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Certain heterozygous variants in the kinase domain of the 
serine/threonine kinase NEK8 can cause an autosomal 
dominant form of polycystic kidney disease.
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Phenotype: 
• polycystic kidney disease
• mostly early-onset kidney failure
• no consistent extra-renal features

In vitro assays
• Variant Nek8 localizes to cilium
• Nek8 knockout IMCD3 cells expressing variant-bearing Nek8: 

decreased polycystin-2 in cilia & reduced kinase activity
• DNA damage signaling increased in patient derived tubuloids and Nek8 knockout 

IMCD3 cells 
• Dominant-negative mechanism proposed
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Abstract:  1 
 2 
Autosomal dominant polycystic kidney disease (ADPKD) resulting from pathogenic variants in 3 
PKD1 and PKD2 is the most common form of PKD, but other genetic causes tied to primary cilia 4 
function have been identified. Biallelic pathogenic variants in the serine/threonine kinase NEK8 5 
cause a syndromic ciliopathy with extra-kidney manifestations. Here we identify NEK8 as a 6 
disease gene for ADPKD in 12 families. Clinical evaluation was combined with functional studies 7 
using fibroblasts and tubuloids from affected individuals. Nek8 knockout mouse kidney 8 
epithelial (IMCD3) cells transfected with wild type and variant NEK8 were further used to study 9 
ciliogenesis, ciliary trafficking, kinase function, and DNA damage responses. Twenty-one 10 
affected monoallelic individuals uniformly exhibited cystic kidney disease (mostly neonatal) 11 
without consistent extra-kidney manifestations. Recurrent de novo mutations of the NEK8 12 
missense variant p.Arg45Trp, including mosaicism, were seen in ten families. Missense variants 13 
elsewhere within the kinase domain (p.Ile150Met and p.Lys157Gln) were also identified. 14 
Functional studies demonstrated normal localization of the NEK8 protein to the proximal cilium 15 
and no consistent cilia formation defects in patient-derived cells. NEK8-wild type protein or all 16 
variant forms of the protein expressed in Nek8 knockout IMCD3 cells were localized to cilia and 17 
supported ciliogenesis. However, Nek8 knockout IMCD3 cells expressing NEK8-p.Arg45Trp and 18 
NEK8-p.Lys157Gln showed significantly decreased polycystin-2 but normal protein ANKS6 19 
localization in cilia. Moreover, p.Arg45Trp NEK8 exhibited reduced kinase activity in vitro. In 20 
patient derived tubuloids and IMCD3 cells expressing NEK8-p.Arg45Trp, DNA damage signaling 21 
was increased compared to healthy passage-matched controls. Thus, we propose a dominant-22 
negative effect for specific heterozygous missense variants in the NEK8 kinase domain as a new 23 
cause of PKD. 24 
 25 
Keywords:  26 
 27 
NEK8, polycystic kidney disease, kinase, ciliopathy 28 
 29 
Lay Summary: 30 
 31 
Autosomal dominant polycystic kidney disease (ADPKD) is the most common form of 32 
polycystic kidney disease, but other genetic causes tied to primary cilia function have 33 
been identified. Heterozygous pathogenic variants in NEK8 were identified in this 34 
study as the cause of an autosomal dominant form of PKD in 12 families. Clinical 35 
evaluation of patients with variants found within the NEK8 kinase domain was combined 36 
with functional studies using fibroblasts and tubuloids from affected individuals, and 37 
mouse renal epithelial cells. The study proposes that these heterozygous missense 38 
variants act in a dominant-negative fashion to cause kidney disease. The findings 39 
further suggest that, NEK8 should be included in gene panel testing for children and 40 
adults with PKD, and a causal relationship considered when heterozygous variants in 41 
the NEK8 kinase domain are present. 42 
  43 
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Introduction: 1 

 Polycystic kidney diseases (PKD) are the most prevalent inherited kidney 2 
diseases.1 Autosomal dominant polycystic kidney disease (ADPKD), resulting from 3 
pathogenic variants in PKD1 and PKD2, is the most common form of PKD. This disease 4 
usually presents in adulthood and often leads to kidney failure, with kidney failure with 5 
replacement therapy (KFRT) typically needed in the 6th decade of life.2 ADPKD-like 6 
disease can also be caused by single rare variants in genes such as GANAB, 7 
DNAJB11, ALG5, ALG8, ALG9 and IFT140.3–8 The disease is often more attenuated in 8 
these patients, with KFRT rare. Autosomal recessive polycystic kidney disease 9 
(ARPKD) is mostly caused by biallelic variants in PKHD1. The majority of patients 10 
present in utero or in the neonatal period and often the disease progresses to KFRT 11 
during childhood.9    12 
 PKD is mostly caused by pathogenic variants in genes encoding proteins with 13 
roles in the functioning of primary cilia and therefore classified as a ciliopathy. Renal 14 
ciliopathies can either present with an isolated kidney phenotype, or can have extensive 15 
extra-renal characteristics, since primary cilia are present on nearly all cell types.9,10 16 
Autosomal recessive inheritance is seen in many primary ciliopathies including 17 
nephronophthisis, and Bardet-Biedl, Joubert, and Meckel-Gruber syndromes, with 18 
multiple, often overlapping, monogenic causes. Autosomal dominant inheritance is rare 19 
for ciliopathies, other than ADPKD(-like). Some syndromic ciliopathy genes have both 20 
an autosomal recessive and autosomal dominant presentations, include ZNF423.11 For 21 
IFT140 and DNAJB11, an autosomal recessive syndromic ciliopathy is seen in addition 22 
to the ADPKD(-like) phenotype.5,12,13 Similarly for ALG8 and ALG9, autosomal recessive 23 
inheritance results in congenital disorders of glycosylation (CDG), compared to the mild 24 
ADPKD(-like) phenotype. Defective maturation and trafficking of the large PKD1 protein, 25 
polycystin-1 (PC1), may be a common feature of many of the ADPKD-like diseases.3,4 26 
 Biallelic pathogenic variants in NEK8 cause a syndromic ciliopathy with 27 
multiorgan developmental defects; referred to as renal-hepatic-pancreatic dysplasia 28 
(OMIM entry: 615415)14 The NEK8 protein is one of eleven ‘NEKs’, NimA (Never in 29 
mitosis A)-related kinases, with roles in cell cycle control, DNA damage response and 30 
other cell functions. In the kidney, NEK8 is required for tubular integrity, thought to 31 
regulate the renal tubule epithelial cell cytoskeletal structure, and is involved in ciliary 32 
biogenesis/function. It forms a complex with ANKS6, INVS, and NPHP3. ANKS6 likely 33 
coordinates the assembly of this complex, linking NPHP3 and INVS to NEK8, and 34 
targets the complex to the proximal ciliary axoneme.15,16 NEK8 has been suggested to 35 
interact with the polycystin signal transduction pathway, including regulating ciliary 36 
protein targeting.17 Functional studies have shown that biallelic NEK8 variants affect 37 
ciliogenesis, the DNA damage response, and epithelial morphogenesis.14  38 

In this study we identified NEK8 as a monoallelic disease gene in a large patient 39 
cohort that included both recurrent de novo, mosaic, and inherited heterozygous NEK8 40 
variants. We propose a dominant negative-effect for specific heterozygous NEK8 41 
missense variants in the kinase domain.   42 

 43 
 44 

 45 
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Materials and Methods:  1 

Patient enrollment and genomic analyses 2 
Informed written consent was obtained, and is on file, from all patients or parents of the 3 
patients included in this study, and we adhered to all relevant ethical regulations at the 4 
respective institutions. Collaboration between centers was established through 5 
GeneMatcher.18 Patients from the Genomics England 100,000 Genomes Project were 6 
enrolled as previously described (REC reference 14/EE/1112).19 The procedures for 7 
sequencing, including coverage of PKD1, and variant filtering are described in the 8 
Supplementary Methods. The following transcripts were used in this study: 9 
NM_178170.2 (NEK8), NM_000297.4 (PKD2), NM_025114.4 (CEP290), 10 
NM_001009944.2 (PKD1), NM_024876.4 (COQ8B), and NM_000322.5 (PRPH2). 11 
 12 
In silico predictions and structural modelling of NEK8 variants  13 
Alphafold sequence AF-Q86SG6-F1 was imported to PyMOL and labelled according to 14 
available UniProtKB data due to lack of crystal structure. PyMOL Mutation Wizard was 15 
used to model the most likely structural impact of the variants for which AlphaFold 16 
produced a per-residue model confidence (pLDDT) >50. pLDDT is a measure for local 17 
accuracy of the model and is derived through the local Distance Difference Test (lDDT-18 
Cα).20–22 CADD scores were used for in silico predictions of the identified variants.23 19 
Furthermore, MetaDome’s protein tolerance landscape was used to study genetic 20 
tolerance per amino acid position of the current and previous identified variants in the 21 
NEK8 kinase domain.24 22 
 23 
Analyses of the function of NEK8 in IMCD3 cells 24 
Antibodies and reagents: Rabbit polyclonal antibodies: Arl13b (17711-1-AP, 25 
Proteintech); GPR161 (13398-1-AP, Proteintech); ANKS6 (HPA008355, Sigma); NEK8 26 
antibody is a kind gift from Dr. David Beier25; polycystin-2 antibody is provided by the 27 
Baltimore PKD Research and Clinical Core Center. Mouse monoclonal antibodies: 28 
acetylated α-tubulin (T7451, Sigma), Myc-4A6 (05724, Sigma); -Tubulin (T6199, 29 
Sigma). Alexa Fluor-conjugated secondary antibodies are from Invitrogen. Primary 30 
antibodies were 1:1000 diluted for Western blot, and 1:500 diluted for 31 
immunofluorescence except for acetylated α-tubulin. 32 
DNA constructs and CRISPR editing: Full-length NEK8 was amplified by PCR using the 33 
published NEK8 plasmid as a template (pDONR223-NEK8 was a gift from William Hahn 34 
& David Root (Addgene plasmid #23418; http://n2t.net/addgene:23418; 35 
RRID:Addgene_23418)26 and subcloned into the pcDNA3-myc vector. All NEK8 variants 36 
were generated using a QuikChange site-directed mutagenesis kit (Agilent 37 
Technologies). The Nek8 guide RNA (gRNA) was designed using an online tool 38 
(https://zlab.bio/guide-design-resources, TGTGCACCTGTGCCTGCGAA) and 39 
subcloned into pSpCas9(BB)-2A-GFP (px458). All constructs were verified by DNA 40 
sequencing. The px458-Nek8 gRNA construct was transfected into IMCD3 cells as 41 
described.27  Western blot, immunostaining and kinase assay details, as well as 42 
information about statistical analyses, are found in the Supplementary Methods. 43 
 44 
Human kidney tubuloid culture, cilia staining and assessment of DNA damage 45 
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Details on assessment of DNA damage and cilia staining in tubuloid cultures are 1 
described in the Supplementary Methods. 26,27 2 
 3 
Assessment of DNA damage  4 
Fibroblast cells (2.5x104) were plated in 6-well plates containing 22x22 coverslips. After 5 
48 h, cells were pulsed with 10 uM EdU for 1 h, rinsed with 1X PBS, and treated with 6 
0.5 mM hydroxyurea (MP Biomedical) for 6 h before fixation. Untreated controls were 7 
fixed immediately following the one-hour pulse with EdU. IMCD3 cells (4x104) were 8 
plated in a 12-well plate containing circular coverslips 24 h prior to fixation. Further 9 
detail on immunostaining and quantification is found in the Supplementary Methods. 10 
 11 

Results: 12 

Clinical details 13 
A total of 21 individuals in twelve families with heterozygous NEK8 variants and cystic 14 
kidney disease were identified through genetic testing, GeneMatcher18, or in one case in 15 
the published literature (Figure 1 and Supplementary Data).28 None of the families 16 
were known to be consanguineous, and screening did not reveal a (likely) pathogenic 17 
variant in any other PKD related gene. Clinical and genetic information is summarized in 18 
Table 1. The age of onset of kidney cysts was variable, with multiple cases diagnosed 19 
prenatally and the oldest individual diagnosed in the eighth decade. Initial clinical 20 
diagnoses included ARPKD, ADPKD, nephronophthisis, and focal segmental 21 
glomerulosclerosis (FSGS: based on biopsy in two patients). None of the patients 22 
showed the multiorgan involvement associated with NEK8 biallelic disease.   23 
Ten families (14 individuals) had a recurrent variant in NEK8 (c.133C>T, p.Arg45Trp) 24 
and these cases, except Family 10, had a consistent phenotype of enlarged kidneys, 25 
arterial hypertension, KFRT (before adulthood in non-mosaic cases), and absence of 26 
hepatic cysts. The proband from Family 10 had a milder phenotype with slightly 27 
enlarged kidneys and at 16 years normal kidney function. Short stature was noted in 28 
two of fourteen individuals (Family 7-III-3, Family 7-III-4) with the recurrent p.Arg45Trp 29 
variant. The proband with p.Lys157Gln in Family 12 had a comparable phenotype with 30 
prenatal onset of enlarged cystic kidneys, severe feeding difficulties, and KFRT at 4 31 
years. Family 11 with p.Ile150Met had a later-onset presentation with only the oldest 32 
individual requiring dialysis in her 70s. Two of six individuals (III-1; IV-1) in this family 33 
had hypertension and liver cysts and one had borderline enlarged kidneys. No 34 
malignancies have been reported in the cohort of 21 cases.  35 

In all affected individuals no second NEK8 variant was detected after thorough 36 
testing. Three multiplex families illustrated affected parent-to-child transmission (Figure 37 
1a), consistent with autosomal dominant inheritance, while in seven families the variant 38 
was de novo; in the remaining cases with a negative family history both parents were 39 
not available for screening. Interestingly, two families showed early onset chronic kidney 40 
disease in offspring heterozygous for the recurrent p.Arg45Trp variant, which was 41 
inherited from a mosaic parent who had later-onset chronic kidney disease 42 
(Supplementary Figure S1). Supplementary Table S1 gives an overview of the 43 
genetic testing, including CNV and PKD1 analysis, VUS interpretation, and ethnicity and 44 
consanguinity for all families. 45 
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 1 
Imaging and pathology 2 
Radiology findings from Families 3, 8 and 9 are shown in Figure 1b-g. Patients were 3 
found to have enlarged kidneys with numerous cysts. In Family 9 CT analysis of the 4 
mosaic grandmother at age 48 years old (Figure 1e) and the proband at age 23 months 5 
and 5 years old (Figure 1f, 1g) showed enlarged cystic kidneys. Gross and histological 6 
analysis of kidneys after bilateral nephrectomy in patients from Families 4, 8, and 12 7 
showed multiple larger tubular and glomerular cysts (Figure 1i-l).  8 
 9 
Summary of variants 10 
All three monoallelic NEK8 variants in this study were missense alterations in the kinase 11 
domain.  In contrast, variants associated with biallelic disease are found in all parts of 12 
the gene/protein, including the kinase domain (Figure 2a). None of the variants are 13 
present in the gnomAD database that contains more than 140,000 unrelated individuals 14 
without known severe pediatric disease.29 The substitutions affect evolutionary 15 
conserved residues, and prediction tools predict a damaging effect (Figure 2b-d). The 16 
Protein Tolerance Landscape of NEK8 shows that most missense variants lie in a 17 
relatively intolerant region of the enzyme, with the notable exception of the p.Thr87Ala 18 
alteration previously identified in the biallelic cases (Figure 2b). CADD scores for the 19 
three variants studied here predict a significant functional defect and all had a frequency 20 
of 0 in gnomAD (Figure 2c). The amino acid positions of these variants are highly 21 
conserved across species (Figure 2d). 22 
 23 
Structural protein modeling 24 
NEK8 contains an N-terminal kinase domain and C-terminal ‘Regulator of Chromosome 25 
Condensation 1’ (RCC1) domains (Figure 2a, e inset a.). The RCC1 domains are 26 
guanine nucleotide exchange factor (GEF) for the GTP-binding protein Ran and feature 27 
a 7-bladed propellor of beta-strands. NEK8 also contains a coiled-coil domain within the 28 
protein’s C-terminus thought to be involved in protein-protein interactions. NEK8 is 29 
proposed to be auto-phosphorylated at position Thr-210 on the protein kinase domain, 30 
followed by phosphorylation occurring at other sites in the molecule. The protein kinase 31 
domain also features ATP binding sites and a proton acceptor site.30 The NEK8 variants 32 
with high quality structural data (pLDDT > 50) were p.Arg45Trp and p.Ile150Met (Figure 33 
2e, inset b. and c., respectively). The dashed black lines demonstrate likely loss of the 34 
canonical geometry between 2 atoms in this loop with overlap of each (numerically 35 
labelled in angstroms). The red discs represent significant pairwise overlap of atomic 36 
van der Waals radii causing a likely structural ‘clash’. The amino acid volume change in 37 
the missense variant p.Arg45Trp (inset b.) is large (190.3 to 226.4 angstroms) with a 38 
very small volume change of 163.0 to 165.8 angstroms in missense variant p.Ile150Met 39 
(inset c.).31 The two variants are positioned in adjacent alpha-helices (inset d.). 40 
Although the crystal structure of the third variant p.Lys157Gln could not be predicted 41 
due to a low confidence score, the variant appears to be in close proximity to the others 42 
as highlighted by the arrow (inset d.,3).  43 
 44 
Analyses of the NEK8 monoallelic variants 45 

Jo
urn

al 
Pre-

pro
of



 8 

To understand the functionality of NEK8 in renal epithelial cells, we inactivated Nek8 in 1 
IMCD3 cells using CRISPR/Cas9 (Figure 3a), and then re-expressed the Myc-tagged 2 
wild-type (WT) or one of the monoallelic variants of human NEK8 in these Nek8-/- cells. 3 
Two other NEK8 mutations in the kinase domain were also included for comparison. 4 
One is the approved kinase-dead (KD) mutation p.Lys33Met that was designed based 5 
on structural analysis.32 The other is p.Thr87Ala that was found in compound 6 
heterozygosity with p.Arg602Trp in a patient with the typical recessive phenotype.14 7 
Immunoblotting showed that the overall expression and stability of these NEK8 mutants 8 
were comparable to their wild-type counterpart (Figure 3b), and all mutated NEK8 9 
proteins exhibited a similar incorporation rate and localization patten in cilia as NEK8-10 
WT (Figure 3c). Compared to parental cells, IMCD3 cells with or without expression of 11 
endogenous Nek8 or exogenous NEK8 variants displayed a similar percentage of 12 
ciliated cells, which are represented by staining with the ciliary membrane marker 13 
ARL13B (Figure 3d, upper panel). However, primary cilia in Nek8-/- cells were 14 
significantly truncated, which was rescued equally well by NEK8-WT or NEK8-KD 15 
(p.Lys33Met) (Figure 3d, lower panel), indicating that the kinase activity of NEK8 is not 16 
required for the assembly of primary cilia. Re-expression of p.Arg45Trp, p.Thr87Ala, or 17 
p.Ile150Met also significantly rescued the cilia length, although for p.Thr87Ala and 18 
p.Ile150Met the length was less than for the WT rescue, whereas NEK8-K157Q failed to 19 
correct the cilia length defect. These data are consistent with our findings in patients’ 20 
fibroblasts which expressed a monoallelic variant and the wildtype allele, that the overall 21 
structure of cilia is not affected by p.Arg45Trp and p.Ile150Met (Supplementary Figure 22 
S2a-c), but cilia are shortened by p.Lys157Gln (Supplementary Figure S2d-e). 23 
Consistent with the reported role of NEK8 in recruiting ANKS6 to the inversin 24 
compartment,16 ANKS6 was undetectable in cilia in Nek8-/- cells (Figure 3e). The 25 
recruitment of ANKS6 to cilia was fully recovered by expressing either NEK8-WT or any 26 
of the disease variants, but was only rescued to ~30% by p.Lys33Met, the KD mutant 27 
(Figure 3e).  28 
 29 

When we examined GPR161, a cilium-residing G protein-coupled receptor, we 30 
found that its ciliary localization was similar with or without NEK8 and was not affected 31 
by the expression of any tested NEK8 mutants (Figure 3f). However, knockout of Nek8 32 
strongly suppressed the ciliary level of polycystin-2 (PC2), the product of PKD2 (Figure 33 
3g). The ciliary targeting of PC2 in Nek8-null cells was fully recovered by re-expressing 34 
NEK8-WT, as well as p.Thr87Ala and p.Ile150Met (Figure 3g), while p.Lys33Met and 35 
p.Lys157Gln only partially rescued PC2 in cilia. Interestingly, NEK8-p.Arg45Trp 36 
completely failed to recover the ciliary level of PC2 in Nek8-/- cells (Figure 3g). Yet, the 37 
total protein level of PC2 appeared comparable in IMCD3 cells expressing endogenous 38 
Nek8 or exogenous NEK8 variants (Figure 3h). These results suggest that in addition 39 
to supporting the assembly of cilia, NEK8 plays a unique role in maintaining the ciliary 40 
homeostasis of PC2, and the p.Arg45Trp variant specifically loses this capability. 41 
Consistently, fibroblast cells from two patients carrying p.Arg45Trp also exhibited less 42 
PC2 in cilia compared to normal fibroblasts (Figure 3i).  The PC2 trafficking phenotype 43 
in the patient fibroblasts was less severe, however, compared to the IMCD3 cells 44 
expressing the variant Nek8, likely because the fibroblasts still have one wild type allele, 45 
whereas the IMCD3 cells are Nek8-null and fully expressing NEK8-p.Arg45Trp. 46 
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 1 
Since p.Arg45Trp is in the kinase domain, we also determined the 2 

autophosphorylation of NEK8. Myc-tagged NEK8-WT and NEK8-p.Arg45Trp were 3 
overexpressed in 293T cells and immunoprecipitated (IP) by an anti-Myc antibody and 4 
Protein-G Sepharose beads. The phosphorylated and non-phosphorylated NEK8 5 
proteins were then separated by Phos-tag SDS-PAGE33 and detected by 6 
immunoblotting. As shown in Figure 3j, the autophosphorylation level of NEK8-7 
p.Arg45Trp was significantly lower than NEK8-WT, suggesting that p.Arg45Trp partially 8 
loses kinase activity. 9 
 10 
Assessment of DNA damage response 11 

NEK8 is a regulator of DNA damage response and NEK8-deficient cells exhibit 12 
increased DNA damage14. We examined the DNA damage response in IMCD3 cells by 13 
staining cells with histone H2AX phosphorylated at Serine 319, H2AX, a marker of 14 
DNA damage that occurs at double strand breaks and stalled replication forks.34–36 15 
Compared to the parental IMCD3 cells, NEK8 KO cells had a significant increase in 16 
H2AX (Figure 4a). Expression of NEK8-WT, but not NEK8-p.Arg45Trp in the Nek8-/- 17 
cells rescued H2AX accumulation in IMCD3 cells, indicating that partial disruption of 18 
the kinase activity results in DNA damage response activation. Next, we examined 19 
H2AX accumulation in cell lines derived from patients. In patient derived tubuloids from 20 
Family 12, heterozygous for p.Lys157Gln, we found an increase in gH2AX compared to 21 
three healthy passage-matched controls (Figure 4b).  22 

In patient-derived fibroblasts, we pulsed cells with EdU to identify S phase cells 23 
and H2AX in EdU-positive cells. In NEK8-deficient cells, H2AX accumulation occurs 24 
primarily in S phase.35 However, we did not detect a significant difference in H2AX 25 
between control, p.Arg45Trp or p.Ile150Met fibroblasts (Supplementary Figure S3). 26 
Treatment of NEK8-deficient cells with replication stress inducing drugs leads to a 27 
further increase in H2AX.37 We determined if treating patient fibroblasts with the 28 
replication inhibiting drug, hydroxyurea, would lead to an increase in H2AX activation. 29 
In control fibroblasts, hydroxyurea resulted in a significant increase in H2AX staining 30 
intensity indicating activation of the DNA damage response, but this response was 31 
similar in p.Arg45Trp or p.Ile150Met fibroblasts (Supplementary Figure S3).  32 
 33 
Discussion:  34 

Here we present evidence of monoallelic disease in twelve families associated 35 
with three distinct heterozygous NEK8 variants within the kinase domain. Biallelic NEK8 36 
variants cause severe multiorgan developmental defects including renal cystic 37 
dysplasia, with primary cilia formation, DNA damage responses, and epithelial 38 
morphogenesis implicated.14 Biallelic variants are loss-of-function (LOF) or missense 39 
changes that do not have a known phenotypic effect in heterozygous carriers.14 In our 40 
families monoallelic inheritance is supported by the demonstrated de novo variants and 41 
autosomal dominant inheritance in multiplex families. Assessment of the Protein 42 
Tolerance Landscape shows that all three missense variants in this study exist in 43 
intolerant regions of the protein (Figure 2b). We believe these variants have a 44 
dominant-negative effect, explaining the severe phenotype associated with a single 45 
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 10 

variant. Another distinction of the monoallelic disease is that all the affected individuals 1 
primarily have renal phenotypes.  2 

None of the monoallelic variants are present in gnomAD, which contrasts with the 3 
previously reported recessive variants for which most can be found as heterozygotes in 4 
this database.29 While the genetic tests that were performed differed between the 5 
families, whole exome sequencing was completed in at least one individual for every 6 
distinct variant (Supplementary Table S1). PKD1 analysis, complicated by the PKD1 7 
pseudogenes38, also differed between families, but long-range PCR and Sanger 8 
analysis was performed in at least six patients. Variants of unknown significance in 9 
other genes identified in some individuals were interpreted as likely non-causal 10 
(Supplementary Table S1). All encountered monoallelic variants were located in the 11 
kinase domain, while biallelic, disease-causing variants can be present throughout the 12 
gene. Presently, there are not consistent genotype-phenotype correlations for biallelic 13 
NEK8 variants.14,15,37–41  In contrast, the kidney phenotype associated with NEK8-14 
p.Arg45Trp and p.Lys157Gln was largely consistent, with enlarged kidneys in infants 15 
and limited extra-renal disease, while the p.Ile150Met phenotype was considerably 16 
milder. 17 

The monoallelic NEK8 phenotype can be clinically mistaken for either ARPKD or 18 
ADPKD. The early onset PKD seen with the p.Arg45Trp and p.Lys157Gln variants, and 19 
the childhood kidney failure and requirement for bilateral nephrectomies (5 out of 21 in 20 
our cohort), overlaps with ARPKD, although very early onset has been reported in ~1% 21 
of ADPKD cases, but often because of biallelic disease.42 The inheritance pattern and 22 
localization of cysts in all parts of the nephron (shown in two patients) is more 23 
consistent with ADPKD.42 An unusual aspect is the high level of de novo mutations of 24 
p.Arg45Trp, similar to whole gene deletions of HNF1B, and recurrent mosaic 25 
presentation associated with milder disease. A recent case report also described a de 26 
novo p.Arg45Trp variant in a 2-year old patient with infantile nephronophthisis which 27 
was characterized by multicystic kidney dysplasia and progressive renal failure.43 There 28 
is possible CpG methylation at this site; methylated CpG dinucleotides are more likely to 29 
deaminate than other cytosines, making them mutational hot spots.44,45. It will be 30 
interesting to see the diagnostic yield of monoallelic NEK8 using genotype first 31 
approaches in infantile PKD cohorts. 32 

Functional studies using Nek8 knockout IMCD3 cells identified shorter cilia and 33 
defects in the localization of ANKS6 and PC2 to cilia, as previously reported.17 When 34 
these cells were transfected with NEK8-WT or the monoallelic NEK8 variants, both 35 
NEK8 and ANKS6 localized to the proximal cilium and the cilia length defect was wholly 36 
or partially corrected, except for shorter cilia in p.Lys157Gln. However, PC2 localization 37 
to the primary cilium was only rescued by re-expressing NEK8-WT, not NEK8-38 
p.Arg45Trp or p.Lys157Gln. The effect of PC2 localization but not some other ciliary 39 
components may provide a clue to the cystic kidney specific phenotype we see in the 40 
monoallelic cases. Changes at certain positions within the kinase domain with unique 41 
functional consequences appear to be crucial. The kinase dead variant, p.Lys33Met had 42 
defects in both ANKS6 and PC2 localization. However, a described recessive kinase 43 
variant. P.Thr87Ala did not have localization defects for ANKS6 or PC2. This may be 44 
because it is a hypomorphic allele (it lies in a highly tolerant region as shown by 45 
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 11 

structural protein modeling) and any defect may be too subtle for our functional assay to 1 
detect.  2 

We believe a dominant-negative effect is the most likely disease mechanism. We 3 
propose that this dominant-negative effect includes binding of monoallelic mutant NEK8 4 
to wildtype NEK8, and likely other members of the ANKS6 complex, resulting in a 5 
complex that is nonfunctional for PC2 trafficking. This will result in a greater than the 6 
50% loss of PC2 in cilia associated with a LOF variant. Our experimental re-expression 7 
system is not well suited to analyze interactions between alleles, but we note in cells 8 
from two patients heterozygous for p.Arg45Trp a significantly lower level of PC2 in cilia 9 
than in normal cells, possibly showing an inactivating interaction with the normal allele. 10 

The location of the variants in the NEK8 kinase domain indicates a mechanism of 11 
action related to phosphorylation; NEK8 is known to have autophosphorylation activity.30 12 
With our kinase assay in Nek8 knockout cells transfected with NEK8-p.Arg45Trp we 13 
showed a decrease of autophosphorylated NEK8, indicating that kinase function is 14 
impacted by this variant. In the juvenile cystic kidney (jck) mouse model, due to a 15 
homozygous Nek8 missense variant, abnormal phosphorylation of PC2 was detected 16 
which was associated with longer cilia and ciliary accumulation of PC1 and PC2.17 This 17 
contrasts to our findings with p.Arg45Trp of normal length but defective ciliary trafficking 18 
of PC2, indicating a more specific kinase defect.   19 

We acknowledge several limitations within the present study. We have 20 
developed an exogenous expression system for NEK8 variants in a null Nek8 21 
background that has illustrated differences in cilia protein localizations between 22 
p.Arg45Trp and p.Lys157Gln and the null cells and a kinase dead mutation. So far 23 
because of available constructs/antibodies our analysis has been limited to PC2, but 24 
including PC1 and the ARPKD protein, fibrocystin, would also be interesting. In our 25 
exogenous expression assay, weaker monoallelic and biallelic variants were not fully 26 
informative, likely reflecting its sensitivity and that it is only an approximation of the in 27 
vivo situation. A cilia length defect was also detected for p.Lys157Gln but not the other 28 
monoallelic variants, suggesting a possible different mode of action that we do not yet 29 
fully understand. Patient cells and tubuloid systems were helpful but were not always 30 
consistent in their readout, probably because the effects are likely dependent on both 31 
cell type and expression level. For example, NEK-pArg45Trp failed to restore DNA 32 
damage responses in the IMCD3 cells but no increase in H2AX staining was observed 33 
in the patient fibroblasts. One possibility is the difference in proliferation rates between 34 
the two cell lines can be leading to a difference in the replication stress response. A 35 
complete understanding of how each missense variant alters kinase function and/or 36 
substrate recognition will require longer-term investigation, including the generation of 37 
mammalian animal models, phosphoproteomic studies, and the comparative analysis of 38 
these variants with the other missense variants identified in the biallelic patients. 39 

To conclude, here we present evidence for a pathogenic effect of specific 40 
heterozygous NEK8 variants, provide a new mode of inheritance for NEK8 variants, and 41 
expand the phenotype associated with variants in this gene. Heterozygous NEK8 42 
variants within the kinase domain should be considered in patients with infantile PKD. 43 
For children and adults with PKD, we suggest NEK8 should be included in gene panel 44 
testing and heterozygous variants in the kinase domain evaluated for causality. 45 
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Legends to the Figures 1 
 2 
Figure 1. Pedigrees and polycystic kidney images | a. pedigrees of twelve families 3 
with heterozygous NEK8 variants. Solid symbols indicate affected individual with kidney 4 
disease. Arrow indicates proband. +/- indicates presence of heterozygous NEK8 variant. 5 
-/- indicate biallelic wildtype NEK8. Roman numerals indicate generation. MZ = 6 
monozygotic; d. death. b. MRI images of proband of Family 3 at age 16: enlarged 7 
kidney with multiple cysts, total kidney volume 1300 ml. c-d. Ultrasound of proband of 8 
Family 8: enlarged kidneys with extensive bilateral kidney cysts. At age 2 right kidney 9 
measured 13.6 cm and left kidney measured 13.3 cm (c), at age 7 right kidney: 17.5 cm 10 
and left kidney: 17.7 cm (d). e-g. CT analysis of Family 9: bilaterally enlarged kidneys 11 
with cysts. e. CT at 48 years of II-2, who is mosaic for the NEK8 variant. f-g. CT of 12 
proband IV-1 at 23 months (f) and at 5 years old (g). h. Pathology images of right kidney 13 
of proband of Family 4 at age 5 (20 x 11 x 10 cm, 1488 grams). i. Pathology images of 14 
right kidney of proband of Family 8 at 7 years old. j. Pathology images of left kidney of 15 
proband of Family 12 at age 4 (18 x 8 x 9.5 cm). k. Hematoxylin and eosin stain of 16 
proband of Family 8 showed multiple larger tubular cysts, with glomerular cysts also 17 
noted. l. Hematoxylin and eosin stain of proband of Family 12 shows multiple cysts both 18 
glomerular and tubular. Below the capsule cysts are smaller and they are larger at the 19 
corticomedullary junction. Some fibrosis is seen towards the medulla. 20 

Figure 2. Position of variants and domain organization of the NEK8 protein. a. In 21 
red novel heterozygous variants described in this paper. In black variants previously 22 
published in biallelic cases. b. Protein Tolerance Landscape with identified variants and 23 
previously reported missense variants in kinase domain highlighted. Color coding 24 
indicates predicted impact of variant on protein function with blue =most tolerant, 25 
yellow= neutral, red=most detrimental.  c. In silico predictions of the novel heterozygous 26 
NEK8 variants. d. Multiple sequence alignment of the human NEK8 full protein zoomed 27 
in on well conserved kinase domain. The amino acid positions of the heterozygous 28 
NEK8 variants are marked by the red arrows. e. Structural modeling of the NEK8 29 
variants. Inset a. The predicted 3-dimentional structural model of human 30 
Serine/threonine-protein kinase NEK8 generated using AlphaFold Protein Structure 31 
Database (https://alphafold.ebi.ac.uk) and UniProtKB (https://www.uniprot.org/uniprot/) 32 
with associated codes: AF-Q86SG6-F1 and Q86SG6 respectively. The protein contains 33 
a protein kinase domain (red) and five ‘Regulator of Chromosome Condensation 1’ 34 
(RCC1) repeat domains. Inset b. Missense SNV c.133C>T p.Arg45Trp modelled with 35 
the most probable (26.5% likelihood) rotamer demonstrated. Inset c. Missense SNV 36 
c.450C>G p.Ile150Met modelled with the most probable (28.5% likelihood) rotamer 37 
demonstrated. Inset d. Positions of both variants in b. and c. highlighted in yellow (and 38 
shown as 1. and 2., respectively) to demonstrate their juxtaposition in adjacent alpha-39 
helices. The third variant c.469A>G p.Lys157Gln could not be predicted due to a low 40 
confidence score, but appears to be in close proximity to the other variants as 41 
highlighted by the arrow (shown as 3.). A known active site (4., proton acceptor) and 42 
autophosphorylation residue (shown as 5.) are also in close proximity to the variants. 43 

Figure 3. Analyses of the function of the NEK8 variants 44 
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(a) Sanger sequencing results of cDNA PCR products showed a nucleotide insertion in 1 
Nek8 in the IMCD3 cell line, which causes a frameshift with early termination (45aa). (b-2 
h) Nek8 knockout cells (-/-) were transfected with the empty vector (Mock) or one of the 3 
Myc-tagged NEK8 constructs, including the wild type (WT) and indicated single-point 4 
mutations. Forty-eight-hr post transfection, cells were treated with G418 (1 g/mL) for 5 
one week. Cells survived the G418 selection were expanded, serum-starved for 24 h, 6 
and then subjected to the following analyses. Parental IMCD3 cells (+/+) were used as 7 
a positive control for endogenous Nek8, cells were harvested for immunoblotting (IB) 8 
with indicated antibodies, and α-tubulin was used as a loading control (b, h). (b) IB with 9 
a Myc or NEK8 antibody showed that all NEK8 proteins were expressed. (c-g) Cells 10 
were subjected to immunofluorescence (IF) microscopy using the indicated antibodies 11 
to visualize Myc-tagged NEK8 variants (c), ARL13B (d), ANKS6 (e), GPR161 (f), or 12 
PC2 (g) (scale bar, 2 μm). Primary cilia were labeled with an acetylated α-tubulin (Ac-13 
tub) antibody. Data were collected from >100 cilia in each experimental group. Results 14 
from three independent experiments were statistically analyzed and plotted as mean ± 15 
SD. P values labeled in black were obtained by comparing to the group of Nek8-/-, mock 16 
transfected cells (-/-, Mock). P values labelled in red were obtained by comparing to the 17 
Nek8-/- cells stably expressing the wild type NEK8 (-/-, WT). (c) the NEK8 proteins with 18 
the various variants exhibited similar localization in cilia. (d, upper panel) Ciliogenesis 19 
was quantified by counting the percentage of ciliated (ARL13B and Ac-tub double-20 
positive) cells and all cells were ciliated at a similar level; (d, lower panel) Loss of 21 
endogenous Nek8 led to truncated cilia but all the NEK8 variants rescued the ciliary 22 
length defect except p.Lys157Gln (K157Q). The cilium length was measured by the 23 
length of ARL13B signal in cilia. (e) Loss of Nek8 disrupted the recruitment of ANKS6 24 
into cilia, which was fully rescued by all NEK8 variants, except p.Lys33Met (K33M) that 25 
only showed a partial rescue. (f) The percentage of GPR161-positive cilia were not 26 
affected by the expression status of NEK8. (g) The percentage of PC2-positive cilia and 27 
the fluorescence intensity of PC2 in cilia were both diminished by Nek8 deficiency, 28 
although (h) IB showed that PC2 was present at comparable protein levels. (g) Different 29 
NEK8 variants exhibited different ability to rescue the ciliary trafficking of PC2. (i) 30 
Primary skin fibroblasts were isolated from healthy (WT) and p.Arg45Trp (Fam 1 and 31 
Fam 7, III-3) male donors. These cells were analysed by IF to visualize PC2 in cilia, with 32 
lower mean intensity seen for the two mutant cells. The percentage of PC2-positive cilia 33 
and the mean intensity of ciliary PC2 were quantified in >100 cilia from each group. 34 
Results from three independent experiments were statistically analysed and plotted as 35 
mean ± SD. (j) HEK293T cells transfected with Myc-tagged wild type NEK8 (WT) or the 36 
p.Arg45Trp variant (R45W) were subjected to immunoprecipitation (IP) with anti-Myc 37 
antibody or normal mouse IgG (mIgG). The precipitates were then subjected to Phos-38 
tag SDS-PAGE to separate the phosphorylated NEK8 (arrow) from the non-39 
phosphorylated form and analysed by IB. The relative density of phosphorylated NEK8 40 
was quantified from four independent experiments, statistically analysed, and plotted as 41 
mean ± SD. (c-g, i, j) ***, P < 0.001; **, P < 0.01; *, P < 0.05; n.s., no statistically 42 
significant differences. 43 
 44 
Figure 4. Elevated DNA damage signaling in renal cell lines expressing NEK8 45 
variants. a. Representative images of H2AX signaling in IMCD3 cells with the 46 
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indicated genotypes. Scale bar is 50 m. Graph represents the mean of three 1 
independent experiments. Error bars represent sd. At least 150 nuclei per experiment 2 
were analyzed for >10 H2AX foci, **P <0.01, *P <0.05. b. Representative images of 3 
H2AX signaling in patient derived tubuloids with the indicated genotypes. Scale bar is 4 
50 m c. The percentage of H2AX positive cells from three independent experiments 5 
was quantified. Line represents the mean. Error bars are sd. **P <0.01, *P <0.05.  6 
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Table 1 – Clinical findings 

Fam. 
- ind. 

Inheritance 
NEK8 
Variant 

Allelic 
state 

Gender 
Year 
of 
birth 

Age PKD 
diagnosis 
(years) 

Suspected 
clinical 
diagnosis 

Age at 
KFRT 
(years) 

Age at 
KTx 
(years) 

Enlarged 
kidneys 

Liver 
cysts (age 
in years) 

Hyper-
tension 

Other medical diagnoses 

1 De novo Arg45Trp Het Male 2007 11 
NPH vs. 
ADPKD 

11 12 + - + - 

2 De novo Arg45Trp Het Female 1986 fetal ARPKD 4 5 + - + Alopecia 

3 De novo Arg45Trp Het Male 2000 16 
ADPKD/ 
ARPKD 

19 19 + - + - 

4 De novo Arg45Trp Het Male 2011 fetal ADPKD 5 5 + - + - 

5 De novo Arg45Trp Het Male 2000 neonatal 
ADPKD-
VEO 

12 13 + - + Left ventricular hypertrophy 

6 Unknown* Arg45Trp Het Female 2002 9 ARPKD 11 12 - - + unknown 

7 
II-8 

Mosaic Arg45Trp 
Mosaic 
(3%) 

Male ~1975 unknown ADPKD 28 32 unknown unknown unknown unknown 

7 
III-3 

Familial Arg45Trp Het Male 2006 1.5 ADPKD 14 14 + - + Kidney calcifications; short stature 

7 
III-4 

Familial Arg45Trp Het Male 2006 1.5 ADPKD 15 15 + - + Kidney calcifications; short stature 

8 De novo Arg45Trp Het Male N/A 2 ARPKD 7 7 + - + 
Left ventricular hypertrophy and dilation; 
pericardial effusion; microhematuria 

9 
II-2 

Mosaic Arg45Trp 
Mosaic 
(6%) 

Female N/A 3 ADPKD 48 48 + + (48) - 
Melanoma, basal cell carcinoma; migraines; 
aneurysm; liver hemangioma; diverticulitis  

9 
III-1 

Familial Arg45Trp Het Female N/A 0 ADPKD 1 3 + - + 
Pre-eclampsia; B-cell m-PTLD; leukopenia; 
migraines; tertiary hyperparathyroidism  

9 
IV-1 

Familial Arg45Trp Het Female N/A fetal ADPKD 6 6 + - + 
Gross hematuria; anemia; small for 
gestational age  

10 Unknown* Arg45Trp Het Female 2004 3 
NPHP 
(MSK) 

N/A N/A +/- - 
in the 
past 

- 

11 
II-1 

Familial Ile150Met Het Female 1924 >70 ADPKD 70s N/A - - + Retinal dystrophy with PRPH2 variant 

11 
III-1 

Familial Ile150Met Het Female 1954 43 ADPKD N/A N/A - + (52) - Retinal dystrophy with PRPH2 variant 

11 
III-2 

Familial Ile150Met Het Male 1956 40 ADPKD N/A N/A +/- - + Retinal dystrophy with PRPH2 variant 

11 
III-3 

Familial Ile150Met Het Female 1961 40 ADPKD N/A N/A - - - - 

11 
IV-3 

Familial Ile150Met Het Male 1994 14 
FSGS vs. 
ADTKD 

N/A N/A - - - Asthma 

11 
IV-4 

Familial Ile150Met Het Female 1995 18 FSGS N/A N/A - + (18) - Asthma 

12 De novo Lys157Gln Het Male 2017 Fetal ARPKD 4 4 + - + Severe feeding difficulties (PEG-J) 

ADPKD = autosomal dominant polycystic kidney disease; ARPKD = autosomal recessive polycystic kidney disease; ADTKD = autosomal dominant tubulointerstitial kidney disease; FSGS 
= focal segmental glomerulosclerosis; MSK = medullary sponge kidney; KFRT = kidney failure with replacement therapy; KTx = kidney transplantation; NPH = nephronophthisis; m-PTLD 
= monomorphic post-transplant lymphoproliferative disorder; VEO = very early onset | Roman numerals indicate generation | * DNA from father not available for segregation; mother, and 
in family 6 also sibling, negative for NEK8 variant | in family 11 three family members had retinal dystrophy which segregated with a likely pathogenic variant in PRPH2, individual III-3 
tested negative for the PRPH2 variant and had a normal retinal exam. 
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