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We previously have described a mouse model for polycystic kidney
disease (PKD) caused by either of two mutations, kat or kat?, that
map to the same locus on chromosome 8. The homozygous mutant
animals have a latent onset, slowly progressing form of PKD with
renal pathology similar to the human autosomal-dominant PKD. In
addition, the mutant animals show pleiotropic effects that include
facial dysmorphism, dwarfing, male sterility, anemia, and cystic
choroid plexus. We previously fine-mapped the kat> mutation to
a genetic distance of 0.28 + 0.12 centimorgan between D8Mit128
and D8Mit129. To identify the underlying molecular defect in this
locus, we constructed an integrated genetic and physical map of
the critical region surrounding the kat?’ mutation. Cloning and
expression analysis of the transcribed sequences from this region
identified Nek1, a NIMA (never in mitosis A)-related kinase as a
candidate gene. Further analysis of the Nek7 gene from both
kat/kat and kat?’/kat® mutant animals identified a partial internal
deletion and a single-base insertion as the molecular basis for these
mutations. The complex pleiotropic phenotypes seen in the ho-
mozygous mutant animals suggest that the NEK1 protein partici-
pates in different signaling pathways to regulate diverse cellular
processes. Our findings identify a previously unsuspected role for
Nek1 in the kidney and open a new avenue for studying cysto-
genesis and identifying possible modes of therapy.

Polycystic kidney disease (PKD) is the most common inher-
ited nephropathy in humans (1). PKD is characterized by
massive renal enlargement associated with the growth of fluid-
filled intrarenal cysts. Genetic studies of inherited PKD in
humans and animal models clearly have shown that mutations at
multiple loci with different modes of inheritance result in various
forms of PKD (2-7). In recent years, major advances have been
made toward understanding the genetics of PKD. In humans, the
PKDI1 and PKD2 loci that cause autosomal-dominant PKD
(ADPKD) and the murine orck locus that causes disease pathol-
ogy similar to the human autosomal-recessive PKD (ARPKD)
have been cloned. The PKDI gene product, polycystin-1, en-
codes an integral membrane glycoprotein with significant ho-
mology to membrane proteins involved in cell—cell and/or
cell—matrix interactions (8). The PKD2 gene product, polycys-
tin-2, is also an integral membrane protein with homology to the
voltage-activated Ca?* channel ojg and the Na* voltage-
dependent channels (9). Analysis of the primary sequence of the
orck gene product reveals a protein containing 10 copies of an
internally repeated, 34-aa (tetratricopeptide) motif that is found
in a number of cell-cycle control proteins (10). Although the
primary structure has predicted certain roles for these three
proteins, their function still remains largely unknown. However,
because patients with mutations in either PKDI or PKD2 have
a similar clinical phenotype and recent in vitro studies have
shown that polycystin-1 and polycystin-2 interact via their C-
terminal cytoplasmic domains, it has been hypothesized that
polycystin-1 and polycystin-2 may function in a common signal-
ing pathway (11-13). The available literature also suggests that
there is a wide variation in the clinical manifestations seen
among patients with ADPKD, suggesting that other protein

factors alter the disease severity caused by PKDI and PKD2 (14,
15). These observations support the hypothesis that polycystin-1,
polycystin-2, and those factors that modulate the disease severity
among ADPKD patients belong to a common pathway. The
identification of these interacting factors is difficult in humans.
However, the various animal models of PKD (7, 16) present us
with an opportunity to identify these interacting factors not only
in the polycystin pathway but also members in other parallel
pathways that are important in stabilizing this critical organ.

We recently characterized two independent mutant alleles, kat
and kat®, that cause pleiotropic effects that include facial
dysmorphism, dwarfing, male sterility, anemia, cystic choroid
plexus, and a progressive polycystic kidney disease (16, 17). The
latent onset of cystogenesis and similarity of the renal pathology
to human ADPKD make this an attractive animal model for the
study of renal cystogenesis. We mapped the mutations to mouse
chromosome 8. To generate a physical map and to eventually
clone the gene mutated, the kar?' allele was localized to a genetic
distance of 0.28 = 0.12 centimorgan (cM) between DSMit128 and
D8Mit129 (16). During this fine mapping of the kar> mutation,
it was noted that the severity of PKD in the mutant (C57BL/
6J-kat¥ /+ X CAST/Ei)F, generation was more variable than
that in the parental C57BL/6]J strain. This suggested that genetic
background or modifier genes alter the clinical manifestations
and progression of PKD, thereby further strengthening the kat
series of mutations as a model to study PKD. Genome scans
using molecular markers revealed modifier loci that affect the
severity of PKD, providing an opportunity to identify other
interacting proteins (18). Here, by positional cloning, we report
the identification of the NIMA (never in mitosis A)-related
kinase, NekI (19), as the gene that is altered by the kar and kar®
spontaneous mutations.

Materials and Methods

Mice. The kat and kat* spontaneous mutations arose at The
Jackson Laboratory on RBF/Dn and C57BL/6J inbred strains,
respectively. The kat mutation has been transferred to the
C57BL/6J background and, like the kat?’ mutation, is main-
tained as a pedigree colony. All parental, control, and mutant
stocks are maintained at The Jackson Laboratory, where animal
procedures are approved by the Animal Care and Use Com-
mittee.
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PCR and DNA Sequencing. Mouse genomic DNA was prepared by
using standard techniques (20). DNA was PCR-amplified under
the following conditions (3 min at 94°C, 2 min at 55°C, 2 min at
72°C, for a total of 25-35 cycles, followed by a 7-min final
extension at 72°C). Primers were: 16335’ (5'-ATAGAACATA-
TTTCTAACCAAAG-3'), 16333" (5'-TTGTTACCTATTAA-
GAACTCGAG-3'), Nek125" (5'-CTCTGAAGCATGTACAT-
GATAG-3") and Nek123" (5'-CTTGGTTGGCTCTCTCTAC-
AGC). The PCR products were analyzed on either agarose or
polyacrylamide gels. DNA sequencing was performed either
manually with the Amplicycle sequencing kit (Perkin—Elmer) or
with the ABI model 373A automated DNA sequencer (Applied
Biosystems) with M13, SP6, T7, or specific primers.

Cloning of Yeast Artificial Chromosome (YAC) Ends. Total DNA was
prepared from the positive YAC clones by using the standard
protocol (21). YAC ends were cloned by inverse PCR (22, 23),
with the following modification of primers for the rescue of the
left end: VLEFT2, 5'- AGAATTGATCCACAGGACGC-3/, re-
placed InvL-2 in the first PCR step, and M13REVL2 was
replaced by the 18-mer primer LEFT SEQ, 5'-TGGTCGCCAT-
GATCGCGT-3, in the second step. LEFT SEQ was used to
sequence the left-end clone.

Cloning of P1 and Bacterial Artificial Chromosome (BAC) Ends. P1 and
BAC DNAs were purified from Escherichia coli by alkaline lysis
(24). The P1 ends were sequenced directly with 21-mer primers
complementary to the SP6 and T7 promoter regions of the
pAD10SacB11 vector (25). The BAC ends were sequenced with
the M13 primers.

DNA Typing. Single-strand conformation polymorphisms were
run on nondenaturing MDE gels (AT Biochem, Malvern, PA) at
6 W for 8 h at 4°C. Simple sequence length polymorphisms were
run on nondenaturing 6% polyacrylamide gels at 40 W for 2 h
at room temperature.

Direct cDNA Selection. Hybrid selection protocol (22, 26) was used
to obtain cDNA clones for the transcribed sequences contained
in the appropriate BAC clones. Poly(A)™ mRNA from adult
mouse kidney was used as the starting material for the prepa-
ration of cDNA selection products. Total RNA was prepared by
using Trizol (GIBCO/BRL), and poly(A)" mRNA was purified
by using Streptavidin Magnesphere Paramagnetic Particles (Pro-
mega). cDNA selection products had an average length of
500-600 bp.

Northern Blots and Reverse Transcription-PCR (RT-PCR). Total RNA
and poly(A)" RNA were prepared from adult mouse testis and
kidney, and either 20 ug of total or 1.5 ug of poly(A)" RNA was
run on a 1% agarose/formaldehyde gel. After blotting onto
Nytran Plus membrane (Schleicher & Schuell), the blot was
probed in Church buffer (7% SDS/0.5 M sodium phosphate, pH
7.5/1 mM EDTA) at 65°C. The final wash was 0.1X SSC/0.1%
SDS at 65°C. A 1.8-kb mouse actin probe (Ambion) was labeled
(Stratagene) and used as a control for equal RNA loading. For
RT-PCR, poly(A)* RNA (1 pg) was reverse-transcribed with
avian myeloblastosis virus reverse transcriptase (Promega).
PCRs were run as described above for 25 cycles. The RT
products were resolved on agarose gel, purified (Qiagen), and
sequenced.

Southern Blotting. The mouse genomic DNAs (5 ug) were di-
gested with various restriction enzymes and resolved on a 0.8%
agarose gel. After blotting onto Nytran Plus membrane (Schlei-
cher & Schuell), the blot was processed as described above.
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Genome Walk. The mouse Genome Walker kit from CLONTECH
was used for the genome walk. The walk was performed accord-
ing to the manufacturer’s protocol. The primer used for the walk
was NekGEl (5'-ATGGAGTGCCTATGCAAGTTCGAGC-
CAGCTCTAC). All the five libraries in the kit were amplified
by using NekGE1 and AP1 primers. The amplified fragment was
resolved on a 1.2% agarose gel, purified (Qiagen), and se-
quenced.

Results

To identify the gene affected by these mutations we generated
a physical map of the region between DEMit128 and DSMit129.
We screened three YAC libraries (27-29) for clones encompass-
ing the closest flanking markers, D8Mit129 and D8Mit128. The
ends of these YACs were rescued by inverse PCR and sequenced.
Because the ends of the YACs obtained by screening with
D8Mit129 were chimeric, repetitive, or oriented in the opposite
direction of the intended walk, we walked only from the distal
end (D8Mit128). In addition to the YAC clones, we also iden-
tified BAC and P1 (25) clones from this region. The ends of every
BAC and P1 clone obtained were sequenced, and PCR primers
were designed to generate probes to integrate the physical and
the genetic map and also to screen the libraries for the next walk.
The genomic DNAs from the animals that had recombination
events in the interval between D8Mit128 and D8Mit129 were
analyzed by single-stranded conformation and restriction frag-
ment length polymorphism. The contig was completed when the
walk from D8Mit128 crossed the proximal recombination event
(mouse 161). The detailed contig of the region encompassing the
kat* mutation is depicted in Fig. 1.

A hybrid selection protocol (22, 26) was used to obtain cDNA
clones representing the transcribed sequences contained in the
contig using BAC clones B6L, B9F, B19A, and B45715 as
templates. Because colony hybridization of the hybrid-selected
clones with labeled Cotl DNA showed that only a few of the
clones contained repetitive elements, we randomly selected 50
clones for each of the templates used in the hybrid-selection
protocol. DNA from each of these clones was sequenced, and
BLAST searched against the various databases. Based on the
results of the BLAST search, 40 cDNA clones were selected for
expression analyses. Northern blots of total RNA from the
kidneys of 1-month-old mutants (kat/kat and kat* /kat*’) and
age-matched (+/+) controls were probed with the 40 hybrid-
selected cDNA clones. Of the 40 clones, only 1 of the cDNA
clones, clone 26A, representing NekI (19), detected an altered
mRNA expression in both mutants. This cDNA clone hybridized
to the BAC (B19A), which was used as a template in the cDNA
hybrid-selection protocol, showing that the Nek! cDNA maps to
the critical region that encompasses the kat?’ mutation. In
addition, recently the Nek! gene was mapped to the same region
of mouse chromosome 8 (30), to which we have mapped the kar?’
mutation (16). Because the Nekl gene is known to be expressed
in testis and kidney, a Northern blot containing poly(A)" RNA
from these tissues was hybridized with the same Nek! cDNA
clone. Results of this analysis showed a reduction in size of the
Nekl transcripts in both testis and kidney of the kat/kat mutant
animal, indicating a possible deletion. The level of expression of
the 6.5- and 4.4-kb transcripts in both tissues from kar?’ /kar> was
reduced slightly (Fig. 2). These data suggested that the kat and
kat* mutations disrupt the Nekl gene.

To determine whether the putative deletion in the kat/kat
mutant animals was due either to a splicing defect that resulted
in exon(s) skipping or to a deletion in the genomic DNA, we
performed Southern blot analyses. A Southern blot containing
equal amounts of EcoRI-digested genomic DNA from +/+,
kat/+, and kat/kat was hybridized with a cDNA probe repre-
senting +918-2040 nt (Fig. 3B) of the Nekl cDNA. This probe
did not detect any fragments in the kat/kat genomic DNA. This
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Fig. 1. Contig of YACs (Y), BACs (B), and P1s (P) across the kat? locus on chromosome 8. The triple lines across the chromosome represent the proximal and
distal recombination (Rec) events in the animals 584 (mouse with a proximal recombination event) and 161 (mouse with a distal recombination event). The
hatched box represents the nonrecombinant region that must contain the kat? mutation. All the libraries were screened by PCR. The solid circles represent the

chimeric ends of the YAGs.

result is consistent with a deletion in Nekl genomic DNA as the
cause of the kat mutation. The hybridization of the same blot to
the labeled cDNA probes representing +575-1011 nt and
+2877-3738 nt of the Nekl cDNA detected the same genomic
fragments in the +/+, kat/+, and kat/kat genomic DNAs (Fig.
3 A and C). This showed that the kat mutation causes an internal
deletion of the Nekl structural gene. To determine the extent of
deletion caused by the kat mutation, we analyzed Nekl tran-
scripts from +/+ and kat /kat mutants by RT-PCR. Primers were
designed along the length of the Nekl cDNA to amplify over-
lapping fragments, and the RT-PCR products obtained from
+/+ and kat/kat mice were sequenced. The sequence analysis
of the Nekl RT-PCR product from the kat/kat mutant animals
showed an internal deletion that included residues 791 to 2105
of the Nekl transcript, confirming that the kat mutation causes
a deletion within the Nekl gene.

To determine whether the kar?’ mutation also causes a se-
quence alteration in the Nek! transcript, we performed RT-PCR
on the mRNA obtained from the kar*/kat* mutant animals.
The sequence analyses of the RT-PCR product from the kat?'/
kat* mutant showed an insertion of a guanosine residue at
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Fig.2. Northern analyses of Nek1 expression in control and mutant animals.
Lanes 1-3 contain poly(A)* RNA from the testis, and lanes 4-6 contain
poly(A)™ RNA from the kidneys of 3-month-old animals. A was probed with a
hybrid-selected Nek1 cDNA, clone26A, that represents 1838-2325 nt of the
Nek1 transcript (19). B represents the same blot stripped and probed with a
1.8-kb human B-actin cDNA fragment, a sample loading control. Size markers
used to estimate kilobases were 28S and 18S RNA.
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position +996 nt (Fig. 44). This insertion causes a frame shift
that results in a premature stop codon.

The insertion was confirmed by sequencing the kat?’ mutation
in genomic DNA. Initial attempts to PCR-amplify the wild-type
genomic DNA by using primers based on the Nekl cDNA
sequence encompassing the insertion site failed, indicating the
presence of intron(s). Because the intron—exon boundaries of the
Nek1 gene are not known, we analyzed the Nek! cDNA sequence
for all the possible exon—exon junctions by using the computer
program RNASPL (ref. 31; http://dot.imgen.bcm.tmc.edu:9331/
seq-search/gene-search.html). The analyses indicated the pres-
ence of a number of putative splice sites 5’ to the mutation. We
performed a genomic walk toward the intron that was 5 to the
mutation by using a 30-nt primer (NEKGEL). The fragment
cloned by this walk was sequenced. The alignment of the genomic
and the cDNA sequence of Nekl allowed us to determine the
sequence of the intron 5’ to the mutation. Based on this
sequence, a primer pair (16335’ and 16333’) flanking the kar®
insertion was designed and used to amplify genomic fragments
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Fig. 3. Identification of the kat mutation. Southern analyses of a blot
containing EcoRlI-restricted genomic DNA from +/+, +/kat, and kat/kat. The
blot was probed with cDNA probes that represented 575-1011 nt (A), 918-
2040 nt (B), and 2877-3738 nt (C) of the NekT transcript.
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Fig. 4. Identification of the kat? mutation. (4) Sequencing of the RT-PCR
product amplified by the primer pair Nek125" and Nek123’ from +/+ and the
KAT2J mutant. The arrow represents the guanosine residue inserted because
of the kat? mutation. The insertion occurs at position +996 nt of the Nek1
transcript. (B) Assay to identify the kat? mutation in the genomic DNA.
GenomicDNAs from known +/+, +/kat?, and kat? /kat? were PCR-amplified
with the 16335’ and 16333’ primer pair. The amplified products were resolved
on a 6% polyacrylamide gel. The experiment was done on DNAs from two sets
of animals. (C) Represents the sequence between the 16335’ and 16333’
primer pair of the genomic PCR fragments obtained from +/+ and kat? /kat?
animals. The solid circle represents the 16335’ primer, and the solid diamond
represents the 16333’ primer. The sequences of the primers are provided in
Materials and Methods. The boxed guanosine residue is the insertion resulting
from the kat? mutation. (D) Structural comparison of the wild-type NEK1
protein and the truncated NEK1 protein from the kat?/kat? mutant. The
amino acids incorporated because of the frame shift are represented by a
hatched box and by their single-letter code. The asterisk indicates the position
of the premature stop codon.

from +/+, +/kat¥, and kat* /kat* animals. Fig. 4B shows that
the fragment generated by the mutant allele is longer than the
one generated by the wild-type allele, thereby establishing an
assay to distinguish between the kar?' and the wild-type allele. To
confirm the identity of the PCR products generated and the
nature of the kar” mutation, we sequenced the fragments
generated from +/+ and the kat?’/kat?’ animals. Fig. 4C shows
the comparison of the sequences, confirming that the kar?
mutation results from an insertion of a guanosine residue in the
Nekl1 gene. The putative truncated protein would be 154 aa in
length, inclusive of the 13 different amino acids incorporated
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because of the frame shift, and lack the entire C-terminal tail
(Fig. 4D). The results presented in this paper show that the two
mutations, kat and kat?’, cause an alteration in the Nek! gene.
Because the kat mutation deletes most of the NEK1 kinase
domain and both kat and kat? lead to the same clinical mani-
festations, we predict that both the mutations result in a null
phenotype.

Discussion

Nekl previously has been cloned and characterized from a
mouse erythroleukemia cDNA expression library by using an-
tibodies directed toward phosphotyrosine (19). The Nekl gene
encodes a 774-aa dual specific protein kinase that contains an
N-terminal domain (1-258 aa) with homology to the catalytic
domain of NIMA, a protein kinase that controls the initiation of
mitosis in Aspergillus nidulans. In situ RNA analysis of Nekl
expression in mouse gonads revealed a high level of expression
in both male and female germ cells, with a distribution consistent
with a role in meiosis. Based on these results, it was suggested
that NEK1 is a mammalian relative of the fungal NIMA cell cycle
regulator (19, 32). The previous results showing Nek! expression
in the testis combined with the male sterility we see in the kat
mutants are in support of a role for NEK1 in spermatogenesis.
However, our observation that the homozygous mutant female
animals breed suggests that the NEKI protein may play a
different role in male and female germ cells. In situ RNA
hybridization analysis has shown high levels of Nek! expression
in distinct regions of the nervous system (33). The facial dys-
morphism observed in the kat mutants may be attributed, in part,
to the loss of Nek! function in the cranial ganglia (ninth/tenth
inferior complex). We previously have mapped modifier loci that
exclusively alter the anemia in the F, mutants (18), suggesting
that in addition to the progressive renal disease being responsible
for the anemia, the NEKI protein may play a direct role in
erythropoiesis. Based on the complex phenotype we have de-
scribed in the kat mutants we propose that NEK1 is a multi-
functional protein that participates in multiple pathways regu-
lating different tissue-specific processes. This functional diver-
sity of the NEK1 protein may be due to its involvement in diverse
protein—protein interactions and to its dual specific kinase
activity.

Genetic and biochemical analyses have implicated three fun-
damental mechanisms in renal cystogenesis: abnormal cellular
proliferation and differentiation, anomalies in the extracellular
matrix and basement membrane, and, finally, a net trans-
epithelial fluid secretion (directed toward the cyst lumen) be-
cause of faulty signaling (34, 35). We propose that in the kidney,
the NEKI1 protein belongs to a signaling pathway that eventually
regulates transport functions. It will be important to determine
whether the NEK1 protein participates in a pathway that either
directly regulates the function of certain ion transporters such as
the Na*-K*-2Cl~ cotransporter (BSC2), whose activity is reg-
ulated by phosphorylation (36), or indirectly by promoting the
cellular proliferation/differentiation of the developing tubular
cells. Previous studies on the transport mechanisms operative in
epithelial cells of the lung, intestine, and kidney have shown that
the immature epithelial cells in these tissues secrete Cl~ ion and
fluid, whereas absorption prevails in terminally differentiated
cells (37). Hence, if the NEKI protein does participate in the
pathway that is involved in cellular proliferation/differentiation,
then the inactivation of this pathway in the kat mutants may
impair terminal differentiation of the renal epithelial cells,
which, as a result, show altered transport functions.

It has been speculated that polycystin-1 and polycystin-2
control protooncogenes and cellular programs directing cell
cycle progression and cellular differentiation. Consistent with
this, studies have shown that polycystin-1 and polycystin-2 may
participate in multiple signaling pathways involving protein
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kinase C (PKC) « and ¢ that converge on the activation of AP-1,
a transcription factor that regulates different cellular programs
such as proliferation, differentiation, and apoptosis. However,
the signaling pathways that lead to the activation of either PKC
a or ¢ by the polycystins have not been identified (38, 39). It is
enticing to speculate that the NEK1 protein is a member of the
polycystin-1- and polycystin-2-induced signaling pathway that
leads to the activation of the transcription factor AP-1 or some
other factor that is triggered by the combined activation of PKC
a and e. Thus, identification of proteins that interact with the
NEKI1 protein will help us substantiate or refute this speculation
and provide insights into the pathway to which NEK1 belongs.

Our previous mapping of modifier loci provides an added
avenue for understanding how the loss of Nek! function causes
renal cystogenesis (18). These putative factors may modulate the
outcome of the pathway to which the NEK1 protein belongs or
they may be members of a salvage pathway that becomes
operative as a compensatory mechanism in response to the loss
of Nekl function. For the characterization and identification of
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these modifier loci, we currently are generating congenic strains.
This type of genetic study cannot be done in humans. It is,
therefore, exciting to postulate that the future identification of
the pathway to which NEKI1 belongs and the factors that
modulate the renal disease caused by the loss of Nek! function
may allow advances in the understanding and therapeutic inter-
vention of human PKD.
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