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Background:Deregulation ofWnt signaling contributes to the development of cystic kidney diseases such as nephronoph-
thisis (NPH).
Results: The NPH protein NPHP4 stabilizes Jade-1, a negative Wnt regulator, and translocates Jade-1 to the nucleus.
Conclusion: NPHP4 and Jade-1 additively decrease canonical Wnt signaling.
Significance: Loss of NPHP4-mediated Wnt repression via Jade-1 may contribute to cystogenesis in NPH.

Nephronophthisis (NPH) is an autosomal-recessive cystic
kidney disease and represents the most common genetic cause
for end-stage renal disease in children and adolescents. It can be
caused by the mutation of genes encoding for the nephrocystin
proteins (NPHPs). All NPHPs localize to primary cilia, classify-
ing this disease as a “ciliopathy.” The primary cilium is a critical
regulator of several cell signaling pathways. Cystogenesis in the
kidney is thought to involve overactivation of canonical Wnt
signaling, which is negatively regulated by the primary cilium
and several NPH proteins, although the mechanism remains
unclear. Jade-1 has recently been identified as a novel ubiquitin
ligase targeting the canonical Wnt downstream effector
�-catenin for proteasomal degradation.Here,we identify Jade-1
as a novel component of the NPHP protein complex. Jade-1
colocalizes with NPHP1 at the transition zone of primary cilia
and interacts withNPHP4. Furthermore, NPHP4 stabilizes pro-
tein levels of Jade-1 and promotes the translocation of Jade-1 to
the nucleus. Finally, NPHP4 and Jade-1 additively inhibit
canonical Wnt signaling, and this genetic interaction is con-
served in zebrafish. The stabilization and nuclear translocation
of Jade-1 by NPHP4 enhances the ability of Jade-1 to negatively
regulate canonical Wnt signaling. Loss of this repressor func-
tion in nephronophthisis might be an important factor promot-
ing Wnt activation and contributing to cyst formation.

Nephronophthisis (NPH)2 is the most common genetic
cause of cystic kidney disease in children, with no causative

treatment currently available. Themost common juvenile form
of the disease manifests with urinary concentration defects in
early childhood and leads to end-stage renal failure by an aver-
age of 13 years (1, 2). The disease is characterized histologically
by a hallmark triad of tubular basement membrane disruption,
interstitial fibrosis, and corticomedullary cyst development
(1–3). Pathogenesis involves the loss of function of one ormore
NPHP genes, leading to the disease classification of a “ciliopa-
thy” because all nephrocystin proteins (NPHP) studied to date
localize to primary cilia or centrosomes (1, 4).
Primary cilia are assembled from themother centriole in vir-

tually all postmitotic eukaryotic cell types and have been asso-
ciated with an increasing number of cell signaling pathways (5).
An important example is the inhibition of canonical Wnt sig-
naling by the primary cilium and basal body, which have been
shown to promote proteasomal �-catenin turnover (6, 7) and
sequester Wnt signaling components (8). Canonical Wnt sig-
naling is required for cellular proliferation and differentiation
during kidney development and during self-renewal of several
adult tissues (9, 10) and has been implicated in disease pro-
cesses such as tumor development when deregulated (10).
When Wnt signaling is initiated, cytosolic �-catenin escapes
degradation and is able to translocate to the nucleus, where it
binds T cell factor/lymphoid enhancer factor-1 (TCF/LEF1)
transcription factors and initiates Wnt-dependent gene tran-
scription. In the absence of Wnt stimulation, cytosolic
�-catenin is constitutively phosphorylated by the GSK3�-
Axin2-APC destruction complex, subsequently ubiquitylated,
and targeted for proteasomal degradation (10).
Consistent with the role of primary cilia in repressing canon-

icalWnt signaling, it has been demonstrated that the ciliary von
Hippel-Lindau protein (pVHL) stabilizes Jade-1 (PHF17 iso-
form 1S), which, in turn, can act as an E3-ubiquitin ligase to
target cytosolic as well as nuclear �-catenin for proteasomal
degradation (11). Thus, Jade-1 might be able to “fine-tune”
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�-catenin levels. The loss of pVHL, as is the case inVHLdisease
and in the majority of renal cell carcinomas, therefore, would
lead to derepressed canonical Wnt signaling via decreased
Jade-1 stabilization. Loss of pVHL also disrupts ciliogenesis and
leads to cystic kidneys (12–14). Taking into consideration that
mouse mutants with overactive canonical Wnt signaling
develop cystic kidneys (15, 16), that the protein products of the
PKD genes mutated in autosomal dominant polycystic kidney
disease negatively regulateWnt signaling (17, 18), and that his-
tological samples from patients with NPH show abnormalWnt
up-regulation (19), an emerging model suggests that cystogen-
esis may in part be due to the overactivation of canonical Wnt
signaling, with cilia playing a direct role in Wnt regulation (20,
21).
In linewith thismodel, several of the cilia-associated nephro-

cystin proteins have also been identified as negativemodulators
of the canonical Wnt signaling pathway (22–24). However,
reports are inconsistent regarding the contribution of NPH
proteins to structural integrity of primary cilia (25–27). Fur-
thermore, although some mouse models with a nephronoph-
thisis phenotype present with slight changes of cilia number or
length (22, 28), others retain morphologically normal cilia (29,
30). Therefore, it is likely that NPH proteins are involved with
the regulation of cilia-mediated cell signaling rather than sim-
ply contributing to ciliary structure. Because Jade-1 has been
identified as novel regulator of �-catenin levels (11), we ques-
tioned in this study whether Jade-1 could be a route through
which the nephrocystin proteins influence Wnt signaling.
Nephrocystin-4 (NPHP4) has been shown to localize to the

basal body (27, 31) and, furthermore is thought to be involved in
docking and organizing ciliary traffic at the transition zone (32,
33). Recently, NPHP4 has been reported to be a negative regu-
lator of canonicalWnt signaling (34), acting in a similarmanner
to inversin (NPHP2) to regulate Dsh localization. The current
study confirms that NPHP4 negatively influences canonical
Wnt signaling and points to an additional mechanism of this
regulation. We identify Jade-1 as a ciliary protein that interacts
with NPHP4, which, in turn, facilitates Jade-1 nuclear translo-
cation, resulting in decreased canonicalWnt signaling.We fur-
ther demonstrate genetic interaction between NPHP4 and
Jade-1 in zebrafish, consistent with a conserved role for
NPHP4/Jade-1 in regulating canonical Wnt signaling.

EXPERIMENTAL PROCEDURES

Plasmids, siRNA, andAntibodies—FLAG- orV5-tagged plas-
mids were generated by PCR from the fetal human kidney
cDNA library (Stratagene) and inserted into a modified
pcDNA6 vector (Invitrogen) using standard cloning tech-
niques. All plasmids were verified by automatedDNA sequenc-
ing. M50 Super 8� TOPFlash and M51 Super 8� FOPFlash
were generated by the Moon laboratory and received from
Addgene (plasmids 12456 and 12457). Renilla luciferase
pGL4.74was purchased fromPromega (E6921). Control siRNA
and NPHP4 siRNA have been described previously (35).
siRNAs purchased from Biomers (Konstanz, Germany) were
directed against sequences as follows: NPHP4, 5�-AAGCAAC-
GAGATGGTGCTACA-3� and scrambled/control, 5�-AAAT-
GTACTGCGCGTGGAGAC-3�. siRNAs purchased from Qia-

gen were directed again the following sequences: Jade-1 #1, 5�-
AAGCGGGAGCAGGATGTCTTA-3�; Jade-1 #5, 5�-AGC-
AGCGATGCTACGACAATA-3�; and Jade-1 #7, 5�-GAA-
GACCATCTTAGCAGAGAA-3�. Antibodies were obtained
from Sigma-Aldrich (polyclonal rabbit anti-PHF17 (ab1) used
for immunofluorescence; monoclonal mouse anti-acetylated-
tubulin; polyclonal rabbit anti-�-tubulin; monoclonal mouse
anti-FLAG (M2); polyclonal rabbit anti-FLAG), Proteintech
(polyclonal rabbit anti-PHF17 used for Western blot analysis),
Genetex (polyclonal rabbit anti-PHF17 used for immunofluo-
rescence); Abcam (polyclonal rabbit fibrillarin), Serotec
(monoclonal mouse anti-V5) and the Developmental Studies
Hybridoma Bank (mouse monoclonal anti-�-tubulin). Mono-
clonal mouse anti-NPHP4 was generously provided by Sophie
Saunier. Monoclonal mouse anti-NPHP1 was described previ-
ously (32).
Cell Culture andTransfections—RPE-1 cells were cultured in

DMEM-F12 medium (Sigma) supplemented with 10% FBS, 2.5
mM L-glutamate and 1.2 g/liter sodium bicarbonate. Cilia
growth was stimulated by growing cells to 70–80% confluency
and then serum-starving them for 24–48 h in the RPE1
medium as described above with no FBS supplement.
HEK293T cells were cultured inDMEM (Sigma) supplemented
with 10% FBS and seeded in 10-cm or 6-well dishes. For trans-
fection experiments, cells were grown to 60% confluency and
transiently transfected with plasmid DNA using the calcium-
phosphate method as described previously (36, 37). For siRNA
knockdown experiments, cells were grown to 80% confluency
and transfected with Lipofectamine 2000 (Invitrogen) accord-
ing to the instructions of the manufacturer. 24 h after transfec-
tion, cells in 6-well dishes were harvested in 1 ml of cold PBS,
and the centrifuged pellet was boiled in Laemmli buffer at 95 °C
for 10 min to obtain a whole cell lysate. Cells in 10-cm dishes
were harvestedwith 6ml of cold PBS, and 1mlwas immediately
removed from the cell suspension to be used for “whole cell
lysate” as described above. The remaining 5 ml were centri-
fuged, and the cell pellet used for coimmunoprecipitation.
Reagents—Okadaic acid sodium salt was purchased from

Calbiochem and resuspended in water. Cells were incubated
with 1 �M okadaic acid in DMEM for 45 min. MG132 was pur-
chased fromCalbiochem and used at a concentration of 1�M in
DMEM for 4 h. Control cells were incubated with an equal
amount of the solvent dimethyl sulfoxide.
Coimmunoprecipitation—Harvested 293T cell pellets were

resuspended in 1 ml of lysis buffer (1% Triton X-100, 20 mM

Tris-HCl (pH 7.5), 50 mM NaCl, 50 mM NaF, 15 mM Na4P2O7,
2 mM Na3VO4, and protease inhibitors). After 15 min of incu-
bation on ice, cells were centrifuged (20,000 � g, 15 min, 4 °C),
and the supernatant was ultracentrifuged (100,000� g, 30 min,
4 °C). 50 �l of the supernatant was kept as the “IP lysate” and
boiledwith Laemmli buffer, and the remaining supernatantwas
incubated at 4 °C with anti-FLAG-agarose beads (M2, Sigma)
for 1 h. The beads were washed extensively with lysis buffer,
boiled in Laemmli buffer, and resolved by 10% SDS-PAGE.
Subcellular Fractionation—Harvested 293T cells pellets

were resuspended in 100 �l of hypotonic buffer containing 10
mMHepes, 1.5 mMMgCl2, 10 mM KCl, and protease inhibitors.
Cells were incubated on ice for 10 min, subsequently disrupted
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14 times using a 21-gauge needle, and then centrifuged at 4 °C
at 100 � g for 30 min. The supernatant was then ultracentri-
fuged for 1 h at 100,000 � g to yield the cytosolic fraction,
whereas the nuclear fraction was obtained by washing the
pellet with 1 ml of cold PBS and centrifuged at 4 °C at 9200 �
g for 10 min and boiled immediately or first resuspended in a
high-salt buffer, sonicated, and repelleted. Fractions were
boiled in Laemmli buffer and resolved by 10% SDS-PAGE.
Luciferase Assay—HEK293T cells were seeded into 96-well

plates and transfected at 80% confluency using Lipofectamine
2000 (Invitrogen) according to the instructions of themanufac-
turer with a total amount of 140 ng of DNA per well (50 ng
TOPFlash or FOPFlash firefly luciferase; 25 ng constitutively
active Renilla luciferase pGL4.74; 5 ng FLAG.�-catenin; 50 ng
V5.Jade1S or empty vector; 10 ng V5.NPHP4 or empty vector).
In all cases, experimental plasmids were added to a prepared
master mix containing FLAG-tagged �-catenin (F.�-catenin)
and the reporter plasmids. Non-stimulated cells received only
the reported plasmids balanced with empty vector. For knock-
down experiments, 20 nM of siRNA was incubated in Lipo-
fectamine together with plasmids, as indicated in figure leg-
ends. After 24 h, cells were lysed with passive lysis 5� buffer
(Promega). Firefly and Renilla luciferase activities were ana-
lyzed using a dual-luciferase reporter assay system (Promega) in
a luminometer (Mithras LB940, Berthold) and normalized for
Renilla luciferase activity to control for transfection efficiency.
Each transfection was performed in triplicate, and each exper-
iment was repeated at least three times. Data were normalized
by setting the “�-catenin plus empty vector” treatment group to
100%, and significancewas assessed for all�-catenin stimulated
treatment groups using a one-way analysis of variance with
Tukey’s post-hoc test. Error bars represent S.E. To assess the
effect because of Jade-1 siRNA, data were normalized to set
�-catenin stimulation to 100% separately for each Jade-1 siRNA
condition. The amount that NPHP4 reduced the signal was
then analyzed by normalizing so that the reduction by NPHP4
in the negative siRNA condition was set to 100%.
qPCR—HEK 293T cells transiently transfected for 24 h with

the plasmids described in the figure legend were washed with
PBS, and RNA was extracted using TRIzol (Invitrogen). After
DNase treatment (Invitrogen), reverse transcription was per-
formed using a high-capacity cDNA kit (Applied Biosystems).
Jade-1 mRNA was assessed by SYBR Green qPCR using the
following primers (Jade-1 forward primer, 5�-TGAAGC-
CCACCCGTAGCGGA-3� and Jade-1 reverse primer, 5�-CTC-
CTGTGCAGCCCCCTTGC-3�), using HPRT1 as an endoge-
nous control (HPRT1 forward primer, 5�-TGACACTGGCAA-
AACAATGCA-3� and HPRT1 reverse primer, 5�-GGTCCTT-
TTCACCAGCAAGCT-3�). All qPCR experiments were
performed on a real-time PCR system (7900HT, Applied Bio-
systems). Data were analyzed by Student’s t test, and error bars
depict S.E.
Immunofluorescence—Cells grown on glass coverslips were

fixedwith 4% paraformaldehyde (PFA) or ice-coldmethanol, as
indicated in figure legends, washed with Dulbecco’s PBS, per-
meabilized with 0.05% Triton-X100, and blocked with 5% nor-
mal donkey serum. Primary antibodies were incubated sequen-
tially for 1 h each with anti-Jade1 used first, except when

combined with endogenous NPHP4 staining, in which case
anti-NPHP4 was used first. Secondary antibodies were incu-
bated for 30 min. Coverslips were washed with DPBS between
each step and extensively before mounting onto glass slides
using Prolong Gold antifade reagent with DAPI (Invitrogen)
mountingmedium. Cells were visualized using an Axiovert 200
microscope (objective EC PlanNeofluar�40/1.3Oil) equipped
with anAxiocamMRmand apotome system (Carl ZeissMicro-
Imaging, Jena, Germany). Images were captured using Axiovi-
sion 4.8 (Carl Zeiss MicroImaging).
Zebrafish—Morpholinos were obtained from Gene Tools

(Philomath, OR) with sequences as follows: ATG-targeting
NPHP4 (5�-GCGCTTCTCCACTCAGACATCAGAG-3�),
ATG-targeting Jade-1 (5�-TCGGGACACGGCTTCGCTTCA-
TCCT-3�), and 5�UTR-targeting Jade-1 (5�-CGTGGCCTTCA-
AGTGATGCGGAAAT-3�) and were diluted in Danieau’s
buffer (58).Wild-type zebrafish embryos were injected at the 1-
to 2-cell stage with 1.5 nl of the morpholino solution at 20 �M

(low dose) or 100 �M (high dose). Embryos were kept in E3
buffer (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM

MgSO4, 0.00001%methylene blue) at 28 °C and after 72 h were
analyzed for body curvature.Only embryos displaying a distinct
curvature of the tail angled more than 45° from the head-neck
axis were scored as positive. Over 150 fish were counted for
each data point. Data for low-dose comparisons were collected
from three independent experiments per condition, and aver-
age phenotype frequencies and standard errors were calculated
(Excel software). Significance was assessed on the basis of per-
centWT fish using a one-way analysis of variance with Tukey’s
post-hoc test. Error bars represent S.E. Cystic morphants used
for sectioning were PFA-fixed and embedded in paraffin. Sec-
tions were stained using H&E.

RESULTS

Endogenous Jade-1 Localizes to the Ciliary Base and Interacts
with NPHP4—Primary cilia are critical regulators of canonical
Wnt signaling (6–8). As Jade-1 is a recently identified Wnt
regulator that interacts with the cilia-associated protein pVHL
(11), we investigated whether Jade-1 might also localize to cilia
or to the ciliary base. In previous studies, Jade-1was found to be
localized both in the cytosol and nucleus, excluding nucleoli
(11), which is consistent with our data. In addition, in polarized
ciliated retinal pigmented epithelial (RPE-1) cells, we found
that Jade-1 primarily localized to the nucleus and perinuclear
region, as well as being concentrated at the ciliary base and at
times visualized within the cilium proper (Fig. 1A). Some cells
did not have a concentration of Jade-1 in the nucleus, which
suggests that Jade-1 is a dynamic protein, possibly shuttled in
and out of the nucleus under yet to be defined conditions. To
confirm the localization of Jade-1 at the centrosome, we
costained using appropriate markers and a second Jade-1 anti-
body in bothHEK 293T cells and RPE-1 cells. In both cell types,
we again noted a predominantly nuclear staining pattern
together with an accumulation at the centrosome, which cola-
beled with the centrosomal marker �-tubulin in both dividing
and interphase 293T cells (Fig. 1B), and was located at the basal
body region at the base of the cilia in RPE-1 cells (Fig. 1C).
When themicrotubule network was dissociated after 30min of
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incubation on ice, Jade-1 could still be identified at the ciliary
base (supplemental Fig. 1). This provides evidence that Jade-1 is
stably retained at the centrosome, which suggests Jade-1 to be a
bona fide centriole-associated protein (38). Further analysis
revealed that endogenous Jade-1 localizes both to the basal
body and to the transition zone, where it always colocalized
with the transition zonemarker NPHP1 (supplemental Fig. 2A)
and was often also observed in the cilium (supplemental Fig.
2B).
These results demonstrated that the Wnt regulator Jade-1

localizes to the basal body of primary cilia where it is in close
proximity to NPHP1, a central component of the NPH protein
complex. We therefore investigated whether any of the NPH
proteins that have also been described to localize to the ciliary
base coprecipitated with Jade-1. Immunoprecipitation (IP)
experiments demonstrated that NPHP4 specifically precipi-

tated with Jade-1. V5-tagged Jade-1 (V5.Jade-1) was expressed
together with FLAG-tagged NPHP4 (F.NPHP4) or a control
protein (F.EPS1–225). V5.Jade-1 coimmunoprecipitated with
F.NPHP4 but not with the control protein (Fig. 2A). This find-
ing could be confirmed with the long isoform of endogenous
Jade-1 using a specific Jade-1 antibody (Fig. 2C). In the reverse
experiment, V5.NPHP4 coimmunoprecipitated with F.Jade-1
but not with F.EPS1–225 (Fig. 2B). These data indicated that
Jade-1 and NPHP4 are components of a common protein com-
plex. To assess protein expression independently from localiza-
tion, a whole cell lysate was taken from the same experiment at
the time of cell harvesting. Interestingly, the amount of Jade-1
expressed was increased when coexpressed with NPHP4 in the
whole cell lysate but was decreased in the cytosolic IP lysate
(Fig. 2A). Because the cytosolic IP lysates lack nuclei, these data
suggested that NPHP4may promote the nuclear localization of
Jade-1. Also of interest, immunofluorescence staining of

FIGURE 1. Jade-1 is a dynamic protein that localizes to the basal body
region. A, ciliated RPE-1 cells were immunostained for endogenous Jade-1
(magenta) using a polyclonal Jade-1 antibody from Genetex. Jade-1 showed a
dynamic expression pattern. In most cells, Jade-1 localized predominantly to
the nucleus, but some cells showed an additional concentration of Jade-1
perinuclearly (dashed arrow) or no nuclear concentration of Jade-1 (N). In
many cells, Jade-1 labeled structures resembling a primary cilium (C) and in
nearly all cells appeared to be centrosomal. B, to confirm centrosomal local-
ization, HEK 293T cells plated on collagen A-coated coverslips were fixed with
PFA and immunostained for endogenous Jade-1 (green) using a polyclonal
Jade-1 antibody from Sigma-Aldrich. Jade-1 localized to the cytosol and
nucleus and colocalized with endogenous �-tubulin (magenta) at the centro-
some (arrows) in interphase as well as in dividing cells (asterisks). C, RPE-1 cells
plated on glass coverslips were grown to 60% confluency and then serum-
starved for 24 h. Cells were immunostained for endogenous Jade-1 (green,
Sigma-Aldrich) and endogenous acetylated-tubulin as a ciliary marker
(magenta). Jade-1 was concentrated in the nucleus and at the ciliary base
(arrowheads). All stainings were done sequentially with anti-Jade1 used prior
to centrosomal/ciliary markers. Specificity of antibody was confirmed by
immunofluorescence using secondary antibody only (not shown). Merged
images include DAPI. Scale bar � 10 �m.

FIGURE 2. Overexpressed and endogenous Jade-1 interacts with NPHP4.
A, 293T cells were transiently transfected with V5-tagged Jade-1 (V5.Jade-1)
and either FLAG-tagged NPHP4 (F.NPHP4) or a control protein (F.EPS1–225).
Immunoprecipitation was performed using an anti-FLAG antibody. V5.Jade-1
was coimmunoprecipitated by F.NPHP4 but not F.EPS1–225. Note that in the
cytosolic IP lysates, Jade-1 levels were decreased by NPHP4, whereas in whole
cell lysates taken from the same experimental culture dish prior to the IP
procedure, Jade-1 levels were increased by NPHP4. Endogenous tubulin
staining from whole cell lysates shows equal amounts. IB, immunoblot. B, in
the reverse experiment, 293T cells were transiently transfected with
V5.NPHP4 and either F.Jade-1 or F.EPS1–225. Immunoprecipitation was per-
formed using an anti-FLAG antibody. F.Jade-1 but not F.EPS1–225 coimmuno-
precipitated V5.NPHP4. C, 293T cells were transiently transfected with
F.NPHP4 or a control protein. Immunoprecipitation was performed using an
anti-FLAG antibody. Endogenous Jade-1 was detected in the precipitates of
F.NPHP4 but not in the control lane. The expression of Jade-1 was found to be
equal in the lysates. HC, heavy chain. Blots are representative from three
experiments.
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endogenousNPHP4 demonstrated a perinuclear localization in
RPE-1 cells (supplemental Fig. 3A, left panel), which is in
accordance with previous reports (31). Cells with a perinuclear
concentration of endogenous Jade-1 showed colocalization with
NPHP4 in this region (supplemental Fig. 3A). NPHP4 is further-
more known to colocalize with NPHP1 in the transition zone of
the primary cilium, and it could also be identified in the cilium
together with endogenous Jade-1 (supplemental Fig. 3B).
NPHP4 Stabilizes Jade-1—To confirm that NPHP4 overex-

pression specifically increased the total protein level of Jade-1, a
whole cell lysate using V5.GFP coexpressed with V5.Jade-1 as a
transfection control was performed. This experiment demon-
strated that F.NPHP4 increased the overall abundance of
V5.Jade-1 (Fig. 3A) without affecting V5.GFP expression.
F.NPHP4 did not alter the transcription rate of Jade-1, as assessed
by qPCR analysis (Fig. 3B). Instead, NPHP4 appears to increase
Jade-1 protein levels by blocking proteasomal degradation, as evi-
denced by a lack of additional Jade-1 protein accumulation in the
presence of both NPHP4 and the proteasome inhibitor MG132
(Fig. 3C). Interestingly, NPHP4 predominantly enhanced the
abundance of a smaller band of the Jade-1 protein.
NPHP4 Translocates Jade-1 to the Nucleus—To address

whether NPHP4 promotes the nuclear localization of Jade-1,
subcellular fractionation was performed following transient
transfection of V5.Jade-1 with either V5.NPHP4 or a control
protein. These experiments confirmed that expression of
V5.NPHP4 reduced the amount of V5.Jade-1 in the cytosol but
increased the amount of V5.Jade-1 detected in the nucleus as
compared with V5.Jade-1 coexpressed with a control protein
(Fig. 4A). The NPHP4-induced nuclear shift of Jade-1 was fur-
ther supported in immunofluorescence experiments. We
expressed low levels of V5.Jade-1 together with F.NPHP4 and

observed low levels of nuclear Jade-1 in cells transfected only
with V5.Jade-1 but a greatly increased nuclear signal in cells
cotransfected with F.NPHP4 (Fig. 4B). It is noteworthy that
after cell fraction, overexpressed NPHP4 predominantly asso-
ciated with the nuclear fraction, in stark contrast to the cytoso-
lic control protein V5.EPS (Fig. 4A), whereas immunofluores-
cence data reveals that F.NPHP4 does not actually enter the
nucleus (B, center panel).
In our experiments, V5.Jade-1 presents as a double band in

whole cell lysates. In the absence of exogenousNPHP4, we gen-
erally see the smaller band of Jade-1 in the cytosolic cell frac-

FIGURE 3. NPHP4 increases protein levels of Jade-1. A, HEK 293T cells were
transiently transfected using a plasmid master mix of V5.Jade-1 plus V5.GFP
as a transfection control with either V5.NPHP4 or control protein (V5.EPS1–225)
added. Cells were harvested after 24 h and processed as a whole cell lysate.
V5.Jade-1 expression was up-regulated in the presence of F.NPHP4, but
V5.GFP expression remained equal, confirming a specific effect of NPHP4 on
Jade-1. B, NPHP4 does not alter endogenous Jade-1 mRNA levels as quanti-
fied by qPCR. HEK 293T cells were transiently transfected with V5.NPHP4 or a
control protein (V5.EPS1–225) for 24 h (n � 3). C, Jade-1 protein levels are
increased by the proteasome inhibitor MG132, and there is no further
increase in the presence of V5.NPHP4. HEK 293T cells were transiently trans-
fected for 24 h followed by a 4-h exposure to 1 �M MG132 or dimethyl sulfox-
ide (DMSO) only before processing as a whole cell lysate. All blots are repre-
sentative of at least three experiments.

FIGURE 4. NPHP4 translocates Jade-1 to the nucleus. A, V5.Jade-1 was tran-
siently transfected in HEK293T cells with either a control protein (V5.EPS1–225)
or V5.NPHP4, and after 24 h, subcellular fractionation was performed. Cyto-
solic (Cyt) expression of V5.Jade-1 was decreased in the presence of NPHP4,
whereas expression of V5.Jade-1 was increased in the nuclear fraction (Nuc).
Tubulin and fibrillarin mark cytoplasmic and nuclear fractions, respectively.
The cytosolic fraction was concentrated three times more than the nuclear
fraction to visualize cytosolic V5.Jade-1. Note that V5.NPHP4 predominantly
associates with the nuclear fraction. Shown is one representative of three
experiments. B, HEK 293T cells were transiently transfected with F.NPHP4 and
V5.Jade-1. After 24 h, cells were fixed in PFA and immunostained with anti-
FLAG antibody (magenta) or anti-V5 antibody (green). Nuclear V5.Jade-1
staining is stronger in cells cotransfected with F.NPHP4 (arrows) than in cells
transfected with V5.Jade-1 alone (arrowheads). Note that overexpressed
F.NPHP4 does not localize within the nucleus. FLAG and V5 staining in non-
transfected cells confirmed that nuclear Jade-1 staining was specific (not
shown). Scale bar � 10 �m. C, HEK 293T cells were transiently transfected with
V5.NPHP4 or empty vector. After 24 h, cells were incubated with fresh
medium containing 1 �M okadaic acid (O.A.) or water (Co.) for 45 min and then
processed as a whole cell lysate. Okadaic acid decreased the stabilizing effect
of NPHP4 on Jade-1. D, 24 h after HEK 293T cells were transiently transfected
with V5.Jade-1, cells were incubated for 45 min with fresh medium containing
1 �M okadaic acid or water and then harvested as a cell fraction. Okadaic acid
decreased the amount of Jade-1 in the nucleus. All blots are representative of
three experiments.
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tion, whereas the larger band fractions with the nucleus. As
already noted (Fig. 3A), NPHP4 overexpression stabilizes most
predominantly the smaller band of V5.Jade-1 and, furthermore,
leads to this band fractioning with the nucleus rather than the
cytosol (Fig. 4A). We therefore questioned whether the phos-
phorylation state of V5.Jade-1 could explain the size shift we
observed and whether this, in turn, influences the nuclear
translocation. Strikingly, the phosphatase inhibitor okadaic
acid reduced the ability of NPHP4 to stabilize the smaller band
of V5.Jade-1 (Fig. 4C). Furthermore, okadaic acid reduced the
amount of Jade-1 in the nucleus comparedwith the cytosol (Fig.
4D). Taken together, these data suggest that altering the protein
level of NPHP4 affects the phosphorylation state and subcellu-
lar localization of Jade-1. We then questioned whether this
effect would influence the regulatory role of Jade-1 on the cel-
lular response to Wnt signaling.
NPHP4 and Jade-1 Additively Inhibit Canonical Wnt

Signaling—Jade-1 has been published previously to be a nega-
tive regulator of the canonical Wnt signaling pathway, able to
ubiquitylate themajorWnt effector �-catenin in both the cyto-
sol and the nucleus (11). If NPHP4 increases the nuclear abun-
dance of Jade-1, this should enhance the negative effect of
Jade-1 on canonical Wnt signaling. Using the TOPFlash TCF/
LEF reporter assay, we demonstrated that both NPHP4 and
Jade-1 were able to reduce beta-catenin stimulated Wnt
reporter activation in a dose-dependent manner. When the
transfected amount of V5.NPHP4 and V5.Jade-1 were titrated
so that both individually reduced reporter activity to 50%, the
combination of the titrated amounts of the two plasmids addi-
tively reduced the Wnt reporter activity to near zero (Fig. 5A).
In contrast, the co-expression of a control protein (V5.
EPS1–225) did not further reduce TCF/LEF reporter activity of
either NPHP4 or Jade-1 (Supplemental Fig. 4A). A decrease in
canonical Wnt activation by NPHP4 and Jade-1 was corrobo-
rated by a decrease in the �-catenin-induced expression of
cmyc, a knownWnt target gene (39) (Fig. 5B). It is of interest to
note that neither Jade-1 nor NPHP4 were able to reduce the
heightened Wnt reporter activity stimulated by a cancer-caus-
ing form of �-catenin containing an S33A mutation (Supple-
mental Fig. 4B). Additionally, Jade-1 consistently led to height-
ened reporter activity induced by the �-catenin S33A mutant,
which mirrors previously published independent results (11).
We then performed siRNA knockdown experiments to

determine the interdependent roles of NPHP4 and Jade-1 in
reducing Wnt reporter activity. Knocking down endogenous
NPHP4 led to a heightened level of beta-catenin stimulated
Wnt reporter activation compared with a scrambled siRNA.
This effect was abrogated by expression of V5.Jade-1. However,
Jade-1 co-transfected withNPHP4 siRNAwas not able to block
Wnt activation to the extent that Jade-1 co-transfected with a
scrambled siRNA could, indicating that the efficacy of Jade-1
was impaired by NPHP4 siRNA (Fig. 5C). Similarly, knocking
down endogenous Jade-1 impaired the ability of NPHP4 to
decrease �-catenin-stimulated Wnt reporter activation. The
fact that this effect did not reach significance indicates that the
dependence ofNPHP4on Jade-1 is less potent than the depend-
ence of Jade-1 on NPHP4 (Fig. 5D). Taken together, these data

clearly show that NPHP4 and Jade-1 act in a common pathway
to negatively regulate canonical Wnt signaling.
Genetic Interaction of NPHP4 and Jade-1 in Zebrafish—To

test whether NPHP4 and Jade-1 act in a common pathway in
vivo, we used the developing zebrafish embryo as a model sys-
tem. The zebrafish embryo is an appropriate model for the
functional study of genes related to cystic kidney disease, with
zebrafish homologs of human cystoproteins also localizing to
cilia and genetic knockdown of these resulting in pronephric
cysts in the zebrafish embryo (40, 41). A genetic interaction in
vivo was assessed using NPHP4 and Jade-1 morpholinos to
knock down gene expression. Injection of NPHP4 ATG-target-
ing or Jade-1 ATG- or 5�UTR-targeting morpholinos resulted
in a body curvature phenotype at 72 h post-fertilization (Fig.
6A). This phenotype has also been reported in zebrafish after
knockdown ofNPHP2/Inversin, a known cystic kidney disease-
causing gene that also regulates canonical Wnt signaling (24),
and is associated with ciliary defects and pronephric cysts (42–
44). These results also confirm two recent independent reports
for NPHP4 knockdown in zebrafish, which further character-
ized the phenotype to involve ciliary defects (45) and alterations
in Wnt signaling (34). A high-dose NPHP4 morpholino injec-
tion yielded a body curvature phenotype in 92.0% of embryos,
whereas body curvature prevalence was weaker after Jade-1
knockdown (56.5% prevalence) using the same ATG-targeting
morpholino dose. However, when the injection doses were
individually titrated to yield almost no body curvature pheno-
type using either morpholino, the combination of NPHP4 and
Jade-1 knockdown at this dosage yielded a body curvature phe-
notype of 31.5%, indicating thatNPHP4 and Jade-1 are involved
in the same functional pathway in vivo (Fig. 6B). Using the
Jade-1 5�UTR-targeting morpholino, we furthermore demon-
strated the presence of pronephric cysts (Fig. 6C). These data
clearly demonstrated genetic interaction and support a model
whereby NPHP4 interacts with Jade-1 to control Jade-1 stabil-
ity, nuclear translocation, and canonical Wnt signaling.

DISCUSSION

Recent work has demonstrated NPHP4 to be, like many of
the nephrocystin proteins, a negative regulator of canonical
Wnt signaling (34). This work corroborates this finding and
points to a novel mechanism downstream from that suggested
previously. Our study identifies Jade-1 as a novel component of
the NPH protein complex being regulated by NPHP4. Jade-1,
which functions as a single-subunit E3-ubiquitin ligase target-
ing the downstream canonical Wnt activator �-catenin to the
proteasome, modulates both cytosolic and nuclear �-catenin
levels and was suggested to fine-tune canonical Wnt stimula-
tion (11). Here, we show that NPHP4 not only stabilizes Jade-1
but shifts the localization of Jade-1 from the cytosol to the
nucleus, enhancing the ability of Jade-1 to block �-catenin-
induced Wnt gene activation.
Jade-1 appears consistently as a double band in immunoblot

analyses of whole cell lysates, and it is the smaller of these that
appears to be specifically influenced by NPHP4. We demon-
strate that the phosphatase inhibitor okadaic acid reduces the
stabilization of this smaller band by NPHP4 and reduces the
level of nuclear Jade under non-stimulated conditions. These
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data suggest that Jade-1 may need to be in a non-phosphory-
lated form to enter the nucleus, where it presents as a slightly
larger band and thus is likely to be rephosphorylated by nuclear

kinases. NPHP4 enhances the stability of the smaller size Jade-1
protein form, resulting in increased nuclear translocation.
NPHP4 does not alter the transcriptional rate of Jade-1 but

FIGURE 5. NPHP4 and Jade-1 additively decrease Wnt reporter activity. For all luciferase experiments, experimental plasmids were transiently transfected
in HEK 293T cells together with equal amounts of F.�-catenin or empty vector as indicated, plus constitutively active Renilla luciferase and either TCF/LEF-1-
dependent luciferase reporter construct TOPFlash (TOP) or non-responsive control reporter FOPFlash (FOP) as indicated. Wnt signaling activity was quantified
as relative luciferase units (RLU) as described above. A, V5.NPHP4 and V5.Jade-1 were transiently transfected separately with empty vector or in combination
and compared with F.�-catenin activation when transfected with empty vector alone. Independently, both V5.NPHP4 and V5.Jade-1 significantly reduced
�-catenin-induced Wnt activation, and the combination yielded a further significant reduction in reporter activity (F(7,21) � 4.836, p � 0.002; Tukey’s post hoc
test as indicated, ** � p � 0.01, *** � p � 0.001). Error bars indicate mean � S.E. Experiments were each done in triplicate for TOPFlash. FOPFlash levels
consistently showed no activation (one triplicate was done for each treatment group). B, HEK 293T cells were transiently transfected with F.�-catenin and
plasmids as indicated. Cells were processed 24 h later as a whole cell lysate, and endogenous levels of the Wnt gene target cMYC were assessed. Expression of
V5.NPHP4 and V5.Jade-1 reduced the activation of cMYC by F.�-catenin. C, HEK 293T cells were transiently transfected with F.�-catenin and reporter plasmids
as well as either NPHP4 siRNA or control siRNA and either V5.Jade-1 or empty vector. NPHP4 siRNA increased �-catenin-stimulated Wnt reporter activity
compared with cells receiving control siRNA. This effect was reversed by the addition of V5.Jade-1, although V5.Jade-1 combined with NPHP4 siRNA did not
block Wnt signaling as effectively as V5.Jade-1 combined with scrambled siRNA (F(3,15) � 13.88, p � 0.001; Tukey’s post hoc test as indicated, * � p � 0.05,
*** � p � 0.001). D, the reduction of F. �-catenin-induced TOPFlash reporter activity by V5.NPHP4 in the presence of control siRNA was normalized to 100% (see
“Experimental Procedures”), and this value was compared with the reduction in reporter activity in the presence of three separate Jade siRNAs. Jade siRNA
showed a non-significant trend toward reduced NPHP4 efficacy.
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rather interacts on a protein level, possibly blocking kinase
access to phosphorylation sites. This may also prevent Jade-1
from being directed to the proteasome, as the protein stabiliza-
tion by NPHP4mimics that achieved by the proteasome inhib-
itor MG132.
Jade-1 has been described previously to localize both to the

cytosol and the nucleus (11). Our findings corroborate this and
further demonstrate that Jade-1 localizes to the ciliary com-
partment. At the ciliary base, Jade-1 colocalizes with at least
two members of the NPH protein complex and was confirmed
to interact with NPHP4 by coprecipitation experiments. The
factors that influence the ciliary versus centrosomal localization
of Jade-1 remain to be determined. That Jade-1 is a highly
dynamic protein is further exemplified by its nuclear versus
cytosolic localization under basal conditions. Although we
most often saw Jade-1 concentrated in the nucleus, we also
identified cells within the same experiment where Jade-1 was
insteadmainly localized in the perinuclear region. In these cells,
there was a striking colocalization with endogenous NPHP4,
which also localizes perinuclearly. In our biochemical analyses,
NPHP4 fractioned predominantly with the nucleus, although it
is apparent using immunofluorescence that NPHP4 is not
located within the nucleus itself. This is highly suggestive of
NPHP4 associating with the nuclear envelope in a prime posi-
tion to influence nuclear trafficking. These data are of interest
in light of the recent parallels drawnbetweennuclear and ciliary
protein transport whereby proteins required for nuclear import
and export are also part of the ciliary proteome (46), supporting
the possibility of a “ciliary pore” complex in analogy to the
nuclear pore complex (33, 47, 48). The presence of NPHP4 at

both the cilium and the perinuclear compartment may reflect
parallel functions at these regions and warrants further
investigation.
Both Jade-1 and NPHP4 have been demonstrated individu-

ally to inhibit canonical Wnt signaling (11, 34). Our data dem-
onstrate that these two proteins act in concert. The additive
ability of Jade-1 and NPHP4 to further reduce Wnt reporter
activity would not have been seen if the two proteins acted
completely independently of one another. We further eluci-
dated individual roles in siRNA knockdown experiments.
NPHP4 knockdown led to an increase in �-catenin-induced
Wnt gene activity, which could be reversed by the overexpres-
sion of Jade-1. This reversal did not blockWnt activation to the
extent that Jade-1 cotransfected with scrambled siRNA did.
This indicates that the function of Jade-1 was reduced by
NPHP4 siRNA, likely because of a decreased ability of Jade-1 to
translocate to the nucleus under these conditions. Conversely,
the degree to which NPHP4 is able to reduce Wnt reporter
activity was impaired in the presence of Jade siRNA. However,
there was substantial variation in the degree of impairment.
Thus, other players are likely involved. Taken together, it is
apparent that Jade-1 requires NPHP4 to be fully effective, but
NPHP4 might act through several different means. Indeed, the
ability of NPHP4 to regulate canonical Wnt signaling by
decreasing the protein level of the canonical Wnt activator
Dishevelled (Dsh) was demonstrated recently (34). �-Catenin
acts downstream from Dsh in the canonical Wnt pathway.
Therefore, the effect reported in our study is not likely to
involve Dsh. Although the ability of NPHP4 to block Dsh-in-
duced Wnt reporter activity could reflect a downstream effect

FIGURE 6. Jade-1 and NPHP4 additively augment an abnormal body curvature phenotype in vivo. Zebrafish embryos were injected at the 1- to 2-cell stage
with either high dose (HD) or low dose (LD) morpholinos against either Jade-1 or NPHP4 and assessed at 72 hours post fertilization for body curvature. Only
embryos with a body curvature of the tail angled more than 45° from the head-neck axis were scored as positive. A, representative images of zebrafish embryos
injected with high doses of NPHP4 or Jade-1 morpholinos. The abnormal body curvature phenotype has been previously associated with mutations in cystic
kidney disease-causing genes, ciliary abnormalities, pronephric cysts, and defective Wnt signaling (see text). B, when NPHP4 and Jade-1 ATG-targeting
morpholino injections were individually titrated to a low concentration yielding no obvious phenotype individually, the combination of these two morpho-
linos at this low concentration resulted in a dramatic increase in the occurrence of an abnormal body curvature (F(2,8) � 25.35; p � 0.001, Tukey’s post hoc
describes difference between combination and each individual condition, ** � p � 0.01). C, injection of a translation-blocking Jade-1 morpholino resulted in
the development of pronephric cysts (PT, pronephric tubule; PD, pronephric duct; G, glomerulum).
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on�-catenin, it ismore likely thatNPHP4 influencesmore than
one aspect of the canonical Wnt signaling cascade. This idea is
supported by the observation that NPHP4 was much more
potent than the downstream regulator Jade-1, both in ourWnt
reporter assay as well as in the frequency of our reported
zebrafish curvature phenotype. That there are distinct aswell as
cooperative roles for these proteins is further indicated by
observations using a cancer-causing �-catenin mutant. The
same transfected dose of this mutant leads to a much stronger
activation the Wnt reporter. Neither Jade-1 nor NPHP4 could
reduceWnt reporter activity in this condition, but the presence
of Jade-1 consistently led to an increased signal that mirrors
previously reported independent data for Jade-1 (11). The reg-
ulation of canonical Wnt signaling is complex, with single pro-
teins capable of playing multiple or even opposing roles
dependent on cellular conditions (49–51), and itwill be intrigu-
ing to tease out the roles of Jade-1 in these different conditions.
Clues to reconcile the distinct versus cooperative roles for

Jade-1 and NPHP4 may be found in the degree to which the
Wnt cascade is stimulated. The ability of Jade-1 to interact with
�-catenin is substantially reduced whenWnt signaling is stim-
ulated upstream in the using Wnt3a or the GSK3� inhibitor
LiCl (11). In contrast, NPHP4 is active upstream of the destruc-
tion complex (34). NPHP4 could thus act as a negative Wnt
regulator both by directing cytosolicDsh to the proteasome and
by stabilizing the �-catenin ubiquitin ligase Jade-1, depending
on cellular conditions. Bryja et al. (52) demonstrated that under
conditions of low-levelWnt3a stimulation, �-catenin is rapidly
activated in a Dsh-independent manner but that only pro-
longed or higher Wnt3a doses lead to the more classically rec-
ognized Wnt-mediated phosphorylation of Dsh and inhibition
of the �-catenin destruction complex. It is tempting to thus
speculate that the NPHP4-mediated stabilization of Jade-1
could contribute to the regulation of Wnt signals of low
strength or short intensity, whereas under higher or more fre-
quent Wnt signaling conditions, NPHP4 is able to influence
Wnt activation at the more upstream level of Dsh. Such a
schemewould allow for amore finely tuned response to various
degrees or types of Wnt stimulation.
The cooperative role of Jade-1 and NPHP4 was supported in

vivo by demonstrating a genetic interaction of NPHP4 and
Jade-1 using morpholino knockdown in zebrafish. The abnor-
mal body curvature phenotype assessed in this study was simi-
lar to that reported in a zebrafish knockdown of the known
cystic kidney-causing gene NPHP2/Inversin shown previously
to be involved in Wnt regulation (24). Of note, the same phe-
notype was recently also reported by two independent groups
after morpholino-based knockdown of NPHP4 (34, 45). Fur-
ther data provided in these publications demonstrate proneph-
ric cysts and ciliary abnormalities to be associated with the
NPHP4 knockdown, which is in accordancewith the previously
established link between body curvature, pronephric cysts, and
ciliary defects (42, 43). Using a translation-blocking morpho-
lino against Jade-1, we also identified pronephric cysts in
embryos displaying body axis curvature. The similarity of these
phenotypes strongly supports Wnt deregulation and/or ciliary
dysfunction in both the NPHP4 and Jade-1 morphants.

It has been proposed that the genetic mutations in ciliary
“cystoproteins” can lead to an imbalance between Wnt-PCP
and canonicalWnt signaling, contributing to cyst development
(6, 7, 20, 34, 53–55). Many components of Wnt signaling path-
ways localize to primary cilia (53), and phosphorylated
�-catenin accumulates around the basal body region (6). Fur-
thermore, the ubiquitin conjugation system is functional in fla-
gella (56). Our data demonstrate that Jade-1, which has been
reported to preferentially ubiquitinate phosphorylated
�-catenin, also localizes to the ciliary base and is an activemem-
ber of the nephrocystin protein complex. Recently, Lancaster et
al. (8) reported the ciliopathy protein Jbn as the only known
�-catenin regulator localizing to cilia. Our results provide evi-
dence of a second ciliary �-catenin regulator and contribute
another example to the various means of cilia-mediated Wnt
regulation. Functional loss of the ciliary NPH protein complex
might lead to an overactivation of the canonical Wnt pathway
both by a direct lack ofWnt regulation and by potentially inter-
rupted cross-talk with other signaling pathways (35, 57). This
could result in a decreased ability to maintain the balance
between canonical and non-canonical Wnt signaling, which
may be critical for injury repair in the kidney and facilitate cyst
formation when interrupted (20, 29). Elucidating the precise
and possiblymultiple roles of these proteins will lead to a better
understanding of the pathology of this disease as well as the
basic mechanisms of Wnt signaling.
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