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The Hh signaling pathway is required for normal organ development, patterning, and cell signaling and relies upon primary cilia to mediate its affects (12, 13). In the absence of Hh
ligand, Patched (Ptch) blocks the activation of Smoothened (Smo),
and transcription factors including Gli are processed into smaller
repressor forms (GliR). However, in the presence of Hh binding to
Ptch, Smo is released and leads to an increase in Gli in its activator
form (GliA). Target-gene expression is thus finely balanced by
the ratio of GliA and GliR. Ptch, Smo, and Gli proteins all localize to the primary cilium (14–16).
Although the primary cilium is vital for Hh signaling (13),
there is conflicting evidence from mouse models as to the involvement of Wnt (17) and/or Hh (18) signaling in the cerebellar
abnormalities of JBTS. Abnormal Wnt signaling is found in late
stages of NPHP in kidneys from Ahi1−/− mutant mice (19);
however, the activity of key signaling pathways remains to be
assessed at the early stages of NPHP.
Results and Discussion
To investigate the molecular mechanisms underlying NPHP, we
created a Cep290 mutant mouse from mouse ES cells carrying an
Significance
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ecent genetic advances have allowed positional cloning and
identification of numerous Joubert syndrome (JBTS) genes
including CEP290 (alias NPHP6) (1, 2), which encodes nephrocystin-6, a centrosomal protein (3). Mutations in CEP290 account for a wide spectrum of disorders, including Leber’s
congenital amaurosis (4, 5), nephronophthisis (NPHP) (1),
Joubert syndrome (JBTS) (2), and Meckel–Gruber syndrome
(6, 7). JBTS is an inherited ciliopathy giving rise to NPHP with
cerebellar vermis aplasia and retinal degeneration. Among patients with JBTS and a cerebello-oculo-renal phenotype, mutations in CEP290 (NPHP6) are the most common genetic lesion
(8). A unifying feature of JBTS-associated genes is the localization of their protein products within the primary cilium, and
subsequent studies have focused on Wingless-Int (Wnt) and
Hedgehog (Hh) signaling pathways disrupted in these ciliopathy
conditions. Wnt signaling is a conserved developmental signaling pathway. In the canonical (β-catenin–dependent) Wnt
pathway, Wnt ligand binds to a Frizzled receptor and produces,
via stabilization and accumulation of β-catenin, nuclear transcription of Wnt target genes (9). β-catenin is a transcriptional
coactivator of transcription factors in the Tcf/Lef family (10).
Tcf/Lef proteins are dynamically expressed during development, and Wnt signaling controls many cellular processes,
including cell proliferation and cell-fate determination (11).
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The molecular mechanisms underlying the juvenile onset cystic
kidney disease nephronophthisis, remain incompletely understood. Our mutant mouse model identifies abnormal
Hedgehog signaling as the primary lesion in nephronophthisis, although currently the perceived knowledge is that aberrant wingless-int signaling is responsible. Primary kidney collecting duct cells
isolated from mutant mice with nephronophthisis are morphologically and functionally rescued when Hedgehog signaling is
stimulated. This finding was replicated in ex vivo cultured urinederived renal epithelial cells from a patient with Joubert syndrome
and nephronophthisis. Understanding the initial molecular mechanisms of nephronophthisis is a significant advancement of the
wider field of ciliopathies and identifies Hedgehog signaling as
a potential therapeutic target for these conditions.
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Nephronophthisis (NPHP) is the major cause of pediatric renal
failure, yet the disease remains poorly understood, partly due to
the lack of appropriate animal models. Joubert syndrome (JBTS) is
an inherited ciliopathy giving rise to NPHP with cerebellar vermis
aplasia and retinal degeneration. Among patients with JBTS and
a cerebello-oculo-renal phenotype, mutations in CEP290 (NPHP6)
are the most common genetic lesion. We present a Cep290 gene
trap mouse model of JBTS that displays the kidney, eye, and brain
abnormalities that define the syndrome. Mutant mice present with
cystic kidney disease as neonates. Newborn kidneys contain normal amounts of lymphoid enhancer-binding factor 1 (Lef1) and
transcription factor 1 (Tcf1) protein, indicating normal function
of the Wnt signaling pathway; however, an increase in the protein
Gli3 repressor reveals abnormal Hedgehog (Hh) signaling evident
in newborn kidneys. Collecting duct cells from mutant mice have
abnormal primary cilia and are unable to form spheroid structures
in vitro. Treatment of mutant cells with the Hh agonist purmorphamine restored normal spheroid formation. Renal epithelial cells
from a JBTS patient with CEP290 mutations showed similar impairments to spheroid formation that could also be partially rescued
by exogenous stimulation of Hh signaling. These data implicate
abnormal Hh signaling as the cause of NPHP and suggest that
Hh agonists may be exploited therapeutically.

insertion/truncation caused by insertion of a β-galactosidase gene
trap vector. Chimeric male mice were bred with 129/Ola female
mice to produce a wholly inbred strain in a single step. Breeding of
the heterozygous Cep290LacZ/+ mice produced homozygous
animals that were fertile and viable beyond 12 mo of age (Fig. S1
A–C). The disruption was confirmed at both the mRNA and protein level in newborn kidneys where, despite some evidence of
“read-through,” there was an almost complete absence of protein
detectable by Western blot (Fig. S2 B and C). All newborn animals
were genotyped (n = 183). From the 129/Ola background, 21%
were homozygous Cep290LacZ/LacZ animals, consistent with a
normal Mendelian monogenic inheritance of a recessive allele
(Fig. S1D). When backcrossed to the C57BL/6 strain, there was
loss of a Mendelian distribution of alleles (Fig. S1D); most
Cep290LacZ/LacZ animals died in utero, indicating strong genetic
modifier effects consistent with the broad spectrum of phenotypes
seen in patients carrying CEP290 mutations and in the pcy (20)
and Tmem67 (21) mouse models. All subsequent studies were
conducted on wholly 129/Ola purebred mice.
Cep290LacZ/LacZ mice exhibit a JBTS/ciliopathy phenotype, including retinal degeneration, cerebral abnormalities, and progressive cystic kidney disease, with evidence of polyuria and
polydipsia, consistent with the human phenotype. Progressive
retinal degeneration was evident from 4 wk of age, affecting the
photoreceptor inner and outer segments cell layer and the outer
nuclear layer (Fig. S3 A–C). There was no evidence of liver fibrosis in Cep290LacZ/LacZ animals (Fig. S3 D–G). MRI imaging of
fixed tissues revealed hydrocephalus evident at 1 mo of age (Fig.
S4A) although there was no evidence of a foliation defect within
the cerebellum (Fig. S4B). Small cysts developed within the renal
cortex of most but not all newborn Cep290LacZ/LacZ animals, becoming more prominent and more numerous at 2 wk of age, and
persisting up to 1 y of age (Fig. 1 A–D). The cystic change is reminiscent of nephronophthisis. A quantification of cystic change
over time confirmed kidney disease progression from newborn to 1
mo of age (Fig. S5A). Primary cilia were present on the epithelial
cells of noncystic and cystic renal tubules of Cep290LacZ/LacZ
animals but were significantly reduced in number (Fig. S5 B and
C). Renal cysts were confirmed to be of collecting duct in origin,

Fig. 1. Cep290LacZ/LacZ mice exhibit progressive renal collecting duct cystic
disease. Representative kidney sections from wild-type Cep290+/+ (Upper)
and Cep290LacZ/LacZ mice (Lower) stained with hematoxylin/eosin. Microcysts
are present in Cep290LacZ/LacZ kidneys from birth to 1 y (A, and magnified in
B) at birth (P0), (C) 2 wk (P14), and (D) 1 y (1 yr) of age. The asterisk highlights collecting duct cysts, and arrows indicate the epithelial cell layer lining
of a cyst. (Scale bars: A, 500 μm; B, 50 μm; C and D, 500 μm.)
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expressing both the principal cell marker aquaporin-2 (22) and
the intercalated cell marker Atp6V0A4 (23) (Fig. S5D).
Staining for β-galactosidase activity in Cep290LacZ/+ animals
indicated Cep290 expression at the cortico-medullary boundary
of the kidney, at the photoreceptor layer of the retina, and in the
choroid plexus (Fig. S6). The strong expression seen in choroid
plexus is consistent with our previous in situ hybridization study
of human embryonic brain (24) and suggest that this ciliated
structure may be involved in the cerebellar phenotypes associated with JBTS.
Because abnormal Wnt signaling has previously been reported
in kidneys of Ahi1−/− mice with NPHP (19), we examined Wnt
target Lef1 protein expression levels in whole-kidney lysates
from newborn and 1-y-old mice. Western blotting for Lef1
demonstrated no change in Lef1 protein levels between
Cep290LacZ/LacZ and wild-type littermate animals (Fig. 2A). Interestingly, in newborn kidney samples, Lef1 is seen as a doublet
of two alternative spliced transcripts, which has previously been
noted in embryonic murine brain (25). Tcf1 protein expression in
newborn kidney was equal, again with alternative splicing evident
as has been previously reported in human T cells (26). However,
at 1 y of age, reduced levels of Tcf1 were clearly evident (Fig.
2B), suggesting that Wnt signaling is not dramatically changed
during the early stages of kidney disease at the time of cystogenesis but is reduced at later stages of disease, possibly associated with kidney fibrosis. It is noteworthy that the majority of
Ahi1−/− mutant mice die in utero on a C57BL/6 genetic background and that reduced Lef1 protein is observed in the kidneys
of the survivors from 5 mo of age (19). Given that Ahi1 expression was linked to the Wnt–β-catenin signaling pathway (17,
19), we examined the expression of β-catenin within kidney tissue
of Cep290 mice. However, the expression levels of β-catenin
were not different between Cep290LacZ/LacZ and wild-type littermate animals (Fig. 2C).
The primary cilium plays a critical role in Hh signaling, and
many features of ciliopathy syndromes are associated with abnormal Hh signaling: for example, brain abnormalities in JBTS
(18) and bone abnormalities in Ellis van Creveld syndrome
(EVC) (27). To measure Hh activity in Cep290LacZ/LacZ mutant
kidneys, we examined levels of the protein Gli3 activator and
repressor isoforms in whole-kidney lysates from newborn mice
(28, 29). Western blotting revealed a dramatic increase in the
Gli3 repressor in Cep290LacZ/LacZ mutant kidneys (Fig. 2 D and
E), similar to that seen in patients carrying TCTN3 mutations (30)
and the telencephalon of Ftm mice (31). Thus, Cep290LacZ/LacZ
mice display an Hh deficiency that precedes a Wnt deficiency
similar to that seen in adult Ahi1−/− mice. Determination of Gli1
expression in newborn mice also confirmed that an alteration in Hh signaling in Cep290LacZ/LacZ kidneys was evident
(Fig. S5E).
The identification of abnormal Hh signaling at the earliest
stages of NPHP raises the intriguing possibility that all ciliopathies may share a common etiology and that targeting the
Hh signaling pathway may have therapeutic value for all manifestations of these conditions. To investigate the consequences of
abnormal Hh signaling at the cellular level, we derived primary
collecting duct cells, facilitated by introduction of the temperaturesensitive SV40-T-antigen by crossing with H-2Kb-tsA58 mice
(Fig. S1E). Collecting duct cells were isolated from Cep290LacZ/LacZ
and wild-type mice using Dolichos biflorus Agglutinin (DBA) lectin
selection. PCR was used to confirm the genotype of isolated cells,
and Western blotting confirmed the reduction in Cep290 protein
expression seen in mutant kidneys (Fig. S7 A and B). Both wild-type
and mutant cells formed confluent epithelial monolayers consistent
with a renal epithelium and also expressed markers of principal
collecting duct cells, including the ENaC-alpha subunit and the
mineralocorticoid receptor (Fig. S7C). Following serum starvation
of primary collecting duct cells, primary cilia were seen in 56% of
Hynes et al.

wild-type cells (127 out of 227 cells) with a mean length of 3.5 μm
whereas, in mutant cells, primary cilia were seen in only 4.5% of
cells (13 out of 284 cells) and the cilia present were significantly
shortened (mean length 2.3 μm) (Fig. S8 D and E).
Collecting duct cells characteristically self-polarize into
spheroid structures when grown in 3D culture conditions; this
system has been previously validated to model architectural
defects in the context of renal ciliopathies such as NPHP (32,
33). Using this system, collecting duct cells from wild-type animals formed large spheroids with well-defined lumens (98%,
738/750 spheroids scored) at the equatorial plane of the spheroid
revealing β-catenin lining the basolateral membranes, and primary cilia projecting into the lumen in 75% of the nuclei scored
(n = 300) (Fig. 3A). Cep290LacZ/LacZ collecting duct cells, however, formed fewer spheroids, and those present were largely
abnormal, with no lumen or a lumen with a diameter less than
10 μm (34%, 252/750 spheroids scored). Cilia formation was severely disrupted in these spheroids (Fig. 3B), with just 24% of
nuclei at the equatorial plane being ciliated (n = 300). There was
also a notable loss of junctional β-catenin. We postulate that
reduced junctional β-catenin, as previously seen with Nek8
siRNA targeting (34), is a consequence of the spheroid defects
rather than its cause. The abnormal spheroids indicate that
Cep290LacZ/LacZ collecting duct cells have an intrinsic deficiency
that fundamentally affects their function, consistent with reduced
collecting duct structure and function leading to NPHP.
Given that kidneys from Cep290LacZ/LacZ mice show evidence
of reduced Hh signaling, we tested the effects of increasing Hh
signaling in Cep290LacZ/LacZ collecting duct cells by addition
of the Hh agonist purmorphamine to the spheroid 3D culture
system. Purmorphamine treatment resulted in a dramatic improvement, such that Cep290LacZ/LacZ collecting duct cells organized into better spheroid structures with lumens over 10 μm
(79%, 595/750 spheroids scored) and with an increased number
of cilia (48%, 143/300 nuclei scored) and the formation of
adherens junctions (Fig. 3 C and F). Thus, stimulation of Hh
Hynes et al.

signaling can partially rescue the mutant phenotype, indicating
that the mutant collecting duct cells are amenable to pharmacological manipulation and that they are not irreversibly
damaged by the mutation. Furthermore, it is intriguing to note
that purmorphamine can bypass the ciliary defects associated
with Cep290 mutation and restore the establishment of 3D
architecture in the renal collecting duct while also moderately
improving ciliogenesis. Cep290 is thought to play a gatekeeper
role at the transition zone of the primary cilium (35) and to influence the entry and exit of proteins into the cilium. Another
recently identified transition zone protein, CSPP1, has also been
shown to be essential for ciliogenesis and interacts with other
nephrocystin proteins (36). Hh signaling was noted to be downregulated in fibroblasts from patients with CSPP1 mutations (37)
presumably secondary to the loss of cilia. Our data point to the
fact that Hh itself may be required for ciliogenesis, given that
ciliogenesis in Cep290LacZ/LacZ spheroids is partially rescued. In
reciprocal experiments, wild-type cells receiving HPI-4 treatment, an Hh pathway antagonist, cause a reduction in spheroid
formation together with a loss of cilia (11% of cells remained
ciliated, 31/300 nuclei scored) (Fig. 3 D and G).
We identified a JBTS patient with a typical cerebello-oculorenal phenotype in whom molecular genetic diagnosis revealed
compound heterozygous CEP290 mutations of known pathogenicity (4, 38). Using ex vivo culture of urine-derived renal epithelial cells (URECs) from this patient we were able to replicate
the spheroid and cilia defect seen in murine Cep290LacZ/LacZ
collecting duct cells. In cultured URECs from the JBTS patient,
spheroids were disorganized and smaller and had fewer cilia
compared with wild type (Fig. 4 A and B). This defect could be
partially rescued, with a significant recovery of spheroid architecture and cilia number using exogenous stimulation of Hh
signaling with purmorphamine (Fig. 4 C and D).
Collectively, primary renal cells from a murine model were
directly verified in cells from a patient showing that abnormal
Hh signaling underlies juvenile NPHP and that pharmacological
PNAS | July 8, 2014 | vol. 111 | no. 27 | 9895
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Fig. 2. Abnormal Hh but not Wnt signaling in Cep290LacZ/LacZ newborn kidneys. (A) Full-length isoform of Lef1 (∼57 kDa) detected by Western blot of whole-kidney
lysates from Cep290+/+ and Cep290LacZ/LacZ littermates (newborn and 1 y of age), demonstrating no dramatic difference in levels of Lef1 protein expression between
genotypes, relative to a Gapdh loading control. Band densitometry confirmed ratios of Lef1/Gapdh to be unchanged between Cep290+/+ and Cep290LacZ/LacZ in
newborn (4 vs.4.3) and 1 y kidney (0.19 vs. 0.21). (B) Tcf1 (∼47 kDa) detected by Western blot of whole-kidney lysates from Cep290+/+ and Cep290LacZ/LacZ littermates
(newborn and 1 y of age) demonstrating normal levels of Tcf1 protein in newborn kidney (band densitometry ratios of Tcf1/Gapdh 2.3 vs. 2.5) but reduced levels of
Tcf1 protein evident in Cep290LacZ/LacZ kidneys at 1 y of age. Band densitometry confirmed ratios of Tcf1/Gapdh to be 0.47 in Cep290+/+ and 0.21 in Cep290LacZ/LacZ.
(C) β-catenin (∼92 kDa) detected by Western blot of whole-kidney lysates from Cep290+/+ and Cep290LacZ/LacZ littermates (3 wk and 1 y of age) demonstrating no
difference in levels of β-catenin protein expression between genotypes, relative to a Gapdh loading control. (D) Gli3 detected by Western blot of whole-kidney
lysates from Cep290+/+ and Cep290LacZ/LacZ newborn littermates revealing elevated levels of the Gli3 repressor isoform (Gli3R) in Cep290LacZ/LacZ relative to Gapdh
and (E) quantified using band densitometry. All Western blots were replicated at least three times using different biological samples.

Fig. 3. Cep290LacZ/LacZ collecting duct cells are unable to form organized 3D spheroids ex vivo
without exogenous stimulation of Hh signaling.
Representative immunohistochemistry images
(DAPI, blue; acetylated tubulin, green; β-catenin,
red). (Scale bar: 5 μm.) (A) Normal 3D spheroid formation (observed in 98%, n = 750) from Cep290+/+
collecting duct cells. (B) Cep290LacZ/LacZ collecting
duct cells had a spheroid forming index of only 34%
(n = 1180), with the remaining 66% containing
fewer than 10 cells and/or no lumen. (C) Purmorphamine treatment restored 3D spheroid forming
ability in 79% of Cep290LacZ/LacZ collecting duct cells
(n = 750). (D) HPI-4 treatment of wild-type cells
causes a reduction in spheroid formation (observed
in 85%, n = 600). (E) Quantification of ciliogenesis
reveals that 48-h serum starvation induced primary
cilia in 75% of Cep290+/+ spheroids, but only in 24%
of Cep290LacZ/LacZ mutant cells. Data are shown as
means ± SEM, P = 0.0004 determined by unpaired
t test for each genotype. (F) Quantification of
ciliogenesis reveals that Cep290LacZ/LacZ cells treated
with 2 μM purmorphamine treatment for 72 h
restored ciliogenesis from 24% (DMSO control) to
48%. Data are shown as means ± SEM; P = 0.0063
determined by unpaired t test for each genotype.
(G) Quantification of ciliogenesis reveals that, when
Cep290+/+ cells were treated with 10 μM HPI-4 for
36 h, ciliogenesis was reduced from 75% (DMSO
control) to 11%. Data are shown as means ± SEM,
with P = 0.0002 determined by unpaired t test for
each genotype.

treatment with Hh agonists represents a strong candidate for the
development of novel therapies for NPHP and possibly other
manifestations of the ciliopathies.
Methods
Mouse Genetics. All mouse work was performed under licenses granted from
the Home Office (United Kingdom) in accordance with the guidelines and
regulations for the care and use of laboratory animals outlined by the
Animals (Scientific Procedures) Act 1986 and with the approval of the
Newcastle University Ethical Review Committee. Using database searches
accessed January 2, 2010 (www.ncbi.nlm.nih.gov/nucgss/), we identified
a “gene trap” ES cell line (DU635568.1, Sanger Institute Gene Trap Library)
in which the murine Cep290 was disrupted at intron 23 to induce a hypomorphic mutation Cep290LacZ/LacZ. The trap contains a β-galactosidase/neomycin reporter gene with a ribosomal reentry site followed by a poly(A) tail
(Fig. S9 A and B). Genomic DNA PCR confirmed the correct insertion of the
gene trap and was fine-mapped it to 3.308 kb downstream of exon 24.
Genotyping was conducted using a combination of three oligonucleotide
primers (F2, R2, and R5) (Fig. S9). The modified ES cells were injected into
blastocysts to create chimeric mice. Male chimeras (129/Ola«C57/B6) were
selected for mating with either 129/Ola or C57/B6 female mice to generate
mice heterozygote for the Cep290LacZ/LacZ hypomorphic mutation on either
pure 129/Ola or (C57/B6 × 129/Ola) F1 genetic backgrounds (Fig. S1). F1
heterozygotes were backcrossed with C57/F6 for six generations (C57/B6-F6)
whereas a pure 129/Ola colony was established to eliminate any potential
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genetic background effects. Unless otherwise stated, all analyses were carried out on the inbred 129/Ola background.
Generation of “Immorto”mouse/Cep290LacZ/LacZ Cross. The H-2Kb-tsA58 mouse
line was crossed with the Cep290LacZ/LacZ mouse to generate double transgenic Cep290LacZ/LacZ::H-2Kb-tsA58+/− and Cep290+/+::H-2Kb-tsA58+/− mice
(Fig. S1D). The transgene in these mice is usually dormant and can be activated only by culturing explanted cells at 33 °C. All transgenic mouse lines
were maintained on the inbred C57Bl6/J background (Charles River). For
genotyping, genomic DNA was extracted from mouse ear clips/cell pellets,
and standard PCR was performed. Oligonucleotide primer sequences, including
those used to confirm the “immorto” transgene (39), are shown in Fig. S9C.
Histological Examination of Tissues. Mouse tissues were dissected and fixed
in 4% (wt/vol) paraformaldehyde (PFA) at 4 °C. Hematoxylin/eosin, Trichome
Masson, and Sirius Red were used as per manufacturer’s guidelines. All
histology sections were visualized using an Olympus BX43F microscope.
Primary Collecting Duct Cell Culture. The Cep290LacZ/LacZ::H-2Kb-tsA58+/− and
Cep290+/+::H-2Kb-tsA58+/− collecting duct cells were isolated from kidneys
of 1-mo-old transgenic mice (Fig. S1E), resulting in “immortalized,” primary,
mutant, and wild-type collecting duct cells. Briefly, kidney samples were
removed, sliced using a sterile scalpel, and digested with 0.5% collagenase
type II (cat. no. 41H12763; Worthington Biochemical Corporation) in 0.1% BSA
(cat. no. A2153; Sigma) for 30 min at 37 °C. This cell suspension digest was
then mixed in 1:1 dilution of (cortical collecting duct) CCD media (40)
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Fig. 4. JBTS urine-derived renal epithelial cells (URECs) are unable to form organized 3D spheroids ex vivo without exogenous stimulation of Hh signaling.
Representative confocal immunocytochemistry images (DAPI, blue; acetylated tubulin, green; β-catenin, red). (Scale bar: 5 μm.) (A) Normal 3D spheroid
formation from wild-type URECs. (B) JBTS patient URECs form abnormal spheroids that were smaller with fewer cilia. (C) Purmorphamine treatment partially
restores 3D spheroid forming ability in JBTS URECs with improvement in both architecture and ciliary frequency. (D) Quantification of number of ciliated cells
within 3D spheroids reveals primary cilia in 66% of cells from wild-type URECs (n = 445, wild-type 1; and n = 503, wild-type 2) but only in 27% of JBTS patient
URECs (n = 457). JBTS patient URECs treated with 2 μM purmorphamine (Pur) for 68 h restored ciliogenesis to 36% (n = 438). Data are shown as means ± SEM,
with **P = 0.0037, unpaired t test.

plated onto six-well plates coated with 10 mg/mL Dolichos biflorus Agglutinin (DBA) (cat. no. L-2785; Sigma) (10 μg/mL in 0.1 M NaHC03) overnight at 33 °C. Unbound cells were removed with gentle washing in fresh
culture media added, and cells were incubated at 33 °C in 5% CO2. CCD
media was used for cell culture as previously described (40). CCD media
was changed every 48–72 h, and cultures were passaged when ∼70–
80% confluent.
Western Blotting. Protein was extracted and lysed from frozen whole kidney
tissue and cells and solubilized in a 4 M urea, 125 mM Tris (pH 6.8), 4% (wt/vol)
SDS, 10% (vol/vol) glycerol, 5% (vol/vol) β-mercaptoethanol, and 0.02%
bromophenol blue solution. Protein was extracted from collecting duct cells
once they had reached confluency. Protein samples were heated to 95 °C for
5 min and then loaded onto 6–10% (wt/vol) polyacrylamide gels and run at
200 V for 1 h. Proteins were transferred to a nitrocellulose membrane at
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350 mA for 1 h. The membranes were blocked in 5% (wt/vol) powdered milk
in Tris-buffered saline and Tween 20 solution overnight at 4 °C and incubated
with primary antibodies (goat anti-Gli3, 1:3,000, R&D Systems; rabbit anti-Lef1,
1:100, Cell Signaling; rabbit anti-Tcf1, 1:100, Cell Signaling; rabbit anti-Gli1
(V812), 1:500, Cell Signaling,; rabbit anti-β-catenin (6B3), 1:1,000, Cell Signaling) all for 2 h at room temperature and rabbit anti-Gapdh (1:10,000; Cell
Signaling) for 1 h at room temperature. After washing in TBST, membranes
were incubated in HRP-conjugated secondary antibodies (Dako and Jackson)
and developed using ECL (Thermo). Band densitometry levels were performed using the Fiji software program (41).
Spheroid Growth Assay and Immunofluorescence. Ten thousand collecting
duct cells from Cep290LacZ/LacZ or Cep290LacZ/+ mice were mixed 1:1 with
growth factor-depleted matrigel (BD Bioscience) in Labtech chamber slides.
An identical protocol was followed for URECs, following their isolation and
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culture, detailed in SI Methods. After polymerization for 40 min at 33 °C,
warm medium was dripped over the matrix until just covered and cultured
at 33 °C/5% CO2. The cells formed spheroids with cleared lumens 3–4 d later.
During the last 48 h, spheroids were cultured with medium with or without
the presence of 2 μM purmorphamine. Medium was removed by pipetting,
and the gels were washed three times for 10 min with warm PBS supplemented with calcium and magnesium. The gels were then fixed in fresh 4%
(wt/vol) PFA for 30 min at room temperature. After washing three times in
PBS after fixation, the cells were permeabilized for 15 min in gelatin dissolved in warm PBS (350 mg/50 mL) with 0.5% Triton X-100. Primary antibody (mouse anti-acetylated tubulin, 1:20,000, Sigma; and rabbit anti–
β-catenin, 1:1,000, Cell Signaling) was diluted in permeabilization buffer and
incubated overnight at 4 °C. After washing the spheroids three times for
30 min in permeabilization buffer, goat anti-mouse-Cy5, donkey anti-rabbit-TRITC, and goat anti-rat-FITC secondary antibodies (1:400; Invitrogen)
were each diluted in permeabilization buffer and incubated in the dark
for 4 h at room temperature. Spheroids were washed three times in permeabilization buffer for 10 min per wash and then incubated for 1 h with
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Purmorphamine and HPI-4 Treatment. Collecting duct cells and URECs were
treated with 2 μM purmorphamine/DMSO treatment for 68–72 h (DMSO was
used as a negative control), and 3D spheroids were analyzed using confocal
microscopy. Collecting duct cells were treated with 10 μM HPI-4/DMSO treatment for 36 h (DMSO was used as a negative control), and the 3D spheroids
were analyzed using confocal microscopy.
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