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Nephronophthisis is the most common genetic cause of end-
stage renal failure during childhood and adolescence. Genetic
studies have identified disease-causing mutations in at least 11
different genes (NPHP1–11), but the function of the corre-
sponding nephrocystin proteins remains poorly understood.
The two evolutionarily conserved proteins nephrocystin-1
(NPHP1) and nephrocystin-4 (NPHP4) interact and localize to
cilia in kidney, retina, and brain characterizing nephronophthi-
sis and associated pathologies as result of a ciliopathy. Here we
show that NPHP4, but not truncating patient mutations, nega-
tively regulates tyrosine phosphorylation of NPHP1. NPHP4
counteracts Pyk2-mediated phosphorylation of three defined
tyrosine residues of NPHP1 thereby controlling binding of
NPHP1 to the trans-Golgi sorting protein PACS-1. Knockdown
ofNPHP4 resulted in an accumulation of NPHP1 in trans-Golgi
vesicles of ciliated retinal epithelial cells. These data strongly
suggest that NPHP4 acts upstream of NPHP1 in a common
pathway and support the concept of a role for nephrocystin pro-
teins in intracellular vesicular transport.

Nephronophthisis (NPH)3 is a genetically heterogeneous
renal cystic disease with an autosomal recessive mode of trans-
mission (for review, see Refs. 1, 2). NPH is the most common
cause of hereditary renal failure in children and young adults.
Mutations in 11 different genes have been identified over the

last years (1–3). Most mutations affect theNPHP1 gene, which
encodes for nephrocystin-1 (NPHP1) (4, 5). NPHP1 interacts
with the gene products of NPHP2 (6), NPHP3 (7), and NPHP4
(8), three other genes involved in the development of NPH.
Mutations in NPHP2 and NPHP3 present differently from
NPHP1 andNPHP4mutations, e.g. in age of disease onset. It has
recently been shown that NPHP1 and NPHP4 localize to pri-
mary cilia of renal tubular epithelial cells (6, 9, 10).
NPHP1 and NPHP4 are conserved in the nematode

Caenorhabditis elegans (11–13), where the homologs of
NPHP1 and NPHP4 are localized to the transition zone of
sensory cilia of ciliated neurons. nph-1 and nph-4 mutant
worms show subtle structural ciliary defects (14). However,
double mutants display much stronger functional ciliary
impairment (11, 12). Moreover, NPH-4 has been shown to be
required for the correct localization of NPH-1 in these neu-
rons in C. elegans (12). In mammalian cells NPHP1 and
NPHP4 interact with the 116-kDa cytoplasmic protein-ty-
rosine kinase Pyk2 (10, 15), which is activated by a variety of
stimuli that increase intracellular calcium (16–19). Pyk2
appears to play an important role in the integration of envi-
ronmental stimuli and the polarized organization of cyto-
skeletal components in cell migration (20). Interestingly, the
interaction with NPHP1 increases Pyk2 activity (15).
Here, we report that NPHP4 negatively regulates Pyk2-in-

duced tyrosine phosphorylation of NPHP1 by controlling the
NPHP1/Pyk2 interaction. Phosphorylation at three defined
tyrosine residues increases binding of NPHP1 to the trans-
Golgi sorting protein PACS-1 (phosphofurin acidic cluster
sorting protein 1). By counteracting this process NPHP4 con-
trols subcellular localization of NPHP1 in human ciliated epi-
thelial cells. Several patient mutations of NPHP4 lost their abil-
ity to affect tyrosine phosphorylation ofNPHP1which supports
a critical function for NPHP4 and Pyk2 in controlling NPHP1
and the NPH protein complex.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—NPHP1 and Pyk2 constructs have
previously been described (15, 21). Full-length NPHP3 and
NPHP4 were cloned from a human kidney cDNA library. HA-
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tagged Pyk2 constructs and Src cDNAwere kindly provided by
Dr. I. Dikic (University of Frankfurt, Germany) and Dr. J.
Brugge (Harvard Medical School, Boston). Site-directed
mutagenesis was performed using a modified QuikChange
Site-Directed Mutagenesis kit (Stratagene). All plasmids were
verified by automated DNA sequencing. Antibodies were
obtained from Sigma (anti-FLAG, anti-acetylated tubulin),
Santa Cruz (anti-myc, anti-HA, anti-src, pY99), BD Transduc-
tion (anti-Pyk2, anti-PY 4G10), Serotec (anti-V5), and Abcam
(anti-Pericentrin).
Generation and Purification of NPHP1-specific Monoclonal

Antibodies—Bacterially expressed and affinity-purified His-
tagged NPHP112–205 was used to immunize mice following a
standard immunization protocol (9). Fusions resulted in the
generation ofmore than 30 specificmonoclonal antibodies pro-
ducing hybridome clones. Antibodies were screened with
immunofluorescent stainings, immunoblotting, and immuno-
precipitation. Protein G columns were used to concentrate the
NPHP1-specific antibodies. Specificity was verified again by
using bacterially expressed recombinant proteins and cell
lysates from transfected cells.
Cell Culture and Transfections—HEK293T cells were cul-

tured in DMEM supplemented with 10% fetal bovine serum
(FBS). For transfection experiments, cells were grown until
60–80% confluence and transfected with plasmid DNA using a

modified calcium phosphate method as described previously
(15). hTERT-RPE1 were cultured in a 1:1 mixture of DMEM
and Ham’s F12 medium supplemented with 10% FBS, 2 mM

L-glutamine, and sodium bicarbonate (2.6 g/liter). Cilia forma-
tion was induced by serum depletion over 48 h. For siRNA
transfection experiments cells were grown until 60–80%
confluence and transfected with siRNA to a final concentration
of 20 nM using Oligofectamine (Invitrogen). Cy3-labeled
control siRNA was transfected in parallel and served as trans-
fection control. siRNAs targetingNPHP4were directed against
the following sequences: CTCGTTATCGCTGTTGCTCAA
(siRNA 1), CAGCCGCTTTGTCCATCTCAA (siRNA 2),
AAGCAACGAGATGGTGCTACA (siRNA3), andCAGATC-
TCGGGTCATCTCAAA (siRNA 4). Control siRNA strands
were purchased from Biomers and had the sequences 5�-GUG-
ACACGUUCGGAGAATTAC-3� and 5�-AATTCTCCGAAC-
GUGUCACGU-3�. For the transfection of cDNA into hTERT-
RPE1, GeneJuice (Merck) was used. For the inhibition of
tyrosine phosphatases peroxovanadate was prepared as
described (22). Cultured cells were incubated for 15 min with
peroxovanadate (final concentration 0.5 mM).
Immunoprecipitation—Immunoprecipitations were per-

formed as described (15). Briefly, HEK293T cells were tran-
siently transfected by the calcium phosphate method. After
incubation for 24 h, cells were washed twice and lysed in a 1%

FIGURE 1. NPHP4 controls Pyk2-induced tyrosine phosphorylation of NPHP1. A, Pyk2 induces tyrosine phosphorylation of NPHP1. F.NPHP1 was precipi-
tated (IP), and tyrosine phosphorylation of precipitated proteins was detected with an anti-phosphotyrosine antibody (pY99, upper panel). Strong tyrosine
phosphorylation of precipitated NPHP1 and co-precipitating Pyk2 was dependent on Pyk2 kinase activity (kd, kinase-dead mutant). IB, immunoblotting.
B, phosphoamino acid analysis of precipitated NPHP1 after in vivo labeling of HEK293T cells with 32P. Phosphorylated amino acids were identified by co-mi-
gration with standard nonradioactive phosphoamino acids, ninhydrin staining (indicated by circles), and autoradiography. C, wild-type NPHP4 (WT NPHP4) but
not various patient mutations abolishes Pyk2-induced tyrosine phosphorylation of NPHP1. F.NPHP1 was precipitated, and tyrosine phosphorylation was
evaluated with an anti-phosphotyrosine antibody. All NPHP4 constructs reduced tyrosine phosphorylation of NPHP1 compared with the empty vector control,
but not to the degree of WT NPHP4. NPHP3517– 841 served as control protein. All experiments were performed at least three times with identical results.
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Triton X-100 lysis buffer. After centrifugation (15,000 � g, 15
min, 4 °C) and ultracentrifugation (100,000 � g, 30 min, 4 °C)
cell lysates containing equal amounts of total protein were
incubated for 1 h at 4 °Cwith the appropriate antibody followed
by incubation with 30 �l of protein G-Sepharose beads (GE
Healthcare) for�1 h. For FLAG tags the lysates were incubated
at 4 °C with anti-FLAG (M2) agarose beads (Sigma) for �1 h.
For evaluation of tyrosine phosphorylation the ultracentrifuge
step was omitted, and incubation of the lysate with antibodies
and beads was reduced to 30 min. The beads were washed
extensively with lysis buffer, and bound proteins were resolved
by 10% SDS-PAGE and visualized with enhanced chemilumi-
nescence after incubation of the blots with the respective anti-
bodies. Experiments were repeated at least three times with
identical results.

32P Labeling and Two-dimensional Mapping of Phosphor-
ylation Sites—32P labeling of cells (1–2 mCi/ml for 6–8 h),
solubilization, and immunoprecipitation of NPHP1 were done
as described previously (23, 24). All experiments were per-
formed in 6-well plates. After separation of the immunoprecipi-
tated proteins by 10% SDS-PAGE, proteins were transferred
onto nitrocellulose membranes. Radiolabeled proteins were
detected by PhosphorImager (BAS2000, Fuji) analysis, and
tryptic digests were performed as described previously with
minor modifications (23). Briefly, membrane pieces containing
the 32P-labeled proteins were cut out and blocked with 0.5%
polyvinylpyrrolidone 40 in 0.6% acetic acid, for 30min at 37 °C.

Following extensive washes with water, membrane-bound
NPHP1 was cleaved in situwith sequencing grade trypsin in 50
mM (NH4)HCO3 for 12 h at 37 °C. Released tryptic peptides
were vacuum-dried and oxidized with performic acid for 1 h on
ice. Reactions were stopped by dilution with 20% (v/v) ammo-
nia solution. Thereafter, samples were frozen and vacuum-
dried, and a second digest was performed for 12 h at 37 °C.
Following vacuum drying, samples were dissolved in electro-
phoresis buffer (formic acid:acetic acid:water, 46:156:1790 (v/v/
v)), and phosphopeptides were separated by electrophoresis on
cellulose thin layer plates in a first dimension (2000 V, 40 min,
electrophoresis buffer) and ascending chromatography in a sec-
ond dimension (15 h, isobutyric acid, 1-butyl alcohol, pyridine,
acetic acid, water, 1250:38:96:58:558 (v/v/v/v/v)). Phosphopep-
tides were detected by PhosphorImager analysis and eluted
from the cellulose matrix with 20% (v/v) acetonitrile in a soni-
cated water bath for 15 min. Part of the extract (25–100 cpm)
was hydrolyzed with 6 M HCl for 1 h at 110 °C and subjected to
a phosphoamino acid analysis. The second fraction (50–500
cpm) was sequenced by Edman degradation using a solid phase
sequencer (ABI 477). Twenty sequencing cycles were collected,
dried, and analyzed for their content of 32P radioactivity using a
PhosphorImager. Data obtained fromEdman degradationwere
used to predict phosphorylation sites. The prediction was ver-
ified by in vitro mutagenesis of corresponding phosphoaccep-
tor sites.

FIGURE 2. NPHP4304 –950 is sufficient to control Pyk2-induced tyrosine phosphorylation of NPHP1 by interfering with the NPHP1/Pyk2 interaction.
A, NPHP4304 –950 controls tyrosine phosphorylation of NPHP1 and interferes with the NPHP1/Pyk2 interaction. F.NPHP1 was precipitated, and tyrosine phos-
phorylation of precipitated proteins was detected with an anti-phosphotyrosine antibody in the presence of either a control protein, WT NPHP4, or different
NPHP4 truncations. Precipitates were also stained for co-precipitating Pyk2. WT NPHP4 and NPHP4304 –950 decrease the tyrosine phosphorylation of NPHP1
(upper panel) and abolish the NPHP1/Pyk2 interaction (lower panel). B, NPHP1 co-precipitates with NPHP4304 –950. FLAG-tagged proteins were precipitated, and
co-precipitating V5.NPHP1 was evaluated. V5.NPHP1 specifically co-precipitated with both WT NPHP4 and the NPHP4304 –950 truncation. The immunoprecipi-
tation experiments were performed four times.
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Immunofluorescence Staining of hTERT-RPE1—hTERT-
RPE1 were seeded on coverslips and cultured as described
above. Cilia formation was induced by serum depletion over
48 h (25). After washing with ice-cold PBS, cells were fixed
using methanol at �20 °C for 8 min. Cells were washed three
times with PBS, and double immunofluorescence staining was
performed sequentially with the antibodies as indicated in the
absence of Triton X-100. After washing, slides were incubated
with the secondary antibody, Cy2-labeled anti-mouse, and
Cy3-labeled anti-rabbit IgG, washed again, mounted in Pro-
Long Gold antifade reagent with DAPI (Invitrogen), and sub-
jected to immunofluorescence microscopy with a microscope
equipped with the apotome system (Axiovert 200; Carl Zeiss
MicroImaging) and the software Axiovision (Carl Zeiss Micro-
Imaging). The appropriate controls were performed without
the first and/or second primary antibodies.

RESULTS

NPHP4 Modulates Pyk2-induced Tyrosine Phosphorylation
of NPHP1—To test whether Pyk2 not only interacted with but
also phosphorylated NPHP1, we co-expressed FLAG-tagged
NPHP1 (F.NPHP1) and wild-type Pyk2 (Pyk2wt) or a kinase-
deadmutant (Pyk2kd) in transiently transfectedHEK293T cells.
After serum starvation of the cells for 4 h, the cells were lysed,
and NPHP1 was precipitated with anti-FLAG antibody. As
described previously, hyperphosphorylated Pyk2 interacted
withNPHP1 (15).Moreover, wild-type Pyk2 but not the kinase-
dead mutant of the kinase induced strong tyrosine phosphory-
lation ofNPHP1 (Fig. 1A). To analyze Pyk2-mediated phosphor-
ylation of NPHP1 in more detail, we radioactively labeled
NPHP1-expressing cells with 32P in vivo. NPHP1 was precipi-
tated, and the proteins of the precipitate were separated by
SDS-PAGE and blotted on nitrocellulose membranes. Precipi-
tated NPHP1 was cut out of the membrane, extracted, and
phosphoamino acid analysis was performed revealing a strong
basal level of serine phosphorylation. In addition to this basal
level of phosphorylation, Pyk2-dependent phosphorylation of
threonine and tyrosine residues could be detected (Fig. 1B).
Surprisingly, co-expression of NPHP4 inhibited the Pyk2-in-
duced phosphorylation of NPHP1 (Fig. 1C), whereas NPHP4
itself was only weakly tyrosine-phosphorylated in presence of
Pyk2 (supplemental Fig. 1). To assess the pathophysiological
relevance of this finding further we included three known
NPHP4 patient mutations in the analysis (26). Disease-caus-

ing NPHP4 mutations showed a strongly reduced ability to
affect NPHP1 phosphorylation, whereas a truncation of
NPHP3, another NPH disease gene product, was nearly
without effect (Fig. 1C).
NPHP4 Interferes with the Interaction of Pyk2 and NPHP1—

Next, we addressed the mechanism by which NPHP4 reduces
Pyk2-induced tyrosine phosphorylation of NPHP1. V5-tagged
versions of NPHP4were co-expressedwith F.NPHP1 and Pyk2,
and F.NPHP1 was precipitated and analyzed for tyrosine phos-
phorylation. Although all truncations of NPHP4 weakened
the phosphorylation ofNPHP1 and attenuated co-precipitation of
Pyk2, full-length NPHP4 andNPHP4304–950 abolished tyrosine
phosphorylation and were both sufficient to abrogate co-pre-
cipitation of Pyk2. These findings suggest that NPHP4 inter-
feres with the binding of Pyk2 to its substrate NPHP1, thereby
decreasing NPHP1-induced activation of Pyk2 and phosphor-
ylation of NPHP1 (Fig. 2A). To investigate whether this NPHP4
truncation interacts with NPHP1, F.NPHP4 or F.NPHP4304–950

and V5-tagged NPHP1 were co-expressed and FLAG-tagged
proteins were precipitated. NPHP1 co-precipitated with both
wild-type NPHP4 and the truncation (Fig. 2B). Interestingly,
NPHP4304–950 contains a proline-rich region. The interaction
of NPHP1 and Pyk2 has been mapped to the SH3 domain of
NPHP1 and the proline-rich region of Pyk2 (15). Therefore, it
may be tempting to speculate that the two proline-rich regions
of Pyk2 and NPHP4 compete for the binding to NPHP1.
Pyk2 Induces Tyrosine Phosphorylation of NPHP1 at Tyr-46,

Tyr-349, and Tyr-721—To identify the phosphorylated tyro-
sine residues of NPHP1 in vivo, we repeated the 32P labeling
experiments and subjected precipitated NPHP1 to a complete
tryptic digest. Phosphoamino acid analysis of precipitated
NPHP1 revealed several major phosphopeptides (Fig. 3A).
Total hydrolysis and phosphoamino acid analysis performed on
these spots identified two spots (N1 and N2) as containing
exclusively phosphotyrosine, but no phosphorylated serine or
threonine residues (data not shown). The major fraction of
these peptides was used for solid phase Edman degradation.
Comparison with the fragments resulting from in silico tryptic
digest identified the peptide fragments, indicating that
tyrosines 46 and 349 on NPHP1 were phosphorylated in vivo
(Fig. 3B). A third site at position 721 on NPHP1 was predicted
to be phosphorylated by Src kinase by Scansite and NetPhos
programs. Interestingly, the nonreceptor tyrosine kinase Src

FIGURE 3. Pyk2 induces NPHP1 phosphorylation of tyrosines 46, 349, and 721. A, transiently transfected HEK293T cells were labeled with 32P and lysed, and
F.NPHP1 was immunoprecipitated. Precipitated NPHP1 was separated by SDS-PAGE, transferred to nitrocellulose membranes, and digested in situ with trypsin,
and the peptides were separated on TLC plates by high voltage electrophoresis and ascending chromatography. � and � indicate voltage during electro-
phoresis. Separated phosphopeptides were visualized by autoradiography. Two Pyk2-dependent phosphopeptide fragments could be identified as phospho-
tyrosine-containing peptides (N1 and N2, marked with circles). B, phosphopeptides N1 and N2 were analyzed by Edman degradation which identified the
position of the phosphorylated tyrosine residue in the peptide. C, tyrosine residues 46, 349, and 721 in NPHP1 were mutated to phenylalanine residues, and
FLAG-tagged versions of these single mutants were co-expressed with empty vector (lanes 1, 4, 7, and 10), HA-tagged Pyk2 (lanes 2, 5, 8, and 11) or SrcY527F, a
constitutively active mutant of c-Src (lanes 3, 6, 9, and 12). NPHP1 was precipitated and analyzed for tyrosine phosphorylation (upper panel). D, combined
mutation of tyrosine residues 46 and 349 does not abrogate Pyk2-induced phosphorylation. Double mutant NPHP1 Y46F/Y349F was precipitated (IP), and
tyrosine phosphorylation was monitored in presence of wild-type Pyk2 or a kinase-dead mutant. IB, immunoblotting. E, wild-type (WT) c-Src induces phos-
phorylation of the NPHP1 Y46F/Y349F double mutant, but not of the NPHP1 Y46F/Y349F/Y721F triple mutant. NPHP1 proteins were precipitated, and tyrosine
phosphorylation was monitored. F, tyrosine residue 721 is endogenously phosphorylated. HEK293T cells were transfected and incubated for 15 min with
peroxovanadate to inhibit tyrosine dephosphorylation. After cell lysis, NPHP1 proteins were precipitated and stained for phosphotyrosine. Mutation of Tyr-721
attenuated tyrosine phosphorylation of NPHP1. G, combined mutation of the mapped tyrosine residues abrogates tyrosine phosphorylation of NPHP1. NPHP1
proteins were precipitated, and tyrosine phosphorylation was monitored, revealing tyrosine phosphorylation of WT NPHP1 but not of the triple mutant. All
immunoprecipitation experiments were performed at least three times.
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has been shown to be activated by Pyk2 kinase (21). Tyrosine-
to-phenylalanine mutation of single residues did not demon-
strate an effect on Pyk2-induced phosphorylation of NPHP1
(Fig. 3C). Src-induced tyrosine phosphorylation could be pre-
vented by mutating the tyrosine residue at position 721 to phe-
nylalanine (Fig. 3C, lane 12) suggesting that Src kinase phos-
phorylates NPHP1 at tyrosine 721. This is supported by the
finding that Pyk2 induced tyrosine phosphorylation of the
NPHP1 Y46F/Y349F double mutant (Fig. 3D). This can be
explained by activation of endogenous c-Src kinase by Pyk2 and
subsequent phosphorylation of theNPHP1 tyrosine 721. In line
with this concept, c-Src induced tyrosine phosphorylation of
the NPHP1 Y46F/Y349F double mutant but not of the NPHP1
Y46F/Y349F/Y721F triple mutant (Fig. 3E). In addition, the
NPHP1 Y721F mutant showed reduced endogenous tyrosine
phosphorylation of NPHP1 (Fig. 3F). The combined mutation
of the three tyrosine residues abolished the Pyk2-dependent
anti-phosphotyrosine signal (Fig. 3G) completely.
Tyrosine Phosphorylation of NPHP1 Modulates Binding of

theTransport Protein PACS-1—Wehave previously shown that
NPHP1 localizes to cilia of kidney epithelial cells (6). Localiza-
tion to cilia requires binding of PACS-1 (9). PACS-1 has been
identified as a sorting connector, which retrieves membrane-
associated proteins to the trans-Golgi Network (27, 28). These
processes are regulated through casein kinase 2-dependent
protein interactions of cargo proteins with PACS-1 (9), amech-
anism that has been confirmed for the ciliary membrane pro-
tein CNGB1b (cyclic nucleotide-gated channel �1) very
recently (29). To test whether tyrosine phosphorylation of
NPHP1may influence binding of PACS-1,HEK293T cells were
transiently transfected with HA-tagged PACS-1 and FLAG-
tagged NPHP1 in the presence of wild-type or a kinase-dead
mutant of Pyk2. Co-expression of wild-type Pyk2, but not of the
kinase-dead mutant, facilitated the interaction of PACS-1 with
NPHP1 (Fig. 4A). Mutation of the Pyk2-dependent tyrosine
phosphorylation sites in NPHP1 (Tyr-46, Tyr-349, and Tyr-
721) to phenylalanines abrogated the Pyk2-mediated effect on
PACS-1 binding, suggesting that this effect was intrinsic to
NPHP1 and a result of Pyk2-dependent tyrosine phosphoryla-
tion of NPHP1 (Fig. 4B) rather than an indirect effect of Pyk2
overexpression. Based on our findings that NPHP4 reduces
Pyk2-induced NPHP1 phosphorylation, we speculated that
NPHP4 might also influence the interaction of NPHP1 with
PACS-1. Strikingly, overexpression of NPHP4 substantially
attenuated the interaction between NPHP1 and PACS-1 (Fig.
4C). Still, this NPHP4 effect was also seen in the NPHP1 Y46F/
Y349F/Y721F triple mutant, suggesting that NPHP4 affects
NPHP1 in multiple ways (Fig. 4D).
NPHP4Controls Subcellular Localization ofNPHP1—To test

for a role of NPHP4 in controlling NPHP1 localization, we gen-
erated novel monoclonal antibodies against the N terminus of
NPHP1. The monoclonal antibody detected specifically and
exclusively NPHP1 but none of the control proteins (Fig. 5A).
Several siRNAs targeting human NPHP4 were tested by co-
transfection with FLAG-tagged NPHP4 and a FLAG-tagged
control protein. Three of four siRNAs showed efficient knock-
down activity against NPHP4 (Fig. 5B). To assess a role for
NPHP4 in controlling ciliogenesis and/or NPHP1 trafficking,

retinal pigment epithelial cells were transfected with siRNA
directed against NPHP4 or with control siRNA. Ciliogenesis
was induced by serumwithdrawal for 48 h. NPHP1 localization

FIGURE 4. Tyrosine phosphorylation of NPHP1 facilitates interaction with
PACS-1. A, FLAG-tagged proteins were precipitated (IP), and co-precipitating
HA.PACS-1 was analyzed (upper panels). IB, immunoblotting. The expression
of WT Pyk2 enhances the amount of co-precipitating PACS-1 with WT NPHP1
compared with the presence of the kinase-dead (kd) variant of Pyk2. B, this
effect was lost after mutation of the three phosphorylated tyrosines to phe-
nylalanines, showing the importance of NPHP1 phosphorylation. C, the pres-
ence of NPHP4 significantly weakened the interaction of NPHP1 with PACS-1.
D, this was also the case for the NPHP1 Y46F/Y349F/Y721F triple mutant. All
experiments were performed at least three times.
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was evaluated using the novel monoclonal antibody alone (data
not shown) or in combination with a polyclonal antiserum
directed against the basal body and centrosomal marker pro-

tein pericentrin (Fig. 5C). Although cells transfectedwith a neg-
ative control siRNA showed a predominant staining of NPHP1
at the ciliary base, transfection of NPHP4 siRNA led to a redis-

FIGURE 5. NPHP4 controls the subcellular localization of NPHP1 in human ciliated retinal pigment epithelial cells. A, characterization of a novel murine
monoclonal antibody detecting the N terminus of NPHP1. FLAG-tagged NPHP1 and NPHP1237– 670 or NPHP4304 –950 were expressed in HEK293T cells. Immu-
noblotting (IB) with an anti-FLAG antibody revealed expression of the indicated proteins. The novel NPHP1 mAb detected full-length NPHP1 but neither
NPHP4304 –950 nor NPHP1237– 670. B, characterization of NPHP4 siRNA. Plasmids for F.NPHP4 and F.Eps1–225 (epidermal growth factor receptor pathway substrate
15-like 1) and the indicated siRNAs were co-transfected in HEK293T cells. NPHP4 siRNAs 2, 3, and 4 specifically reduced NPHP4 expression. C, NPHP4 knockdown
leads to an accumulation of NPHP1 in the trans-Golgi network. hTERT-RPE1 were transfected with either control siRNA or siRNA directed against NPHP4. After
methanol fixation immunofluorescence staining was performed with the indicated antibodies in the absence of Triton X-100. Transfection of NPHP4 siRNA led
to an increased NPHP1 signal co-localizing with a staining of the trans-Golgi marker Golgin-97. All RNAi experiments were performed three times.
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tribution of NPHP1 to vesicle-like structures surrounding the
basal body (Fig. 5C, upper two panels). To clarify this staining
pattern further, we performed co-stainings of NPHP1 with an
antiserum against the trans-Golgi protein Golgin-97. These
stainings revealed a co-localization of NPHP1 with Golgin-97
(Fig. 5C, bottom panel), suggesting a role of NPHP4 in the reg-
ulation of bidirectional NPHP1 trafficking between trans-Golgi
and the ciliary base. Interestingly, overexpression of NPHP4
had no obvious effect on NPHP1 localization (supplemental
Fig. 2). Taken together, these data indicate that NPHP4 acts
upstream of NPHP1 and regulates the localization of NPHP1 at
the ciliary base.

DISCUSSION

Mutations affecting the transition zone protein NPHP1 are
responsible for �25% of all cases of nephronophthisis, making
NPHP1 the most frequently affected single gene in this disease
(26). The protein has been shown to form a complex with
NPHP4 (8) and other proteins such as NPHP2 (30), NPHP3 (7),
and NPHP9.4 NPHP4 also interacts with NPHP8 (31). The
domain architecture, subcellular localization, and interaction
with signaling molecules suggest that NPHP1 and the NPH
protein complex are involved in sensory pathways that transmit
extracellular signals such as mechanical stress, osmotic or
acidic stimuli, or chemosensation to the interior of the cell
(32, 33). This hypothesis is supported by a recent study that
showed that theC. elegans homologs ofNPHP1 andNPHP4 are
expressed in ciliated sensory neurons. nph-1;nph-4 double, but
not single-mutantmales are response-defective (11), indicating
that NPH-1 and NPH-4 play important and redundant roles
in facilitating ciliary sensory signal transduction. Recently,
NPHP1 and NPHP4 have been shown to interact with the tight
junction and polarity proteins PALS1, PATJ, and Par6 in mam-
malian cells and to be involved in epithelial tight junction for-
mation and the regulation of epithelial morphogenesis (34).
The NPHP1/4 protein complex includes further signaling and
scaffolding proteins such as the tyrosine kinase Pyk2, the adap-
tor protein p130Cas, the GTPase regulator RPGRIP1, and oth-
ers (7, 10, 15, 35).However, the function of this protein complex
as well as its regulation at the molecular level have remained
elusive.
In the present study we demonstrate a direct interrelation

between the two evolutionarily conserved nephrocystins,
NPHP1 andNPHP4, and the nonreceptor tyrosine kinase Pyk2.
We demonstrate that NPHP4 acts upstream ofNPHP1 regulat-
ing the tyrosine phosphorylation and subcellular localization of
NPHP1 and the interaction with Pyk2 kinase. We have previ-
ously demonstrated that the trans-Golgi sorting protein
PACS-1 is required for the localization of NPHP1 at the transi-
tion zone at the ciliary base (9). Our newdata now link Pyk2 and
NPHP4 to this regulation, as illustrated schematically in sup-
plemental Fig. 3 and demonstrate that in addition to a casein
kinase 2-dependent mechanism also tyrosine phosphorylation
of NPHP1 enhances the interactionwith PACS-1. At this point,
the exact molecular mechanism still remains unclear. Because
the three tyrosine phosphorylation sites are distributed all

along the protein (Tyr-46, Tyr-349, Tyr-721) one can speculate
that the addition of negatively charged phosphate groups may
induce conformational changes of NPHP1, thus enhancing
either the affinity to PACS-1 or the accessibility for casein
kinase 2 to the serine residues. To clarify this issue, protein
structure determination of full-length NPHP1 and further
studies whether PACS-1 binding is regulated by sequential
phosphorylation events will be needed. Irrespective of the
underlying mechanismNPHP1 binding to the trans-Golgi pro-
tein, PACS-1 seems to be tightly regulated by NPHP4, casein
kinase 2, and Pyk2.
Interestingly, our data reveal that the presence of NPHP4

attenuates the binding of NPHP1 to PACS-1 without impairing
the ciliary localization of NPHP1. In contrast, the knockdown
of NPHP4 clearly affected the subcellular localization NPHP1
in human RPE cells. This is in accordance with findings in C.
elegans, where NPH-4 has been shown to be required for the
correct subcellular localization of NPH-1 in ciliated neurons
(12). In mammalian cells NPHP1 and NPHP4 are enclosed in
one protein complex, and the association of NPHP1 and
NPHP4 seems to be very tight.4 Therefore, NPHP4 appears to
be the favorite binding partner of NPHP1 and may serve as a
molecular anchor to keepNPHP1 at a defined subcellular local-
ization, at the ciliary base. This pool of NPHP4 associated
NPHP1 would not be within reach for PACS-1 or Pyk2 in a
noteworthy amount. However, after the release of NPHP1 from
NPHP4 binding, which in our experiments is mimicked by the
knockdown of NPHP4, both Pyk2 and PACS-1 could act to
recover NPHP1 to the TGN. A role for PACS-1 in TGN
retrieval has previously been described (28, 36–38). Thismodel
is in accordance with our previous findings, which revealed a
vesicular distribution of NPHP1 after addition of a dominant
negative PACS-1 mutation (9).
Furthermore, this is the first study to link nonreceptor tyro-

sine kinase activity with the function and/or localization of cil-
iary proteins in mammalian cells. Using the biflagellate algae
Chlamydomonas reinhardtii as model system, Wang and Snell
have shown that flagellar adhesion results in activation of an
unknown tyrosine kinase (39). This activity was inhibited by the
tyrosine kinase inhibitor genistein, which also inhibits adhe-
sion-dependent cellular programs (for review, Refs. 40, 41).
Although the identity of the Chlamydomonas kinase remains
unknown, it is tempting to speculate that Pyk2 may represent
one of the mammalian orthologs that are activated in response
to ciliary sensing. Pyk2 is a calcium-responsive tyrosine kinase
(17). Ciliary calcium signaling in response to mechanical stim-
uli has been linked to the transient receptor potential channel
TRPP2/polycystin-2 that forms part of a pressure sensing
protein complex (42, 43). Ciliary signal transduction might
therefore induce calcium transients that are transmitted to the
calcium-responsive tyrosine kinase Pyk2 to regulate NPHP1
protein interactions. Other factors activating Pyk2 are
increased salt concentration and an acidic pH, so one could
speculate whether Pyk2 links NPH protein function to these
physiological stimuli.
Taken together, our data suggest a critical role for NPHP4 in

dynamically regulating the Pyk2-induced tyrosine phosphory-
lation of NPHP1 and its targeting to either trans-Golgi network4 M. C. Liebau, unpublished observation.
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or the ciliary base. Based on the calcium dependence of Pyk2,
one can envision a signaling cascade triggered by urine flow and
ciliary bending or chemical extracellular stimuli that increases
intraciliary or intracellular calcium, activation of Pyk2, phos-
phorylation of nephrocystin, and subsequent interaction with
PACS-1. In this cascade NPHP4 would be a negative regulator
by antagonizing Pyk2-induced phosphorylation and decreasing
the interaction of NPHP1/PACS-1. This role of NPHP4 in
keeping NPHP1 at the ciliary base can now explain the role for
NPH-4 in controlling NPH-1 localization in C. elegans (12).
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