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Abstract
Cystic kidney disease represents a major cause of end-stage renal disease, yet the molecular
mechanisms of pathogenesis remain largely unclear. Recent emphasis has been placed on a potential
role for canonical Wnt signaling, but investigation of this pathway in adult renal homeostasis is
lacking. Here we provide evidence of a previously unidentified canonical Wnt activity in adult
mammalian kidney homeostasis, the loss of which leads to cystic kidney disease. Loss of the Jouberin
(Jbn) protein in mouse leads to the cystic kidney disease nephronophthisis, owing to an unexpected
decrease in endogenous Wnt activity. Jbn interacts with and facilitates β-catenin nuclear
accumulation, resulting in positive modulation of downstream transcription. Finally, we show that
Jbn is required in vivo for a Wnt response to injury and renal tubule repair, the absence of which
triggers cystogenesis.

Cystic kidney disorders include autosomal recessive and dominant polycystic kidney diseases
as well as nephronophthisis1,2. Although the exact causes of these related disorders are not
clear, various signaling pathways have been implicated. Specifically, several of the proteins
encoded by the nephronophthisis-associated genes have been identified as negative modulators
of the canonical Wnt pathway while activating the noncanonical Wnt pathway (planar cell
polarity (PCP))3,4, suggesting a specific link between cystic kidney disease and Wnt signaling.
The emerging model is that cystogenesis is at least partly due to overactivation of canonical
Wnt signaling. This is supported by work with mutants of negative Wnt regulators, which show
embryonic kidney cysts5,6. However, similar embryonic kidney cysts have also been
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documented in mutants of positive regulators, as well7,8, pointing to a unique dichotomy that
may reflect more complex mechanisms than have previously been recognized. Because none
of the cystic disease proteins has been examined for altered Wnt signaling in vivo in the
mammalian kidney, and because Wnt activity has not been examined in the healthy adult
kidney, the exact role of canonical Wnt signaling in adult-onset cystic kidney disease is still
poorly understood.

Results
Ahi1−/− mice show pathology consistent with nephronophthisis

Jbn is the protein product of the AHI1 gene that is mutated in Joubert syndrome9,10, a disorder
associated with cerebellar hypoplasia, retinitis pigmentosa and nephronophthisis11. We used
Ahi1-null mice generated by homologous recombination, which showed a complete loss of the
Jbn protein (Supplementary Fig. 1a) but overall normal embryonic development. However, the
mice showed postnatal runting, and the majority (approximately 80%) did not survive to
adulthood (data not shown). We investigated defects in postnatal kidney morphology as a
potential cause of mortality. Ahi1-mutant mice showed no renal abnormalities at any neonatal
time points examined from 3 to 21 d after birth (Supplementary Fig. 1b and data not shown).
However, AHI1 mutations have been reported in some humans with late-onset
nephronophthisis12. Additionally, we identified specific localization of a GFP-Jbn fusion
construct in mouse kidney inner medullary collecting duct cells13 at the ciliary basal body (Fig.
1a and Supplementary Fig. 2a,b) and as sparsely distributed puncta along the ciliary axoneme
(Fig. 1a and Supplementary Fig. 2a), similar to the ciliary localization recently described14.
In vivo examination of endogenous Jbn in adult mouse kidney similarly revealed basal body
and axoneme localization in collecting ducts as also described by the recent study14, as well
as in proximal and distal tubules (Fig. 1b and Supplementary Fig. 2c), with particular intensity
at the cortico-medullary junction (Supplementary Fig. 2d) that was not present in Ahi1-mutant
kidney. Furthermore, western blotting for Jbn revealed a steady increase in its abundance with
age from postnatal day 8 to 5 months (Supplementary Fig. 2e), suggesting a potential role for
Jbn in the adult kidney.

We therefore examined surviving adult Ahi1−/− mice for potential late-onset renal phenotypes.
By 5 months, null kidneys seemed smaller than those of littermate controls (Fig. 1c) and showed
the characteristic histological triad of nephronophthisis15: tubular basement membrane
abnormalities, including thickening and disintegration with tubular collapse; interstitial cell
infiltrate and fibrosis; and, finally, a later appearance (at 1 year) of multiple microcysts and
tubular dilatation (Fig. 1d and Supplementary Fig. 3a,b). Masson's trichrome staining also
showed these abnormalities (Supplementary Fig. 3c), and antibodies to collagen I and
fibronectin revealed increased staining for these proteins, indicating interstitial fibrosis in
kidneys of Ahi1−/− mice (Fig. 1e), consistent with nephronophthisis pathology. Tubule
abnormalities were particularly concentrated in the cortico-medullary region. We therefore
examined which tubules were most affected and identified colabeling of cystic tubules with
lotus lectin, a proximal tubule marker (Fig. 1f)16, indicating that, similar to the human disease,
in the Ahi1-knockout mice proximal tubules of the cortico-medullary region were most
affected.

We next quantitatively examined cyst progression by measuring cyst index in littermates at
various ages17. Ahi1-null mice at least 1 year of age showed significantly increased average
cyst area as a ratio of total kidney area (n = 3, P < 0.05, Supplementary Fig. 3d). Next, we
examined kidney function impairment by testing for proteinuria and urinary concentrating
defects. Bradford assay as well as Coomassie staining of SDS-PAGE gels revealed increased
urine protein concentrations in Ahi1-mutant mice at 18–21 months of age (Fig. 1g), similar to
those described in the related Glis2 late-onset nephronophthisis mutant mouse18,19. Ahi1-null
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mice 21 months of age additionally showed low serum albumin concentrations (control
littermates' average albumin concentration, 4.0 g dl−1 (n = 3); Ahi1−/− average albumin
concentration, 2.9 g dl−1 (n = 3); P < 0.05, Student's t test). Furthermore, we examined urine
specific gravities at various time points to assess the progression of renal impairment. Ahi1-
null mice at age 2.5 months showed no impairments, whereas all Ahi1-null mice at 21 months
of age showed marked defects in urine-concentrating ability compared with littermate controls
(Fig. 1h and Supplementary Fig. 4a). As urinary concentrating defects represent a primary
diagnostic test in nephronophthisis20, these findings are further consistent with a
nephronophthisis phenotype in the mutant mice. Furthermore, all mutant mice examined at 1
year of age or older had cysts (n = 6) and kidney function impairment (n = 8), suggesting a
fully penetrant phenotype. Finally, serum creatinine concentration analysis showed that two
Ahi1-null mice aged 21 months had moderately elevated creatinine (>0.4 mg dl−1; controls:
<0.2 mg dl−1). Notably, the late onset of nephronophthisis in the Ahi1−/− mice mimics that seen
in humans with nephronophthisis caused by AHI1 mutations, whose symptoms are not evident
until their late teens or early twenties12,21.

The cystic kidney disorders have now been identified as part of a larger class of diseases known
as the ciliopathies, which all share a common theme: potential abnormal ciliary structure or
signaling22. We therefore hypothesized that loss of Jbn may lead to cilia defects. We examined
primary cilia of 5-month-old affected Ahi1−/− and control littermate kidneys and found that,
despite the nephronophthisis phenotype, the same percentage of cells showed evident primary
cilia in Ahi1−/− kidneys as in control kidneys, and the cilia showed indistinguishable
morphology in all kidney regions, at least at the resolution examined (Supplementary Fig. 4b).
Furthermore, primary mouse embryonic fibroblasts from Ahi1−/− mice showed
indistinguishable primary cilia with comparable length and morphology and in the same
percentage of cells as littermate-derived wild-type mouse embryonic fibroblasts
(Supplementary Fig. 4c). Finally, electron micrographs from retinal connecting cilia of these
mutants revealed grossly normal 9+0 doublet microtubule architecture (data not shown). We
therefore concluded that Jbn is not necessary for proper ciliogenesis, suggesting alternative
mechanisms for the defects in these mice.

Ahi1−/− mice show abrogated adult renal Wnt activity
Several cystic disease proteins have been identified as direct regulators of the Wnt pathway.
Nephronophthisis protein-2 (NPHP-2, or inversin), NPHP-3 and Glis2 have all been shown to
inhibit canonical Wnt signaling3,4,23. In contrast, polycystin-1 has been shown to activate the
canonical Wnt pathway24–26, although recent data suggests its carboxy terminus may
negatively regulate the pathway27. To test whether Jbn has a role in canonical Wnt signaling,
we crossed Ahi1-heterozygous mice with TOPGAL transgenic mice, a well documented
canonical Wnt transgenic reporter line28. We first examined the mice at embryonic day 13.5,
postnatal day 10 and 2 weeks and did not see a defect in β-galactosidase levels in Ahi1−/−

TOPGAL+ kidneys, where strong Wnt activity was present in both control and mutant kidneys
(data not shown). We next examined whether Wnt signaling defects were present in adult (5-
month-old) Ahi1−/− TOPGAL+ mouse kidneys with early signs of nephronophthisis and stained
for β-galactosidase using X-gal. The adult mouse kidney had previously been reported to lack
canonical Wnt activity29. Likewise, we saw almost no staining upon initial examination of
control TOPGAL+ kidneys with brief X-gal staining (data not shown). However, when we
performed extended X-gal staining of Ahi1+/− TOPGAL+ control kidneys, while controlling
for endogenous activity by using an X-gal solution pH 7.7–8.0 (ref. 30), we identified a
previously unrecognized specific staining pattern in the kidney cortex, with particularly high
levels in the cortico-medullary region (Fig. 2a). To our surprise, Ahi1−/− TOPGAL+ littermate
kidney showed an almost complete absence of activity, even when developed to saturation
(Supplementary Fig. 5a).
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Given the existence of endogenous β-galactosidase activity in the adult kidney31, we confirmed
these results by immunostaining with a bacterial β-galactosidase–specific antibody, which we
then quantified (Fig. 2b). This approach revealed absent staining in Ahi1−/− TOPGAL+ kidney,
whereas control TOPGAL+ littermate kidney showed broader staining throughout the kidney
cortex compared with the X-gal staining, probably owing to the requirement for pentameric
β-galactosidase complex formation for its enzymatic activity. Overall, the antibody staining
seemed to be more specific, suggesting that this approach is preferable when staining adult
kidney for exogenous β-galactosidase reporters. To further control for background endogenous
β-galactosidase activity, we performed antibody staining in wild-type TOPGAL− and
TOPGAL+ kidneys as well as X-gal staining in TOPGAL+ samples alongside TOPGAL−
littermates, which did not have the specific staining seen in TOPGAL+ samples
(Supplementary Fig. 5b). Finally, we additionally performed β-galactosidase staining in an
alternate Wnt reporter line, BATGAL32, which showed more intense staining in a pattern
similar to the TOPGAL pattern, supporting the validity of this Wnt activity (Supplementary
Fig. 5c). Although the BATGAL reporter showed a more robust activity, we were unable to
generate either Ahi1−/− BATGAL+ or Ahi1+/+ BATGAL− mice, suggesting that the two loci
are linked.

To further test this Wnt effect, we examined an independent and endogenous Wnt reporter,
lymphocyte enhancer–binding factor (Lef-1)33. In littermate control kidney, tubules positive
for β-galactosidase also stained for Lef-1; however, Ahi1−/− kidney showed markedly lower
Lef-1 expression concurrent with a lower β-galactosidase expression (Fig. 2c). Furthermore,
examination of the expression of two additional Wnt targets, Axin-2 (ref. 34) and dickkopf
homolog-1 (DKK-1)35, revealed markedly lower cortico-medullary expression of both proteins
in Ahi1−/− kidneys (Fig. 2d). Finally, we examined Lef-1 expression by western blotting of
whole kidney lysates as an alternate method of detection. This approach revealed lower
expression of the Wnt responsive full-length isoform36 of Lef-1 in Ahi1-null kidneys compared
to littermate controls at 5 months of age and 1 year of age, whereas the smaller isoform was
unaffected (Fig. 2e). Thus, these data indicate that loss of Jbn leads to abrogation of basal Wnt
activity in the adult mouse kidney.

To determine which specific tubules showed Wnt activity, we stained with a variety of lectins
and identified colabeling of β-galactosidase tubules with lotus lectin, indicating that Wnt active
tubules represent a subset of proximal tubules (Supplementary Fig. 5d), the same tubule type
that later shows dilatation in Ahi1 mutants (Fig. 1f). Lotus lectin staining in Ahi1−/− 5 month
kidneys revealed normal proximal tubule numbers (Supplementary Fig. 5d), suggesting that
the proximal tubule epithelium was not affected by the genetic deficiency of Ahi1.

To further test the specificity of the Wnt defect in these mice and to examine whether the Wnt
defect was secondary to early nephronophthisis changes, we performed X-gal staining, as well
as staining for β-galactosidase and Lef-1 protein expression, before the appearance of
nephronophthisis pathology. At 2.5 months of age, Ahi1−/− mice showed normal kidney
morphology, yet X-gal staining and β-galactosidase–specific antibody staining revealed an
already noticeably lower Wnt activity when compared to littermate controls (Fig. 2f). In
addition, Ahi1−/− kidneys showed less Lef-1 protein staining, further indicating decreased Wnt
activity before nephronophthisis onset (Fig. 2g). Finally, we also examined Lef-1 and an
alternate Wnt target, glutamate decarboxylase-1 (GAD-1)37, by western blotting of whole
kidney lysates from 3-month-old mice with no preexisting renal dysfunction (Supplementary
Fig. 4a). Expression of both target proteins was lower in these mice (Fig. 2h). Overall, all
Ahi1−/− mice tested (n = 4 before nephronophthisis onset, n = 5 after disease onset) showed a
reproducible decrease in Wnt activity compared with control littermates, as measured using a
variety of assays. Together, these data indicate the loss of Wnt activity precedes the
pathological appearance of nephronophthisis.
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The timing of Wnt activity abrogation in Ahi1−/− mice and the onset of nephronophthisis
pathology suggests loss of basal Wnt activity may contribute to nephronophthisis pathogenesis
in these mice. To test for a genetic interaction with the Wnt pathway, we generated mice doubly
heterozygous for Ahi1 and Lrp6 (encoding low-density lipoprotein receptor-related protein-6),
as Lrp6 has previously been identified as a necessary component in the canonical Wnt
pathway8. Although neither Ahi1+/− mice nor Lrp6+/− control littermates showed kidney
pathology, the combination of the two genotypes partially phenocopied the Ahi1−/− mouse
pathology, pointing to nonallelic noncomplementation (Fig. 3). Ahi1+/−;Lrp6+/− mice had
significantly smaller kidneys compared to single heterozygotes (Fig. 3a) and had tubular
abnormalities consistent with nephronophthisis (Fig. 3b,c). Additionally, later-stage cysts and
tubule dilatation were evident, similar to that seen in Ahi1−/− kidneys, which we quantified by
measuring cyst index (Fig. 3d). Finally, we observed a similar decrease in urine specific gravity
as that seen in Ahi1−/− mice (Fig. 3e). We also measured serum creatinine, and although the
majority of Ahi1+/−;Lrp6+/− mice showed normal creatinine concentrations (<0.2 mg dl−1), one
double heterozygote did show elevated levels (0.6 mg dl−1). These data suggest that Jbn and
Lrp6 function in the same pathway and that the nephronophthisis phenotype in Ahi1−/− mice
is Wnt dependent.

Jbn functions downstream of β-catenin stabilization
Although Jbn seems to act as a positive modulator of the canonical Wnt pathway, Ahi1−/− mice
show a milder phenotype compared with the embryonic lethality and severe defects seen in
classical Wnt mutants such as the Wnt3a-mutant mouse38. We therefore hypothesized that Jbn
may have a modulatory role, rather than acting as an intrinsic Wnt pathway component. To
test this hypothesis, we used an in vitro approach using the Super Topflash construct which
expresses luciferase as a reporter of Wnt activity39,40. HEK293T cells transfected with this
construct and Jbn alone did not show activation of the Wnt pathway, indicating that Jbn is not
an activator of the pathway (Fig. 4a). However, transfection of Jbn into the cells potentiated
the response to cotransfected disheveled homolog-1 (Dvl-1) (Fig. 4a) or treatment with Wnt3a
(Supplementary Fig. 6a), suggesting that Jbn positively modulates the canonical Wnt pathway.
Additionally, measurement of endogenous expression of the Wnt target cyclin D1 (ref. 41)
revealed augmentation of the transcription response similar to that seen in the luciferase assay,
whereas Jbn overexpression in the absence of Wnt had no effect on cyclin D1 (Fig. 4b). These
results support the hypothesis that Jbn is a canonical Wnt pathway modulator.

Wnt stimulation results in accumulation of cytosolic β-catenin due to disruption of the β-catenin
destruction complex, a key step in downstream signaling42. To elucidate which step in the
canonical Wnt pathway Jbn may modulate, we first tested whether Jbn overexpression had an
effect on endogenous cytosolic β-catenin protein abundance. Treatment of 293T cells with
Wnt3a-conditioned medium resulted in increased cytosolic β-catenin protein amounts, as
expected (Fig. 4c). Overexpression of Jbn, however, did not potentiate this increase (Fig. 4c),
suggesting that Jbn may function downstream in the pathway. To test this hypothesis, we used
a constitutively active β-catenin lacking the amino terminus (β-catΔN), making it resistant to
degradation43. We found that transfection of wild-type Jbn with β-catΔN enhanced the
response to β-catΔN (Fig. 4d), implicating modulation downstream of activation of β-catenin.

To further test the hypothesis that Jbn acts downstream of β-catenin stabilization, we used
small interfering RNA (siRNA) oligonucleotides targeted to mouse Jbn. Out of three siRNAs
tested, siRNAs 1 and 3 substantially lowered endogenous Jbn expression in mouse N2A cells
(Supplementary Fig. 6b); therefore, we used these two siRNAs for subsequent analyses. To
test for a requirement for Jbn downstream of β-catenin activation, we transfected Jbn siRNAs
with β-catΔN. Jbn knockdown by siRNA oligonucleotides led to a significant decrease in the
response elicited by β-catΔN as compared to control siRNA cotransfection (Fig. 4e). These
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results support the hypothesis that Jbn modulates, and is required for, the Wnt signaling
response downstream of β-catenin stabilization.

Jbn facilitates β-catenin nuclear translocation
We next used a coimmunoprecipitation approach to test the possibility that Jbn interacts with
β-catenin to modulate its signaling effects. We subjected 293T cells transfected with GFP-
tagged Jbn to immunoprecipitation with a GFP-specific antibody followed by immunoblotting
for endogenous β-catenin. This method revealed an interaction between β-catenin and GFP-
Jbn but not GFP empty vector (Fig. 5a). Treatment with Wnt3A led to an increase in the amount
of β-catenin pulled down with Jbn, suggesting a specific interaction with the Wnt responsive
pool of β-catenin (Fig. 5a). We next tested this interaction by reciprocal coimmunoprecipitation
from wild-type mouse tissue. Endogenous Jbn specifically coimmunoprecipitated with β-
catenin but not with GFP-specific negative control mouse IgG1 antibody, suggesting this
interaction occurs reciprocally and in vivo (Fig. 5b).

Because Jbn functions downstream of cytosolic β-catenin stabilization and can associate with
β-catenin while showing both nuclear and cytosolic localization, we hypothesized that Jbn may
function to facilitate translocation and accumulation of β-catenin in the nucleus. To test this
possibility, we first examined 293T cells overexpressing GFP-Jbn, which showed subtly higher
levels of nuclear β-catenin when compared to neighboring untransfected cells (Supplementary
Fig. 7a). We next performed nuclear extraction from Cos-7 cells transfected with GFP-Jbn
followed by a western blot assay of nuclear β-catenin protein abundance to better visualize the
effect on nuclear β-catenin. This assay revealed an enhancement of the Wnt3a-dependent
nuclear β-catenin increase in the presence of Jbn overexpression (Fig. 5c). Notably, Jbn
overexpression alone also led to higher levels of nuclear β-catenin (Fig. 5c). Luciferase reporter
assay results (Supplementary Fig. 6a), however, indicate this is not sufficient for triggering a
transcription response, probably owing to a requirement for other Wnt-induced transcription
regulators. Notably, although Jbn was primarily present in the cytosolic fraction, it was also
present in the nucleus, and this nuclear localization increased in a Wnt-dependent manner,
along with β-catenin nuclear accumulation, suggesting it may translocate into the nucleus with
β-catenin.

We therefore next examined whether Jbn and β-catenin interact in the nucleus by performing
coimmunoprecipitation from nuclear extracts of Cos-7 cells, which revealed an interaction
between endogenous nuclear β-catenin and GFP-Jbn (Fig. 5d). We then tested whether Jbn is
required for β-catenin nuclear localization in vivo by examining endogenous β-catenin
localization. In control kidneys, in addition to its more recognized basolateral localization, β-
catenin was also clearly present in the nucleus of a subset of cortical tubules adjacent to the
medulla (Fig. 5e), which costained for the proximal tubule marker lotus lectin (Supplementary
Fig. 7b). A subset of Jbn protein similarly showed nuclear localization in addition to its
primarily cytosolic and basal body staining (Supplementary Fig. 7c). Ahi1−/− kidneys,
however, showed no evidence of nuclear β-catenin staining, whereas basolateral staining was
intact (Fig. 5e), indicating that, in vivo, Jbn has a role in the nuclear localization of β-catenin.
Given that Jbn enhances, and is required for, nuclear β-catenin accumulation, and given that
Jbn's primary localization appears cytoplasmic with a nuclear subpopulation that is
dynamically regulated by Wnt activation, these results suggest a role for Jbn in cytoplasmic-
nuclear shuttling of β-catenin.

Because β-catenin does not contain nuclear localization signals (NLSs) we hypothesized that
Jbn may facilitate translocation of activated β-catenin to the nucleus via three NLSs which we
identified within the Jbn protein (with the PredictNLS program44). To test this possibility, we
inactivated these NLSs by mutating key lysine residues, which is predicted to abolish NLS
activity in NLS1 and in the overlapping region of NLS2 and NLS3 (Supplementary Fig. 8a).
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The three mutant Jbn proteins (ΔNLS1, ΔNLS2/3 and the combination of both mutations,
ΔNLS1/2/3) showed comparable expression to wild-type Jbn, although ΔNLS1 was somewhat
lower (Supplementary Fig. 8b), but all mutant constructs failed to localize to the nucleus when
examined by fluorescence microscopy and showed significantly decreased Wnt signaling
amplification compared with wild-type Jbn when transfected with Dvl-1 (Supplementary Fig.
8c,d) or β-catΔN (Fig. 5f). We then performed nuclear extraction with cells transfected with
the mutant constructs and found less nuclear β-catenin localization compared with cells
transfected with wild-type Jbn (Fig. 5g). We should note that although nuclear localization of
ΔNLS2/3 was not completely abolished, it failed to potentiate β-catenin nuclear levels.
However, the mutant lacking all NLS regions (ΔNLS1/2/3), which showed similar overall
expression to that of wild-type Jbn and failed to enter the nucleus, also failed to potentiate β-
catenin nuclear accumulation (Fig. 5g). These data support a mechanism whereby Jbn functions
through interaction with cytosolic β-catenin to facilitate the its nuclear translocation, a function
that requires all three NLS regions of Jbn.

Ahi1−/− mice show defective injury repair and Wnt response
We next sought to address how abrogated Wnt signaling might lead to the nephronophthisis
phenotype in Ahi1−/− mice. Wnt activity has previously been reported as upregulated in mouse
renal injury, lasting as long as 28 d after injury45, suggesting it may be involved in adult renal
homeostatic injury repair. We therefore performed injury experiments using established
protocols for either cisplatin or ischemia-reperfusion injury (IRI). We subjected control and
Ahi1-null littermates (4-months-old) to intraperitoneal injection of cisplatin or saline or
unilateral IRI. At this age, mutant kidneys do not yet have cysts, as indicated in mock-treated
kidneys (Fig. 6a). However, 2.5– 4 weeks after injury, microcysts were evident in mutant
kidneys, which was reminiscent of the pathology normally observed at one year of age,
suggesting acceleration of the phenotype. Control kidneys, in contrast, showed signs of injury
recovery without evidence of cysts. We quantified these findings by measuring cyst index (Fig.
6b).

To test for the possibility that Ahi1-null mice were more susceptible to the injury itself, we also
performed a representative renal IRI in a pair of littermate control and Ahi1-null mice and
examined pathology as well as serum chemistry 2 h after injury. Histology revealed comparable
signs of injury (vacuolization and epithelial cell sloughing) in mice of both genotypes
(Supplementary Fig. 9a), and serum chemistry revealed similarly elevated creatinine (control,
0.6 mg dl−1; Ahi1−/−, 0.5 mg dl−1), suggesting the renal insult was not more severe in Ahi1-
null mice. These results support the hypothesis that renal injury repair, rather than
susceptibility, is abnormal in Ahi1−/− mice, leading to cystogenesis.

To investigate Wnt signaling in this repair process, we performed IRI on Ahi1+/+ TOPGAL+

and Ahi1−/− TOPGAL+ kidneys and compared β-galactosidase Wnt reporter activity 5–7 d after
injury. In the uninjured right kidney, morphology and Wnt activity appeared similar to that
described above for the mutant and control mice, although there were mild defects in the wild-
type contralateral kidney (Fig. 6c), possibly a result of indirect injury46. However, the wild-
type injured left kidney showed clear morphological indications of injury 7 d after IRI (Fig.
6c), along with a striking upregulation of Wnt activity, as measured by X-gal and β-
galactosidase–specific antibody staining (Fig. 6d). High magnification revealed a
subpopulation of highly Wnt-responsive cells that showed nonpolarized morphology (Fig. 6e).
Histological examination of Ahi1−/− injured kidney, in contrast, revealed tubular dilatation and
glomerulosclerosis already at 7 d after injury (Fig. 6c) that lacked comparable Wnt reporter
upregulation (Fig. 6d). We then performed quantification of Wnt activity by a β-galactosidase
luminescence assay on whole kidney lysates from an independent set of injured littermates
aged 3 months with no prior renal impairment (Supplementary Fig. 4a). This assay revealed
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upregulation of Wnt activity in the control injured kidney 5 d after IRI compared with the
uninjured kidney (Supplementary Fig. 9b), whereas both Ahi1−/− kidneys showed decreased
Wnt activity, which was especially evident in the injured kidney lysate. These results suggest
a role for canonical Wnt signaling in recovery from injury, a function that is abrogated in
Ahi1-mutant kidneys, leading to renal cyst pathology.

Discussion
Our findings provide what is to our knowledge the first indication that the canonical Wnt
pathway is necessary for adult kidney homeostasis, and that abrogation of this signaling can
lead to cystic kidney pathogenesis. Despite the ciliopathy nomenclature, the nephronophthisis
phenotype that arises with loss of Jbn seems not to relate to structural ciliary defects. Instead,
Jbn acts as a direct positive modulator of canonical Wnt signaling. Some ciliopathy proteins
have been found to regulate the structure of the cilium (NPHP-1 and NPHP-4)47, yet several
others (such as inversin and Glis2) seem to function primarily in signaling3,23. With recent
evidence pointing to a negative regulatory role for the primary cilium itself in canonical Wnt
signaling, we hypothesize that the renal pathology associated with ciliopathies is at least partly
due to disruption of downstream signaling. This may occur either through an indirect effect of
the cilium on these pathways or through direct regulation of the pathway. Whereas indirect
regulation through disruption of the cilium might be expected to result in an increase in
canonical Wnt activity, Jbn instead directly facilitates the pathway, as indicated by a lack of
effect on the primary cilium and reduced endogenous Wnt signaling.

Like Jbn, several other ciliopathy proteins are modulators of canonical Wnt signaling, but, to
date, the data suggest that they mainly function as negative regulators of the pathway. These
seemingly contradictory results suggest a unique balance of Wnt–β-catenin regulation
modulating renal development and homeostasis. Parallels can be discerned from renal tubule
development in which disruption of canonical Wnt signaling in either direction leads to
inhibition of terminal epithelial differentiation, suggesting a similar delicate balance of
regulation48–50. Likewise, disruption of noncanonical Wnt signaling (that is, disruption of
PCP) similarly leads to defects in formation of the polarized epithelium51, and abnormal PCP
has also been implicated in cystic kidney disease pathogenesis52,53. Thus, differentiation of
the renal tubular epithelium shows sensitivity to precise Wnt regulation similar to that seen in
adult cystogenesis with loss of Jbn, suggesting similar mechanisms.

Given the parallels between renal tubular development and cystogenesis, the following
question arises: how might these developmental processes be involved in pathogenesis of an
adult-onset disease? One model suggests developmental processes can be reactivated in adult
renal epithelial cells during basal cell turnover or in response to injuries to regenerate renal
tubules54. Differentiated epithelial cells may in fact be capable of dedifferentiating in order to
proliferate and repopulate damaged tubules with new epithelium31,55. Our findings suggest
that precise Wnt signaling regulation, similar to that seen in developing tubules, may be vital
to tubular epithelial cell renewal in the adult kidney, and that this signaling is particularly active
after injury.

Similar to knockout of Ahi1 in mice, acute injury has been shown to trigger cystogenesis in
other cystic kidney mouse models, whereas conditional ablation of Kif3a or Pkd1 leads to a
slow accumulation of cysts in the absence of acute injury17,56,57. These late-onset phenotypes
may reflect a gradual accumulation of mild damage, leading to vulnerability to cystogenesis
when tubular regeneration is initiated. Thus, the homeostatic balance of Wnt activity in adult
tissues may regulate the regenerative response to subtle injuries and basal cell turnover, a
function whose loss leads to a mammalian ciliopathy58. These findings may reflect a general
requirement for reactivation of developmental pathways in injury repair. And, given the vital
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role in signaling by the primary cilium during development, adult-onset ciliopathy may result
if signaling by this cellular organ is abnormally regulated during these repair processes.

Methods
Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturemedicine/.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Loss of Jbn leads to nephronophthisis pathology. (a) Mouse kidney inner medullary collecting
duct cells transfected with GFP-Jbn (green) and stained for acetylated tubulin (ac-tubulin, red)
to visualize cilia. Hoechst (blue) labels nuclei. (b) Endogenous Jbn-specific antibody staining
(Anti-Jbn, green) in vivo in tubular epithelial cells of mouse kidney with acetylated tubulin
costaining (red). Note basal body localization (arrows), and punctate axonemal staining
(arrowheads). (c) Kidneys from Ahi1+/− and Ahi1−/− littermates (left) and average kidney
weight measurement at 5 months of age (right) (Student's t test, *P < 0.05, n = 3). (d) H&E
staining of 5-month-old Ahi1−/− kidney sections compared to littermate Ahi1+/− kidney
sections. Tubular collapse (arrows) and mononuclear cell infiltrate (#) are indicated with tubule
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dilatation (*) at 1 year. Dashed line demarcates medullary (Me) boundary. (e) Antibody
staining of 5-month-old littermate kidneys for fibronectin (green) and collagen I (red). Co,
cortex. (f) Lotus lectin staining (green) in 1-year-old littermate kidneys revealing cysts (*)
within proximal tubules of Ahi1−/− kidney. (g) Top, Coommassie-stained SDS-PAGE analysis
of equal volumes of urine from two pairs of each 18-month-old littermates, one Ahi1+/− and
one Ahi1−/−. The predicted size of albumin is shown (large arrow) as well as additional bands
present in Ahi1−/− samples (small arrows). Bottom, histogram of average urine protein
concentration (n = 5, *P < 0.05, Student's t-test). (h) Average urine specific gravity after 16 h
of dehydration in control (Ahi1+/+ or Ahi1+/−, Con) or Ahi1 knockout (KO) littermates at 21
months of age (*P < 0.05, Student's t test, n = 5). Error bars are means ± s.e.m.
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Figure 2.
Jbn is required for Wnt activity in adult mouse kidney. (a) X-gal staining in 5-month-old
littermate kidneys. Cross-section reveals outer stripe (os) staining. OM, outer medulla; CO,
cortex; is, inner stripe. Dashed line, calyx boundary. (b) Top, antibody staining for β-
galactosidase (green) in 5-month-old Ahi1+/− TOPGAL+ or Ahi1−/− TOPGAL+ kidneys.
Hoechst labels nuclei (blue). Bottom, β-galactosidase average fluorescence. *P < 0.05,
Student's t test, n = 3 images. Error bars represent means ± s.e.m. (c) β-galactosidase (green)
and Lef-1 (red) protein staining (arrows) in Ahi1+/− TOPGAL+ and Ahi1−/− TOPGAL+ mice.
Inset provides higher magnification of Lef-1 staining. Arrowheads indicate negative tubules
for reference. (d) Axin-2 and DKK-1 staining (red, arrows) in the corticomedullary region of
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littermate kidneys. (e) Top, Lef-1 western blot from whole kidney lysates of littermates at 5
months and 1 year of age, revealing decreased expression of the full-length isoform (55–57
kDa, arrow). Bottom, full-length Lef-1 measurement relative to α-tubulin (loading control).
(f) X-gal and β-galactosidase antibody staining in littermate kidneys at 2.5 months of age,
before the onset of pathology (H&E at right). Dashed line demarcates the medullary boundary.
(g) Lef-1 target gene staining (green) of Ahi1+/− and Ahi1−/− mice before nephronophthisis
pathology (H&E at left). (h) Top, Lef-1 and GAD-1 western blots from whole-kidney lysates
of Ahi1+/+ and Ahi1−/− littermates at 3 months of age. Bottom, full-length Lef-1 and GAD-1
levels relative to α-tubulin.
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Figure 3.
Ahi1 shows nonallelic noncomplementation with Lrp6. (a) Left, whole-mount image of
Ahi1+/− kidney compared with Ahi1+/−;Lrp6+/− kidney. Right, the average kidney weight
relative to total body weight (kidney/body weight ratio, arbitrary units). *P < 0.05, n = 3,
Students's t test. (b,c) H&E (b) and Masson's trichrome (c) staining in Lrp6 and Ahi1 single
heterozygotes compared with double heterozygotes. Arrows point to collapsed dysmorphic
tubules within the cortex at 3 weeks, with a worsening of the phenotype at 1 year, at which a
large cyst as well as tubule dilatation (*) are evident. (d) Average of cyst index measurements
from three sections of each kidney of single-heterozygote control littermates (Ahi1+/− or
Lrp6+/−) and double-heterozygote mutants (Ahi1+/−;Lrp6+/−) at 9–12 months of age (Student's
t test, *P < 0.05, n = 3). (e) Average urine specific gravity at 2.5 months (top) and 8–9 months
(bottom) of age. Both ages show decreased levels in Ahi1+/−;Lrp6+/− mutants compared to
single-heterozygote littermates (Ahi1+/− or Lrp6+/−) with significance at 8–9 months (*P <
0.05, Student's t test, n = 3). Error bars in all histograms represent means ± s.e.m.
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Figure 4.
Jbn is a positive modulator of Wnt signaling downstream of β-catenin stabilization. (a) Top,
induction of TCF/Lef by sevenfold by cotransfection of Jbn. *P < 0.001, **P < 5 × 10−7, n =
10 from four experiments, Student's t test. Values are relative to control untreated condition
and are normalized for co-transfected β-gal. Western blot (WB) for construct expression from
a representative luciferase is shown below each histogram. (b) Top, western blot for cyclin D1
with Wnt3a-conditioned medium treatment (W3a) and overexpression of Jbn. Bottom,
quantification of cyclin D1 relative to α-tubulin (loading control). (c) Western blot of cytosolic
extracts from 293T cells treated with Wnt3a-conditioned medium and expressing Jbn or empty
vector. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is the loading control. (d)
Luciferase activity relative to vector transfected alone in 293T cells transfected with βCatΔN
and Jbn or GFP empty vector. *P < 0.0005, Student's t test, n = 24 from nine experiments.
(e) Luciferase reporter activity in N2A cells transfected with Jbn-specific siRNA (Jbn siRNA)
constructs and βCatΔN. *P < 0.05, **P < 0.001 Student's t test, n = 7 from four experiments.
Values normalized for total protein concentration are expressed as relative to control untreated
condition. Error bars in all experiments represent means ± s.e.m.
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Figure 5.
Jbn facilitates β-catenin nuclear accumulation. (a) Western blot for β-catenin after GFP-Jbn
immunoprecipitation (IP) compared with vector control (GFP-EV) with and without Wnt3a
treatment (W3a). Input is total cell lysate before IP. (b) IP for endogenous β-catenin from
postnatal day 5 mouse whole-brain lysates, with western blotting for endogenous Jbn. (c)
Western blot analysis of nuclear extraction from cells transfected with Jbn or vector, with or
without Wnt3A treatment. Transcription factor II H (TFIIH) and tubulin are nuclear and
cytosolic fractionation controls. Quantification of two repeats of this experiment is shown at
the bottom β-catenin relative to TFIIH and controlling for cytosolic contamination by
subtraction of tubulin). (d) IP from Cos-7 nuclear extracts for GFP-Jbn with GFP-specific
antibody and western blotting for endogenous nuclear β-catenin. Input is nuclear lysate before
the addition of GFP antibody. (e) β-catenin staining (red) of 1-year-old littermate kidneys
revealing nuclear (Hoechst, blue) localization of β-catenin (arrows) that is absent in Ahi1-null
kidney. Arrowheads denote basolateral localization. (f) Luciferase activity in 293T cells
transfected with βCatΔN and NLS mutants compared to wild-type Jbn. *P < 0.05, n = 4 from
four separate experiments, Student's t test. Values are relative to vector control and normalized
for co-transfected β-galactosidase. Error bars represent means ± s.e.m. Western blot is from a
representative luciferase assay. (g) Nuclear extraction and β-catenin western blotting from
Cos-7 cells with overexpression of wild-type Jbn or NLS mutants. TFIIH and α-tubulin are
controls for the nuclear extraction. Jbn and β-catenin levels are quantified relative to TFIIH
levels for nuclear fraction or α-tubulin for cytosolic fraction.
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Figure 6.
Ahi1−/− mice show defective recovery from renal injury. (a) H&E histology in 4-month-old
injured Ahi1−/− kidneys (cisplatin administration or renal IRI (Injured) on the left kidney)
compared with saline-treated or uninjured kidneys. Arrows indicate early signs of
nephronophthisis, although cysts are not present. Asterisks depict cysts and tubule dilatation
2.5 weeks after cisplatin injection or 4 weeks after IRI of the left kidney (*). Dashed line
indicates medullary boundary. (b) Average cyst index measurement from littermate control
(Con) and Ahi1−/− (KO) uninjured and injured kidneys at 2.5–4 weeks after injury with either
cisplatin or IRI (n = 3 kidneys each, *P < 0.05, Student's t test). (c) H&E histology of injured
left kidney of littermate wild-type mice 7 d after IRI showing tubular obstruction and collapse
(arrows). Ahi1−/− injured kidney instead shows tubular dilatation and microcysts (*) with
evident glomerulosclerosis. Dashed line indicates medullary boundary. n = 3 mutant mice and
n = 4 control mice. (d) β-galactosidase–specific antibody (green) and X-gal staining in control
littermate uninjured right kidney and injured left kidney. Hoechst (blue) labels nuclei, and the
dashed line indicates the medullary boundary. (e) Higher magnification of β-galactosidase–
positive kidney tubules in control injured sections, revealing Wnt-responsive cells with
fibroblast-like morphology.
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