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ABSTRACT
Nephronophthisis, an autosomal recessive kidney disease, is the most frequent genetic cause of chronic
renal failure in the first 3 decades of life. Causative mutations in 8 genes (NPHP1–8) have been identified,
and homologous mouse models for NPHP2/INVS and NPHP3 have been described. The jck mouse is
another model of recessive cystic kidney disease, and this mouse harbors a missense mutation, G448V,
in the highly conserved RCC1 domain of Nek8. We hypothesized that mutations in NEK8 might cause
nephronophthisis in humans, so we performed mutational analysis in a worldwide cohort of 588 patients.
We identified 3 different amino acid changes that were conserved through evolution (L330F, H425Y, and
A497P) and that were absent from at least 80 ethnically matched controls. All 3 mutations were within
RCC1 domains, and the mutation H425Y was positioned within the same RCC1 repeat as the mouse jck
mutation. To test the functional significance of these mutations, we introduced them into full-length
mouse Nek8 GFP-tagged cDNA constructs. We transiently overexpressed the constructs in inner
medullary collecting duct cells (IMCD-3 cell line) and compared the subcellular localization of mutant
Nek8 to wild-type Nek8. All mutant forms of Nek8 showed defects in ciliary localization to varying
degrees; the H431Y mutant (human H425Y) was completely absent from cilia and the amount localized
to centrosomes was decreased. Overexpression of these mutants did not affect overall ciliogenesis,
mitosis, or centriole number. Our genetic and functional data support the assumption that mutations in
NEK8 cause nephronophthisis (NPHP9), adding another link between proteins mutated in cystic kidney
disease and their localization to cilia and centrosomes.
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Nephronophthisis (NPHP) is an autosomal reces-
sive kidney disease, which leads to kidney cyst for-
mation and progressive renal failure. NPHP is the
most frequent genetic cause for end-stage renal fail-
ure (ESRF) in the first 3 decades of life. Recently,
functions of primary cilia, basal bodies, and centro-
somes have been implicated in the pathogenesis of
NPHP.1,2 In humans, 8 causative genes, NPHP1– 8
(MIM 256100, 602088, 604387, 606966, 609237,
610142, 608539, 610937) have been identified by
positional cloning.3–11 In mice, several monoge-
netic models of recessive cystic kidney disease have
been described. Seven proteins were identified as
mutated in these murine disease models: Nphp2/
inversin in inv, Nphp3 in pcy, cystin in cpk, bicaudal

C in bpk and jcpk, polaris/Tg737 in orpk, Nek1 in
kat, and Nek8 in jck mice.12 Because of phenotypic
disease similarities between human NPHP and mu-
rine disease models, we examined by mutational
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analysis the genes encoding cystin,13 polaris/Tg737 (Otto EA,
unpublished observation), and bicaudal C (Otto EA, unpub-
lished observation) as candidate genes by mutational analysis
in patients with NPHP but failed to identify any causative mu-
tations. The spontaneously arisen renal cystic mouse model jck
is caused by a homozygous G448V substitution in the con-
served RCC1 domain of the Nek8 gene.14 Nek1 and Nek8 are
members of the NIMA (never in mitosis A)-related kinase
(Nek) family. Neks are cell cycle kinases that are thought to
coordinate the regulation of cilia and cell cycle progression.15

Like all known nephrocystins (NPHP proteins), Nek8 localizes
to primary cilia but seems not to be required for ciliary assem-
bly.16 Knock-down of Nek8 led to the formation of pronephric
cysts in zebrafish embryos and in vitro expression of mutated
Nek8 resulted in enlarged, multinucleated cells.14 On the basis
of the renal cystic disease phenotype of Nek8 missense muta-
tion in mice and knock-down in zebrafish and of the ciliary/
centrosomal localization of Nek8 and the known nephro-
cystins, we evaluated NEK8 as a candidate gene for human
NPHP. We identified 3 different functionally significant mis-
sense mutations in evolutionary conserved amino acids.

RESULTS

Mutational screening of all exons of NEK8 in 188 patients with
NPHP by direct sequencing revealed 3 different nucleotide
changes that alter the deduced amino acid sequence of human
NEK8 (C988T, L330F, heterozygous; C1273T, H425Y, ho-
mozygous; G1489C, A497P, heterozygous) in 3 patients from
different families (Table 1; Figure 1, A). Screening of an addi-
tional 400 patients with NPHP for homozygosity by typing 3
highly polymorphic microsatellite markers at the NEK 8 locus
yielded 2 individuals showing homozygosity. None of these
had any further NEK8 mutations. At least 80 DNA samples
from healthy control individuals from Central Europe were
examined to test the mutations found in the Swiss (F408), Aus-
trian (F612), and the Kurdish (F601) patients. For the Kurdish
family (F601) we examined an additional 76 healthy control
samples from Turkey. All mutations were absent from the con-

trols investigated. Mutation analysis of all known NPHP genes
for these 3 patients revealed an additional homozygous muta-
tion in the NPHP5 gene (424 – 425delTT, F142fsX146) in the
patient F408 who carries the L330F change in NEK8 heterozy-
gously.8 All 3 mutated amino acids (L330, H425, and A497)
show evolutionary conservation and are identical in human,
mouse, xenopus, and zebrafish. Additionally, H425 is con-
served in the chordate Ciona intestinalis (Figure 1, B). The
equivalent numbering of the L330F, H425Y, and A497P hu-

Table 1. NEK8 mutations and clinical characteristics in three patients with NPHP

Family
No.

Ethnic
Origin

Nucleotide
Changea

Deduced
Protein
Changea

Exon
(allele)

Parental
Consanguinity

Age (yr)
at ESRF

Renal
Cysts

Eye
Involvement

Mutation
Absent From

Controlsb

F408c Swiss C988T L330F 7 (heterozygous) � 24 ND RP, blind at
age 24

0/80, DHPLC

F601 Kurdish C1273T H425Y 9 (homozygous) � 3 Microcysts (renal
biopsy consistent
with NPHP)

No 0/85, NcoI
0/76, direct
sequencing

F612 Austrian G1489C A497P 11 (heterozygous) � 14 ND No 0/85, BlpI
DHPLC, denaturing high performance liquid chromatography; RP, retinitis pigmentosa; ND, no data available.
aNumbering based on NEK8 cDNA position in human reference sequences NM_178170.2; �1 corresponds to the A of the ATG translation initiation codon.
bAll mutations were absent from at least 80 healthy control subjects. For the Kurdish family (F601), we examined an additional 76 healthy control samples from
Turkey. BlpI or NcoI restriction enzyme digest, DHPLC, or direct sequencing were used for examination of healthy control samples.
cThe patient of family F408 carries an additional homozygous NPHP5 mutation.8

Figure 1. Human mutations in NEK8 and evolutionary conser-
vation. (A) Chromatograms of 3 different NEK8 mutations de-
tected in 3 individuals with nephronophthisis. Family number,
amino acid sequence change, and mutated nucleotide are given
above sequence traces. Wild-type sequences are shown below
mutated sequences. Reading frame is indicated by underlining
codon triplets in the upper panel, and mutated nucleotides are
indicated by an arrowhead. The two mutations L330F and A497P
occurred in the heterozygous and H425Y in the homozygous
state. All mutations were absent from at least 80 healthy control
individuals. (B) Alignment of the Nek8 protein sequence of re-
gions mutated in patients with homologues from various species.
Amino acid residues that are within the same chemical group are
coded in the same color. Mutated amino acids are indicated with
arrowheads. The amino acid sequences are aligned with those of
Homo sapiens (H.s.), Mus musculus (M.m), Xenopus tropicalis
(X.t.), Danio rerio (D.r.), and Ciona intestinalis (C.i.).
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man mutants is L336F, H431Y, and A503P in mouse, respec-
tively.

Direct yeast-2-hybrid interaction screening of NEK8 (bait)
with 5 nephrocystin proteins (NPHP1–5), Bardet Biedl syn-
drome proteins (BBS1, 2, 4, 5, 7, MKKS, TTC8), cystic mouse
model proteins (IFT88/Tg737, KIF3A, KIF3B, NEK1, TGFA,
OVOL1), intraflagellar transport proteins (IFT122, �27, �46,
�52, �57), and 29 additional NPHP disease candidates (prey)
were all negative (Figure S2).

Transient transfection of IMCD-3 cells with wild-type GFP-
Nek8 shows cytoplasmic, centrosomal, ciliary, and perinuclear
localization, whereas the mutant GFP-Nek8 constructs L336F
and H413Y show decreased localization to the cilia (Figures 2,
A and 3). The H431Y GFP-Nek8 mutant also shows reduced
localization to the centrosome, whereas the other mutations
did not (Figure 2, A and 3). Transient transfection of GFP

alone, wild-type GFP-Nek8, or GFP-Nek8 mutants in IMCD-3
cells had no effect on whether cells were ciliated (scored as %
ciliated cells in the population). We did not detect an effect on
mitosis or number of centrioles (Figure 2, B). Transient trans-
fection of IMCD-3 cells with N-terminal myc-tagged wild-
type, L336F, H431Y, or A503P Nek8 vectors resulted in similar
observations as the GFP-tagged vectors, with all forms of Nek8
causing multinucleated cells and no effect on ciliation, mitosis,
or centriole number (data not shown).

Figure 2. (A) Quantification of differential subcellular localization
of GFP-tagged Nek8 constructs. Transiently transfected ciliated,
mononucleate IMCD-3 cells with low to medium levels of expres-
sion were quantified for ciliary, centrosomal, perinuclear, and cell
peripheral localization of GFP-mutant Nek8. The total number of
cells counted from 3 independent experiments was n � 45, 50,
55, 55, and 45 for GFP alone, wild-type (WT), L336F, H431Y, and
A503P, respectively. Error bars � SEM. Note that ciliary localiza-
tion was significantly reduced for mutant constructs L336F and
H431Y compared with the wild-type. Centrosomal localization
was significantly reduced for mutant H431Y. Statistical signifi-
cance was assessed using T-test assuming 2-sample unequal
variances with 2-tailed probability. *P � 0.01, **P � 0.001. (B)
Overexpression of Nek8 has no effect on ciliogenesis. Trans-
fected and untransfected cells were categorized as ciliated with a
pair of centrioles, lacking cilia with a pair of centrioles, undergo-
ing mitosis, multinucleate, or having an aberrant number of cen-
trioles, including none at all. n � total number of cells counted
from three independent experiments. The total number of cells
counted from three independent experiments was n � 1095, 150,
300, 250, 300, and 258 for untransfected, GFP alone, WT, L336F,
H431Y, and A503P, respectively. Error bars � SEM.

Figure 3. Mutant forms of Nek8 have defects in subcellular local-
ization. Transient overexpression of N-terminal GFP-tagged mouse
Nek8 cDNA in inner medullary collecting duct (IMCD-3) cells. (A)
Cells were stained for anti-acetylated tubulin (red) to visualize cilia
(arrows) and anti-�-tubulin (red) to mark centrosomes (arrowheads)
and DAPI to indicate the nucleus (blue). Wild-type GFP-Nek8 (green)
localizes to the cytoplasm, centrosomes (arrowheads), and cilia (ar-
rows). (B through E) Expression of GFP alone and mutant GFP-Nek8
constructs. Note that amino acid numbering differs in murine mNek8
and human NEK8 (Table 1). Cells were fixed and stained for anti-
acetylated tubulin for cilia (red) and for anti-�-tubulin for centro-
somes (blue) and DAPI (blue). (B) GFP alone localizes to the cyto-
plasm, but not to cilia or centrosomes. (C) The GFP-L336F Nek8
mutant was detected in the cytoplasm and centrosomes, but not in
cilia. (D) The GFP-H431Y Nek8 mutant is not associated with either
centrosomes or cilia, in this example. (E) GFP-A503P localizes to the
cytoplasm and centrosomes, but not to cilia in this example. Insets
are �2 original magnification in panels B and D and �1.5 magnifi-
cation in panels C and E.
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DISCUSSION

Nephronophthisis is a renal cystic disease with extensive ge-
netic locus heterogeneity. Except for NPHP1, individual genes
are mutated only in a few patients in the range of 1% to 3% of
all cases. As an example, to date only 8 cases were described
with NPHP2/Inversin mutations.6,13 Another extremely rare
cause for NPHP are mutations in NPHP7/GLIS2, which were
identified in only one family so far.10 After screening 188 pa-
tients with NPHP by direct sequencing of NEK8, only 3 muta-
tions were identified. To identify further NEK8 mutations, we
followed a homozygosity mapping strategy by typing highly
polymorphic microsatellite markers, positioned in close prox-
imity to NEK8 in additional 400 patients. We applied this ap-
proach based on the observation that recessive mutations in
rare diseases like NPHP1–5 are found to be mostly homozy-
gous, rather than compound heterozygous. No additional ho-
mozygous NEK8 mutations were detected. Therefore, we con-
sider NEK8 as another very rare cause for NPHP (NPHP type
9). In total, we identified 3 missense mutations in NEK8 in 3
unrelated patients, one of which was homozygous, and for 2 of
which the second NEK8 allele was not detected. In the 2 indi-
viduals in whom we only found a heterozygous mutation
(F408 and F612), one explanation is that we missed the second
NEK8 mutation, which may be not accessible to exon sequenc-
ing. This situation is the rule rather than the exception, as in
patient cohorts with mutations in NPHP3, NPHP4, and
NPHP6 we find a fair number of patients in whom we do not
detect the second mutation.7,9,17 Because no parental DNA was
available, we could not test for segregation of these mutations.
The parents of both individuals did not have an NPHP pheno-
type. Alternatively, as in the Bardet-Biedl syndrome, oligo-
genic inheritance may be necessary to manifest the disorder.18

The heterozygous Nek8 mutation might act as a potential ge-
netic modifier of the kidney and eye phenotype. Interestingly,
one patient (F408) with a heterozygous NEK8 mutation
(L330F) carries an additional homozygous loss of function
mutation in NPHP5. Paradoxically, this patient became blind
at age 24 yr, which is later compared with all other patients with
truncating NPHP5 mutations, who developed blindness
within the first 3 yr of life. Whether this may reflect a “gain of
function” cannot be decided on the basis of one case only.
Interestingly, cilia were significantly lengthened in jck epithelia
compared with wild-type cilia accompanied by enhanced ex-
pression of polycystins along the cilia.19 We speculate that mu-
tated Nek8 led to analogous changes in connecting cilia of pho-
toreceptors. Crossing jck mice, in which no sign of eye disease
has been reported to date, with Nphp5�/� knockout mice may
address the question of a potential “gain-of-function modi-
fier.” The mutation H425Y (mNek8_H431Y) found in a
NPHP patient (F601) homozygously is localized in close prox-
imity to the murine jck mutation (G448V) in a highly con-
served RCC1 (regulator of chromosome condensation) repeat.
The role of the RCC1 domain in Nek8 is still unknown. Inter-
estingly, the retinitis pigmentosa GTPase regulator protein

RPGR, which is known to be in a complex with NPHP5, con-
tains an RCC1domain as well. All mutations found in NEK8,
including the jck cystic mouse model, are “missense” muta-
tions. Truncating mutations, which are common in NPHP1– 8,
have not been found in NEK8. There is no Nek8 knockout
mouse model to address the question if such a mutation would
be compatible with life and whether the phenotype will be
comparable with the jck phenotype.

Our experiments showed that overexpression of Nek8 gives
rise to multinucleated cells regardless of whether wild-type or
mutated Nek8 is transfected into cultured cells, which is in
conflict with findings that cells expressing jck mutant Nek8
differ compared with wild-type Nek8 regarding cell enlarge-
ment and multinucleation.14 The authors did indeed not find
multinucleated tubule cells in jck mice.14 The cellular basis of
renal cyst formation is still not fully understood. Recent evi-
dence supports a unifying theory of renal cystic disease on the
basis of ciliary/centrosomal expression.1,2,20

In this study, we show that mutations in the kinase Nek8
decrease or abolish its localization to the cilium. We speculate
that ciliary localization of Nek8 is crucial for proper cilia sig-
naling, which then might affect downstream events, such as cell
cycle progression.21,22 Loss of cilary localization of Nek8 was
reported in primary kidney epithelial cells derived from jck
mice.19 We have recently found decreased ciliary localization
of Nek8 in luminal cilia of jck homozygous mouse kidney tu-
bules, but not in heterozygous (unaffected) mice (Trapp ML,
unpublished observation).

CONCISE METHODS

Human Subjects
We obtained blood samples, pedigree, and clinical information after

receiving informed consent (www.renalgenes.org) from 588 patients/

families with NPHP and their parents. Approval for human subjects

research was obtained from the University of Michigan Institutional

Review Board. In all patients, the diagnosis of NPHP was based on the

following criteria: 1) clinical course with characteristic clinical signs of

NPHP, including chronic renal failure, polyuria, polydipsia, anemia,

and growth retardation; 2) renal ultrasound or renal biopsy compat-

ible with the diagnosis of NPHP as judged by a (pediatric) nephrolo-

gist; and 3) pedigree compatible with autosomal recessive inheritance.

Homozygous NPHP1 deletions were excluded in all patients, applying

a multiplex polymerase chain reaction (PCR) approach.23

PCR Amplification and Sequencing
We screened for NEK8 mutations by direct sequencing from one

strand using exon flanking primers in a touchdown PCR reaction

for all 15 exons. Sequences and PCR conditions are available on

request. PCR products were purified using spin columns according

to the manufacturer’s instructions (Marligen, Ijamsville, MD) and

directly sequenced using the dideoxy chain-termination method

on an automatic capillary genetic analyzer (Applied Biosystems,

Foster City, CA). Exon-PCR products of ethnically matched
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healthy control individuals were investigated by restriction en-

zyme digests, DHPLC analysis, or direct sequencing.

Cell Culture
IMCD-3 cells were cultured in humidified 37°C incubator with 5%

CO2 in 1:1 DMEM/Ham’s F12 media with 10% FBS (all from Invitro-

gen, Carlsbad, CA).

GFP Constructs and Transfection
The L336F, H431Y, and A503P mutagenized mouse Nek8 (mNek8)

cDNA constructs (corresponding to human amino acid positions

L330F, H425Y, and A497P, respectively) were digested with BlpI and

XbaI, and the resulting Nek8 fragment containing the mutation was

subcloned into the BlpI/XbaI digested pEGFP-C2 (BD Biosciences

Clontech, San Jose, CA) vector containing mNek8 with an N-terminal

GFP. The reading frame and mutations were verified by sequencing.

Western blot of transfected IMCD-3 cell extracts using anti-GFP an-

tibody shows expected band size of 102 kDa for the GFP-Nek8 fusion

proteins and 27 kDa for GFP alone (Figure S1). The plasmids were

then purified by an Endotoxin-free Maxiprep kit (Qiagen, Hilden,

Germany). Transient transfections were performed using Lipo-

fectamine 2000 (Invitrogen) according to manufacturer’s protocol

with the following exception: Cells grown on coverslips were incu-

bated with DNA complexes in OptiMEM (Invitrogen) for 4 to 6 h,

then washed with PBS and incubated in DMEM/Ham’s F12 media for

16 to 24 h. Transfection efficiency ranged from 30% to 62%.

Immunofluorescence
The transfected cells grown on coverslips were fixed with �20°C

methanol for 10 min and then rehydrated with PBS. They were sub-

sequently incubated for 1 h with the following primary antibodies:

polyclonal rabbit anti-� tubulin (500-fold dilution, Sigma, St. Louis,

MO), monoclonal mouse anti-� tubulin (1000-fold dilution, Sigma),

and monoclonal mouse IgG2b anti-acetylated tubulin (7500-fold di-

lution, Sigma). After washing in PBS, the cells were incubated for 1 h

with one or more of the following secondary antibodies: Alexa 594-

conguated goat anti-mouse IgG2b (1000-fold dilution, Molecular

Probes, San Diego, CA), Alexa 594-conjugated goat anti mouse all IgG

(2000-fold dilution, Molecular Probes), and Cy5-conjugated donkey

anti-rabbit (500-fold dilution, Jackson ImmunoResearch Laborato-

ries, West Grove, PA). Cell nuclei were stained with 4 to 6-diamidino-

2-phenylindole (1 �g/ml). Coverslips were mounted using an anti-

fade medium containing 0.1 mg/ml Mowiol (Calbiochem, San Diego,

CA), 50% glycerol, and 100 mM Tris, pH 8.5.16 Microscopy was per-

formed using the Delta Vision system (Applied Precision, Issaquah,

WA) as described previously.24

Cell Quantification
In 3 independent experiments, transfected and untransfected cells

were categorized as ciliated with a pair of centrioles, lacking cilia with

a pair of centrioles, undergoing mitosis, multinucleate, or having an

aberrant number of centrioles, including none at all. The ciliated,

mononucleate cells with low to medium levels of expression were then

quantified for localization of GFP-mutant Nek8 to cilia, centrosomes,

to the perinuclear region, and/or to the cell periphery.
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