10). Whole-mount and histological analyses of E18.5 
Gli3Δ699 homozygous urinary systems demonstrated severe hydro-
ureter and hydropelvis (Figure 2, P and Q). Intrapelvic dye injection 
revealed a severely dilated but patent ureter lumen, thus exclud-
ing physical obstruction as a cause of urinary system dilatation 
(Figure 2R). Analysis of ureter peristalsis in Gli3Δ699 homozygous 
isolated ureters demonstrated a loss of coordinated, proximal-dis-
tal contractions and weak spontaneous contractions of random 
ureter segments (Figure 2, S and T, and Supplemental Videos 6 
and 7). Since we observed reduced Kit expression in the renal pelvis 
and proximal ureter of Rarb2-Cre;SmoloxP/– embryos, we analyzed 
Kit expression in Gli3Δ699 homozygous mutants. Consistent with 
normal morphology and function in Gli2 and Gli3 homozygous 
ureters, we observed no abnormalities in the smooth muscle layer 
or Kit-positive ICC-LCs in the renal pelvis and proximal ureter (Fig-
ure 2, U–W). In contrast, despite the presence of a normal smooth 
muscle layer, Kit-positive ICC-LCs were undetectable in the renal 
pelvis and proximal ureter of E18.5 Gli3Δ699 homozygous embryos 
(Figure 2X). The strikingly similar morphological and functional 
phenotypes between Rarb2-Cre;SmoloxP/– and Gli3Δ699 homozygous 
ureters strongly suggest that GLI3 repressor is deleterious to the 

functional development of the ureter. To further investigate the 
functional contribution of GLI3 repressor to ureter function, we 
generated embryos with both Smo deficiency targeted to the ureter 
mesenchyme and Gli3 deficiency. Remarkably, elimination of Gli3 
in the Rarb2-Cre;SmoloxP/– background completely rescued hydro-
ureter and hydronephrosis (0 of 7 Rarb2-Cre;SmoloxP/–;Gli3XtJ/XtJ mice; 
Figure 3, A–C) and normalized proximal-distal ureter contraction 
(Figure 3, D and E, and Supplemental Video 8). Consistent with 
normal ureter peristalsis, we observed restoration of Kit and Hcn3 
expression in the renal pelvis and proximal ureter (Figure 3, F and 
G). Together, these results indicated that increased GLI3 repressor 
relative to GLI activator results in decreased Kit and Hcn3 expres-
sion, abnormal ureter peristalsis, functional obstruction, hydro-
ureter, and hydronephrosis.

Discussion
The underlying mechanisms that regulate normal ureter function 
and contribute to congenital functional obstructions are poorly 
understood. Mutations in genes encoding Hh signaling effectors 
in humans and mice with hydroureter have implicated Hh-depen-
dent signaling in ureter development and function. Here, we iden-
tified what we believe to be a novel function for Hh signaling in the 

Figure 3
Elimination of GLI3 repressor in the Smo-deficient background rescues the renal phenotype. (A–G) Analysis of Rarb2-Cre;SmoloxP/–;Gli3XtJ/XtJ 
embryos at E18.5 revealed normalization of kidney and ureter morphology (A–C), rescue of coordinated proximal-distal ureter contractions  
(D and E; blue line [1], proximal ureter; red line [2], midproximal ureter; green line [3], mid-distal ureter; yellow line [4], distal ureter), and restora-
tion of Kit (F) and Hcn3 (G) expression. In E, percent relaxation is plotted for the duration of a single peristaltic movement (x axis). Scale bars: 
100 μm (D, F, and G), 500 μm (A–C). (H) Model for a bifunctional role for Hh signaling during the functional development of the ureter. (i) Shh 
secreted by the ureteric bud/urothelium is required during early development for smooth muscle cell development and the patterning of the ureter 
mesenchyme. (ii) During later development, SHH-SMO dependent signaling is required for Kit and Hcn3 expression in distinct cell populations 
that regulate coordinated ureter contractions. SHH signaling to adjacent cells promotes pathway activation and prevents formation of GLI3 
repressor (GLI3R). In the presence of GLI3 repressor function during ureter morphogenesis, smooth muscle cell differentiation and expression 
of Kit and Hcn3 is impaired, leading to abnormal ureter function. u, ureteric bud/urothelium; um, ureter mesenchyme; s, subepithelial layer; sm, 
smooth muscle; c, outer connective tissue.
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regulation of 2 distinct cell populations required for the initiation 
and transmission of coordinated ureter peristalsis. Targeted inac-
tivation of Smo in the mesenchyme surrounding the renal pelvis 
and upper ureter resulted in nonobstructive hydronephrosis and 
hydroureter characterized by abnormal ureter peristalsis. Smo-defi-
cient mice exhibited reduced expression of Kit and Hcn3, markers 
of 2 distinct cell populations required for coordinated unidirec-
tional ureter peristalsis. A similar phenotype in a mouse model of 
PHS suggested a pathogenic role for GLI3 repressor in Smo-defi-
cient embryos. Indeed, inactivation of Gli3 in the Smo-deficient 
background normalized renal phenotype, ureter function, and Kit 
and Hcn3 expression.

Functional urinary tract obstruction in the absence of structural abnor-
malities of the ureter. Structural abnormalities of the ureter — includ-
ing delayed/improper differentiation and maturation of the 
smooth muscle (8, 19–24), defects in the ureteral stromal layers 
(22), and urothelium abnormalities (30) — are common causes of 
congenital murine urinary tract dilation. Abnormalities associat-
ed with the smooth muscle layer have been strongly implicated in 
functional obstruction (20–22). The Smo-deficient mice described 
herein are a model of functional obstruction in the absence of ure-
ter structural abnormalities. This abnormality is similar in type to 
50% of all human congenital urinary tract dilatations. Interesting-
ly, inactivation of Shh targeted to the ureteric epithelium results in 
delayed smooth muscle cell differentiation and severe hydroureter 
(8). We performed careful histological and immunohistochemical 
analyses of the smooth muscle layer in Smo-deficient mice and 
could not detect any abnormalities in onset and progression of 
differentiation, organization of smooth muscle cells and layers, 
and smooth muscle thickness. This is likely due to the fact that 
Smo inactivation in the ureter mesenchyme under the control of 
Rarb2-Cre occurs after the critical stage for ureter smooth muscle 
development. Despite the absence of morphological abnormalities 
in Smo-deficient ureter smooth muscle, we have not yet determined 
whether smooth muscle gap junctions, which are required to facil-
itate the spread of action potentials from cell to cell during ureter 
peristalsis, are maintained. However, the abnormalities associated 
with the Kit and Hcn3 pacemaker cell populations strongly sug-
gest that the primary pathogenic mechanism involves the initia-
tion and primary transmission of the peristaltic signal in the renal 
pelvis and proximal ureter.

Kit and Hcn3 in functional ureter obstruction. Our data demonstrat-
ed that Hh signaling regulates ureter peristalsis via control of Kit 
and Hcn3 expression. Reduced Kit expression in Smo-deficient mice 
is consistent with published results implicating Kit in peristaltic 
function. Inhibition of Kit in isolated ureter cultures using neutral-
izing antibodies results in inhibition of unidirectional and coordi-
nated peristalsis and fibrillation-like movements of the proximal 
ureter, but has no effect on the differentiation of the ureter cell 
layers (11). Decreased or absent Kit immunoreactivity in the gut 
has been detected in Hirschsprung disease and chronic intestinal 
pseudo-obstruction caused by abnormal gastrointestinal peristal-
sis (31, 32). Finally, white spotting mice, characterized by inactivat-
ing mutations in Kit, exhibit uncoordinated intestinal peristalsis 
(33). Although early kidney development is unperturbed in these 
mice, to our knowledge, their functional development of the ureter 
has not been defined. Likewise, the importance of Hcn3 in ureter 
contraction initiation is supported by the observation that inhibi-
tion of Hcn3 using a HCN ion channel inhibitor in urinary tract 
cultures causes abnormal peristalsis (14). Interestingly, Kit and 

Hcn3 expression in control urinary tracts did not overlap (data 
not shown), which suggests that Kit and Hcn3 mark distinct cell 
populations. It is unclear whether these distinct cell populations 
work independently or in unison. Since inhibition of either Kit or 
Hcn3 resulted in severe peristaltic defects, it is clear that both are 
essential for ureter function.

Hh-dependent control of Kit and Hcn3. In silico analysis of the Kit 
promoter region demonstrated 2 GLI consensus-binding sites 
within 1 kb of the ATG translational start site (data not shown). 
Furthermore, genomic DNA encoding Kit is bound by GLI3 
repressor in the mammalian limb bud (34). These observations 
suggest that GLI3 repressor directly inhibits Kit transcription. In 
contrast, GLI consensus-binding sites have not been identified in 
the promoter region of Hcn3. Further investigation into the origin 
of both the Kit and Hcn3 cell populations will be informative in 
establishing whether GLI3 repressor disrupts the differentiation, 
survival, and/or migration of these cell populations or whether 
GLI3 repressor represses Kit or Hcn3 expression in their respective 
differentiated cells. Currently, Kit and Hcn3 are the sole markers 
for their distinct cell populations. The identification of other spe-
cific markers is required to elucidate the precise effects of Hh-
dependent signaling on these cell populations. In the gastroin-
testinal tract, Kit-positive interstitial cells of Cajal are believed to 
originate from the gut mesenchyme (35, 36). The precise origin of 
Kit-positive ICC-LCs in the urinary system is unknown. Lineage 
tracing will be useful in identifying the origins of both the Kit and 
the Hcn3 cell populations.

A bifunctional role of Hh signaling during establishment of ureter peri-
stalsis. Hh signaling has been previously implicated in ureteral 
smooth muscle development (5, 7, 8, 37, 38). Here, using appli-
cation of Rarb2-Cre to analyze Hh signaling in the ureter mesen-
chyme, we have identified what we believe to be a novel additional 
requirement for Hh signaling in unidirectional and coordinated 
ureter contractions via regulation of 2 distinct cell populations 
believed to be important in electrical activity initiation and trans-
mission. We have previously shown that Hh signaling activity is 
specifically localized to the mesenchyme surrounding the ureter 
(4). Here, we propose a model whereby Hh signaling activity is 
required during early patterning of the ureter mesenchyme for 
timely and proper differentiation of the ureter cell layers, specifi-
cally the ureter smooth muscle. In addition, we propose that Hh 
signaling activity is also required during the later stages of ureter 
morphogenesis for the establishment or maintenance of specific 
cell populations necessary for establishment of unidirectional and 
coordinated peristalsis (Figure 3H). Interestingly, it seems likely 
that the primary role for Hh signaling activity in the ureter mes-
enchyme is to prevent the deleterious actions of GLI3 repressor 
rather than to directly promote ureter morphogenesis itself. To 
our knowledge, this is the first study to explore the pathogenic 
mechanisms controlling hydroureter in the absence of structural 
abnormalities. Furthermore, these results implicate misregulation 
of Hh signaling in defective peristalsis and in the pathogenesis of 
human hydroureter and hydronephrosis.

Methods
Mice. Rarb2-Cre mice (provided by R. Behringer, University of Texas, Houston, 

Texas, USA; ref. 18) were mated with Smo+/– mice (17) to generate Rarb2-Cre; 

Smo+/– males. These males were mated to homozygous Smo conditional 

(SmoloxP/loxP; ref. 39) females (provided by C.C. Hui, Hospital for Sick Chil-

dren) to generate Rarb2-Cre;SmoloxP/– progeny in which Smo is specifically 
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deleted from the intermediate mesoderm. For rescue experiments, Gli3XtJ/+ 

mice (provided by C.C. Hui; ref. 40) were mated to Rarb2-Cre;Smo+/– and 

SmoloxP/loxP mice to ultimately generate Rarb2-Cre;Smo+/–;Gli3XtJ/+ male and 

SmoloxP/loxP;Gli3XtJ/+ female progeny. These mice were intercrossed to generate 

Rarb2-Cre;SmoloxP/–;Gli3XtJ/XtJ embryos. Gli3Δ699/+ heterozygous mice (10) were 

intercrossed to generate Gli3Δ699/Δ699 embryos. Gli2zfd/+ heterozygous mice 

(provided by C.C. Hui; ref. 9) were intercrossed to generate Gli2zfd/zfd embry-

os. PCR genotyping for each allele was performed as previously described 

(9, 10, 17, 18, 39). Gli3XtJ heterozygote and homozygote mice were genotyped 

according to their characteristic limb phenotypes. For analysis of Rarb2-Cre 

expression, Rarb2-Cre mice were mated with Gt(ROSA)26Sor(ROSA) mice 

(41). Littermates were used for all experiments in which normal and mutant 

embryos were compared. Experiments using mice were approved in advance 

by the Animal Ethics Committee at Hospital for Sick Children and were car-

ried out in accordance with the Canadian Council of Animal Care.

Histological analyses. Paraffin-embedded kidney sections were analyzed by 

histology after generating 4-μm tissue sections and staining with hema-

toxylin and eosin or with Masson trichrome. Immunofluorescence was 

performed on formalin-fixed, paraffin-embedded kidney sections or 4% 

PFA–fixed, OCT-embedded frozen sections using anti–α-SMA (Sigma-

Aldrich, 1:500 dilution), anti-UpkIII (Progen Biotechnik, 1:10 dilution), 

anti–pan-cytokeratin (Sigma-Aldrich, 1:100 dilution), anti-CD117 (Kit; 

DAKO, 1:50 dilution), Hcn3 (Millipore, 1:500 dilution). Alexa Fluor 488 

and Alexa Fluor 568 goat anti-mouse, goat anti-rat, or goat anti-rabbit 

(Invitrogen, 1:1,000 dilution) were used as secondary antibodies. Whole 

mount immunofluorescence was performed as described previously (42) 

with anti-Calbindin-D28K (Sigma-Aldrich, 1:200 dilution) and secondary 

Alexa Fluor 488 goat anti-mouse (Invitrogen, 1:100 dilution). β-Galactosi-

dase staining was performed as previously described (4).

Intrapelvic dye injections. Visualization of the ureteropelvic lumen was per-

formed as previously described (19). Briefly, bromo-phenol blue dye was 

injected into the renal pelvis of isolated whole urogenital systems at E18.5 

using a pulled-out Pasteur glass pipette.

Metanephric mesenchyme isolation and real-time RT-PCR. Tissue isolations 

and real-time RT-PCR were performed as previously described (4).

Embryonic ureter cultures. E15.5 ureters were dissected and cultured for  

5 days on 0.4-μm membranes (Falcon) in wells containing DMEM/Hams-

F12 culture media (Gibco, Invitrogen) supplemented with transferrin  

(5 μg/ml), penicillin (100 μg/ml), and streptomycin (100 U/ml). Time-lapse 

imaging of ureters was performed on a Zeiss AxioVert 200M microscope. 

Images were captured every 500 ms for a total duration of 90 seconds. 

Peristalsis of ureters was quantified by measuring the lumen diameter at 

fixed points throughout the contraction period using Axiovision Release 

software (version 4.6.3.0).

In situ hybridization. In situ hybridization was performed on paraffin-

embedded sections (4 μm) using DIG-labeled cDNA probes encoding Ret, 

Wnt11, Wnt7b, and Wnt9b as previously described (4).

Statistics. Statistical analysis was performed using GraphPad Prism soft-

ware (version 5.0c). Data were analyzed using 2-tailed Student’s t test. A 

probability of less than 0.05 was considered to indicate statistical signifi-

cance. Values are given as mean ± SEM.
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