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Fig. 2. Abnormal Hh but not Wntsignalingin ~ Cep290-2°?2“Znewborn kidneys. ( A) Full-length isoform of Lefl( 57 kDa) detected by Western blot of whole-kidney
lysates from Cep290*"* and Cep290-2°“-*“4jittermates (newborn and 1y 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 Cep290-3°#-acZjn
newborn (4 vs.4.3) and 1y kidney (0.19 vs. 0.21). ( B) Tcf1 ( 47 kDa) detected by Western blot of whole-kidney lysates from  Cep290*/* and Cep290-“42“ittermates
(newborn and 1y of age) demonstrating normal levels of Tcfl protein in newborn kidney (band densitometry ratios of Tcf1/Gapdh 2.3 vs. 2.5) but reduced levels of
Tcfl protein evidentin - Cep290-2#2“idneys at 1 y of age. Band densitometry confirmed ratios of Tcfl/Gapdh to be 0.47in  Cep290™* and 0.21 in Cep290-2c21tacZ
(C) -catenin (92 kDa) detected by Western blot of whole-kidney lysates from  Cep290*"* and Cep290-**“*“Zjittermates (3 wk and 1 y of age) demonstrating no
difference in levels of  -catenin protein expression between genotypes, relative to a Gapdh loading control. ( D) Gli3 detected by Western blot of whole-kidney
lysates from Cep290** and Cep290-2°?3Znewbhorn littermates revealing elevated levels of the Gli3 repressor isoform (Gli3R) in ~ Cep290-2°#-2Zreative to Gapdh
and (E) quantified using band densitometry. All Western blots were replicated at least three times using different biological samples.

wild-type cells (127 out of 227 cells) with a mean length of 3.5m  signaling can partially rescue the mutant phenotype, indicating
whereas, in mutant cells, primary cilia were seen in only 4.5% of that the mutant collecting duct cells are amenable to phar-
cells (13 out of 284 cells) and the cilia present were significantly macological manipulation andthat they are not irreversibly
shortened (mean length 2.3 m) (Fig. S8D and E). damaged by the mutation. Furthermore, it is intriguing to note
Collecting duct cells characterstically self-polarize into that purmorphamine can bypass the ciliary defects associated
spheroid structures when grown in 3D culture conditions; this with Cep290 mutation and restore the establishment of 3D
system has been previously validated to model architectural architecture in the renal collecting duct while also moderately
defects in the context of renal ciliopathies such as NPHP (32, improving ciliogenesis. Cep290 is thought to play a gatekeeper
33). Using this system, collecting duct cells from wild-type ani- role at the transition zone of the primary cilium (35) and to in-
mals formed large spheroids with well-defined lumens (98%, fluence the entry and exit of proteins into the cilium. Another
738/750 spheroids scored) at the equatorial plane of the spheroid recently identified transition zone protein, CSPP1, has also been
revealing -catenin lining the basolateral membranes, and pri- shown to be essential for ciliogenesis and interacts with other
mary cilia projecting into the lumen in 75% of the nuclei scored nephrocystin proteins (36). Hh signaling was noted to be down-
(n = 300) (Fig. 3A). Cep2963°#a°Z collecting duct cells, how- regulated in fibroblasts from patients withCSPP1mutations (37)
ever, formed fewer spheroids, and those present were largely presumably secondary to the loss of cilia. Our data point to the
abnormal, with no lumen or a lumen with a diameter less than fact that Hh itself may be required for ciliogenesis, given that
10 m (34%, 252/750 spheroids scored). Cilia formation was se- ciliogenesis inCep2963°%-3°Z spheroids is partially rescued. In
verely disrupted in these spheroids (Fig. B), with just 24% of reciprocal experiments, wild-type cells receiving HPI-4 treat-
nuclei at the equatorial plane being ciliated it = 300). There was ment, an Hh pathway antagonist, cause a reduction in spheroid
also a notable loss of junctional -catenin. We postulate that formation together with a loss of cilia (11% of cells remained
reduced junctional -catenin, as previously seen witiNek8 ciliated, 31/300 nuclei scored) (Fig.  and G).
siRNA targeting (34), is a consequence of the spheroid defects We identified a JBTS patient with a typical cerebello-oculo-
rather than its cause. The abnormal spheroids indicate that renal phenotype in whom molecular genetic diagnosis revealed
Cep2962°2tacZ collecting duct cells have an intrinsic deficiency compound heterozygousCEP290 mutations of known pathoge-
that fundamentally affects their function, consistent with reduced nicity (4, 38). Using ex vivo culture of urine-derived renal epi-
collecting duct structure and function leading to NPHP. thelial cells (URECS) from this patient we were able to replicate
Given that kidneys from Cep2962°“-“ mice show evidence the spheroid and cilia defect seen in murineCep2943°4/-3°Z
of reduced Hh signaling, we tested the effects of increasing Hh collecting duct cells. In cultured URECs from the JBTS patient,
signaling in Cep2962°“-2°Z collecting duct cells by addition spheroids were disorganized and smaller and had fewer cilia
of the Hh agonist purmorphamine to the spheroid 3D culture compared with wild type (Fig. 4A and B). This defect could be
system. Purmorphamine treatment resulted in a dramatic im- partially rescued, with a significant recovery of spheroid archi-
provement, such thatCep29$3°#-2°Z collecting duct cells orga- tecture and cilia number using exogenous stimulation of Hh
nized into better spheroid structures with lumens over 10m  signaling with purmorphamine (Fig. 4C and D).
(79%, 595/750 spheroids scored) and with an increased number Collectively, primary renal cells from a murine model were
of cilia (48%, 143/300 nuclei scored) and the formation of directly verified in cells from a patient showing that abnormal
adherens junctions (Fig. 3C and F). Thus, stimulation of Hh  Hh signaling underlies juvenile NPHP and that pharmacological

Hynes et al. PNAS | July 8,2014 | vol. 111 | no.27 | 9895

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1322373111/-/DCSupplemental/pnas.201322373SI.pdf?targetid=nameddest=SF8

L T

z

1\

BN AS  DNAS P

Fig. 4. JBTS urine-derived renal epithelial cells (URECSs) are unable to form organized 3D spheroids ex vivo without exogenous stimulation of Hh signaling.

Representative confocal immunocytochemistry images (DAPI, blue; acetylated tubulin, green;
formation from wild-type URECs. ( B) JBTS patient URECs form abnormal spheroids that were smaller with fewer cilia. (
restores 3D spheroid forming ability in JBTS URECs with improvement in both architecture and ciliary frequency. (

-catenin, red). (Scale bar: 5 m.) (A) Normal 3D spheroid
C) Purmorphamine treatment partially
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

URECsIf = 457). JBTS patient URECs treated with 2 M purmorphamine (Pur) for 68 h restored ciliogenesis to 36% (

with ** P = 0.0037, unpaired t test.

plated onto six-well plates coated with 10 mg/mL  Dolichos biflorus Ag-
glutinin (DBA) (cat. no. L-2785; Sigma) (10 g/mL in 0.1 M NaHCO03) over-
night at 33 °C. Unbound cells were removed with gentle washing in fresh
culture media added, and cells were incubated at 33 °C in 5% CO ,. 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 a4 M urea, 125 mM Tris (pH 6.8), 4% (wt/vol)
SDS, 10% (vol/vol) glycerol, 5% (vol/vol) -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

Hynes et al.

n = 438). Data are shown as means + SEM,

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-Tcfl, 1:100, Cell Signaling; rabbit anti-Gli1
(V812), 1:500, Cell Signaling,; rabbit anti- -catenin (6B3), 1:1,000, Cell Sig-
naling) 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 per-
formed using the Fiji software program (41).

Spheroid Growth Assay and Immunofluorescence. Ten thousand collecting
duct cells from Cep290-2°ZL3°Z or Cep290-2“?* 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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