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Abstract

Skeletal dysplasias are a clinically and genetically heterogeneous group of bone and cartilage disorders. Whilst >450 skeletal
dysplasias have been reported, 30% are genetically uncharacterized. We report two Irish Traveller families with a previously
undescribed lethal skeletal dysplasia characterized by fetal akinesia, shortening of all long bones, multiple contractures, rib
anomalies, thoracic dysplasia, pulmonary hypoplasia and protruding abdomen. Single nucleotide polymorphism
homozygosity mapping and whole exome sequencing identified a novel homozygous stop-gain mutation in NEK9 (c.1489C>T; p.
Arg497%) as the cause of this disorder. NEK9 encodes a never in mitosis gene A-related kinase involved in regulating spindle
organization, chromosome alignment, cytokinesis and cell cycle progression. This is the first disorder to be associated with
NEK9 in humans. Analysis of NEK9 protein expression and localization in patient fibroblasts showed complete loss of full-length
NEKO9 (107 kDa). Functional characterization of patient fibroblasts showed a significant reduction in cell proliferation and a delay
in cell cycle progression. We also provide evidence to support possible ciliary associations for NEKO9. Firstly, patient fibroblasts
displayed a significant reduction in cilia number and length. Secondly, we show that the NEK9 orthologue in Caenorhabditis
elegans, nekl-1, is almost exclusively expressed in a subset of ciliated cells, a strong indicator of cilia-related functions. In
summary, we report the clinical and molecular characterization of a lethal skeletal dysplasia caused by NEK9 mutation and
suggest that this disorder may represent a novel ciliopathy.

can also be affected. More than 450 different genetic skeletal dys-

Introduction plasias have been documented to date (1). These disorders can
Skeletal dysplasias are a highly heterogeneous group of disorders vary considerably in their clinical presentation, ranging from
affecting bone and cartilage growth. Other organ systems mild anomalies and short stature to severe perinatal lethal
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disorders with multisystem congenital malformations. Many
of the prenatal onset skeletal dysplasias are lethal, often due
to dysplasia of the thoracic cavity which results in pulmonary
hypoplasia (2). All of the lethal types are associated with short
ribs, a small chest circumference and abnormal chest to abdom-
inal circumference ratios for gestational stage (3). This short-rib
phenotype can be a useful diagnostic feature detectable by ante-
natal ultrasound scan from the second trimester onwards (4). It
is difficult to accurately determine the prevalence of skeletal
dysplasias as the lethal types are likely under-recorded and
under-reported. Current estimates are based on studies under-
taken up to 20 years ago and range from 0.36 to 3.2 per 10 000
live births (5,6). However, it has been suggested that the real
prevalence figures are likely twice that (5), with occurrence
during pregnancy being even higher.

Skeletal dysplasias can be caused by autosomal dominant,
autosomal recessive or X-linked mutations, in addition to
imprinting errors, somatic mosaicism and teratogen exposures
(1,7,8). Approximately 70% of the 450 skeletal dysplasias have a
known molecular basis (1), with over a hundred yet to be charac-
terized at the molecular level. One complicating factor is the ob-
servation that identical phenotypes can be caused by mutations
in different genes (9). Conversely, different mutations in the
same gene can also give rise to different phenotypes (10), thus
complicating clinical diagnosis prior to molecular testing.

The Irish Travellers are an endogamous nomadic group with a
tradition of consanguineous marriage. They number ~40 000 in
the island of Ireland (Republic of Ireland and Northern Ireland)
with a further 5000 in Great Britain. We present two consanguin-
eous Irish Traveller families with a recessive lethal skeletal dys-
plasia of unknown genetic aetiology (Figs. 1 and 2). The disorder
is characterized by fetal akinesia, multiple contractures, shorten-
ing of upper and lower limbs, bowed short femurs (in one family),
short broad ribs, narrow chest and thorax, pulmonary hypoplasia
and protruding abdomen. Detailed clinical information is pro-
vided in Table 1. Analysis of cultured fibroblasts showed normal
karyotypes in all cases. Whole chromosome aneuploidy and trip-
loidy were excluded by array comparative genomic hybridization
and quantitative fluorescence polymerase chain reaction (PCR),
respectively. Diagnostic sequencing of CHRND, DOK7 and RAPSN
was normal. Metabolic testing on fibroblasts from post-termin-
ation skin biopsy included normal free carnitine/acyl carnitine
and a normal lysosomal enzyme screen. We aimed to identify
the underlying disease gene for this lethal skeletal dysplasia
using the combined approach of single nucleotide polymorphism
(SNP) homozygosity mapping and whole exome sequencing.

Results

Homozygosity mapping and exome sequencing
in family A

SNP homozygosity mapping of DNA from baby A:IV:1 identified
nine regions of homozygosity (ROH) >3 Mb containing 941 position-
al candidate genes (Supplementary Material, Fig. S1). None of these
genes had previously been associated with a lethal skeletal dyspla-
sia. Therefore, exome sequencing was undertaken for the proband
(A:IV:1) and one unaffected sibling. Assuming an autosomal reces-
sive model, we prioritized autosomal variants that were (i) homo-
zygous, (ii) absent or present with a frequency of <1% in dbSNP142,
NHLBI Exome Variant Server database and 1000 Genomes, (iii) cod-
ing (missense, nonsense, splice site and indels), (iv) located within
the nine candidate homozygous regions, (v) homozygous normal
or heterozygous in the unaffected sibling and (vi) absent in our
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70 Irish control exomes (Supplementary Material, Table S2).
This prioritization strategy identified two novel candidate var-
iants: a missense variant in WDR52 (NM_001164496.1 c.2006T>C
p-(Met669Thr)) and a stop-gain variant in NEK9 [MIM *609798]
(NM_033116.4 ¢.1489C>T p.Arg497+).

Both variants were validated by Sanger sequencing. However,
the variant in WDR52 did not segregate with the phenotype and
was excluded (not shown). In contrast, the stop-gain variant in
NEKO9 fully segregated with the disorder (Fig. 1D). NEK9 is one of
11 members of the never in mitosis gene A (NIMA) family of pro-
tein kinases. The NEK genes are involved in different biological
functions including cell cycle control, the DNA damage response,
primary cilium formation and apoptosis signalling (11-13). Spe-
cifically, NEK9 is involved in regulating spindle organization,
chromosome alignment, cytokinesis and normal cell cycle pro-
gression (14-17). Mutations in NEK9 have not previously been as-
sociated with any disorder in humans. However, a mutant Nek9
mouse created by the Wellcome Trust Sanger Institute showed
pre-weaning lethality (Mouse Genome Database).

The identified stop-gain variant results in protein truncation
at residue 497. As a result, the mutant NEK9 protein is predicted
to be missing 49% (483/980) of its amino acids compared with the
wild-type protein (Supplementary Material, Fig. S2). The wild-
type NEK9 protein comprises an N-terminal protein kinase do-
main (52-308), a nuclear localization signal (306-330), a central
RCC1-like domain (388-726), a NEK6 interaction region (732-891)
and a C-terminal coiled-coil domain (892-939) (15). Critically,
the truncated mutant protein lacks the majority of the RCC1-
like domain, with complete loss of the NEK6 interaction region
and the coiled-coil domain.

Identification of a second family

Subsequently, an additional Irish Traveller family was identified
with a similar clinical history (Table 1 and Fig. 2). Family B
includes three fetuses with an undiagnosed lethal skeletal
dysplasia. Whilst the exact relationship between Families A
and B is unknown, it is believed that they are distantly related.
SNP homozygosity mapping of patient B:Ill:4 identified 11 ROH >3
Mb (Supplementary Material, Fig. S3). Comparison of the ROH in
Families A and B identified only one homozygous region shared
by both families on chromosome 14q24.1-q24.3 (chr14:69830974—
76961560). The overlapping region measures 7.13 Mb and con-
tains 74 genes, including NEK9 (Supplementary Material,
Fig. S4). As each disorder within the Irish Traveller population
tends to be caused by a common homozygous mutation due to
founder effects, we proceeded to test Family B for the NEK9
€.1489C>T stop-gain variant identified by whole exome sequen-
cing in Family A. Sanger sequencing in Family B showed that the
two fetuses are homozygous for the NEK9 stop-gain variant, the
unaffected parents are obligate carriers and the unaffected siblings
are not homozygous for this variant. DNA was not available from
the third fetus B:III:3. Considering both families together, the NEK9
€.1489C>T variant shows complete segregation amongst four
affected fetuses, four carrier parents and five unaffected siblings.

Analysis of NEK9 protein levels in patient fibroblasts

Analysis of NEK9 protein expression in patient fibroblasts
showed that the R497* mutation resulted in complete loss of
the full-length wild-type NEK9 protein. The predicted 55 kDa
truncated mutant protein was not detected in the patient fibro-
blasts using two different antibodies (Fig. 3A and Supplementary
Material, Fig. S5), which may be due to nonsense-mediated
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Figure 1. Family A. (A) Pedigree of consanguineous Irish Traveller family who had two babies affected with a lethal skeletal dysplasia. DNA samples were available from
individuals denoted with an asterisk. Pedigree symbols are as follows: squares, males; circles, females; diamonds, sex not specified; filled symbols, affected individual
with lethal skeletal dysplasia; diagonal line through symbols, individual is deceased; triangles, miscarried embryos (<10 weeks); filled triangle with diagonal line,
affected TOP (sex not specified). Abbreviations: P, proband; SB, still birth; TOP, termination of pregnancy. (B) Photograph of baby A:IV:4 showing a long narrow head,
long philtrum and fixed flexion deformities of the wrists, elbows, hips and knees. (C) Anteroposterior (AP) and lateral post-mortem X-rays of baby A:IV:1 showing fixed
flexion deformities of upper and lower limbs, with a delayed bone age (poor ossification of the os calcis). Ribs are abnormally modelled with a ribbon appearance and
sclerotic areas in left fourth to sixth ribs. A reversed thoracic kyphosis and pronounced soft tissue thickening are also observed. (D) Sanger sequence validation of the
NEK9 ¢.1489C>T variant identified by whole exome sequencing. Representative Sanger traces from a population control (homozygous normal), carrier parent
(heterozygous) and affected baby (homozygous for mutation). The C>T transition is denoted by an inverted black triangle and results in a premature stop codon at

amino acid 497.

degradation of mRNA from the mutant allele as a result of the
premature termination mutation.

Analysis of cell cycle progression in patient fibroblasts

NEK9 has been shown to modulate interphase progression via its
association with the FACT (Facilitates Chromatin Transcription)
complex. FACT comprises two highly conserved subunits encoded
by SUPT16H (also called Spt16) and SSRP1 (18). This multiprotein
complex functions as a chromatin-specific transcription elong-
ation factor with important roles in replication and transcription.
Autophosphorylated NEK9 associates with FACT during G1/S

transition and S-phase progression, with loss of NEK9 prolonging
G1 and S phases (19). Given the implication of NEK9 in the regula-
tion of cell cycle progression, we examined the rate of cell prolifer-
ation and cell cycle progression in the patient fibroblasts
compared with control cells that contained full-length NEKS9.
MTT assay results show a significant reduction in the proliferation
of patient cells compared with normal counterparts (**P <0.001)
(Fig. 3B). Cells were then synchronized at the G1/S boundary by
double thymidine block and subsequently released into S-phase.
Cell cycle progression was analysed by DNA content following
propidium iodide staining. The percentage of control fibroblasts
in S-phase had returned to the constant level of ~30% within

$20z udy 6z uo 1senb Aq /1158€Z/¥281/6/GZ/2101e/Bwy/woo dno-ojwepede//:sdiy wolj pepeojumod



o

Human Molecular Genetics, 2016, Vol. 25, No. 9 | 1827

3 4

,. oa@

Toee

SB 25 wk SB 26 wk
1* 2 3

A A

<10wk <10wk <10wk

5B 31 wk

Figure 2. Family B. (A) Pedigree of consanguineous Irish Traveller family who had three babies with a lethal skeletal dysplasia. All three babies were stillborn (SB). DNA was
available from individuals denoted with an asterisk. Pedigree symbols are as follows: squares, males; circles, females; diamonds, gender not specified; filled symbol,
affected individual with lethal skeletal dysplasia; diagonal line through symbols, individual is deceased; triangles, miscarried embryos (<10 weeks); n, multiple
individuals but exact number not known. (B) Whole body post-mortem X-ray of baby B:111:8 shows broad ribs and wide metaphyses. The vertebrae appear hypoplastic
with narrowing of the AP diameter at the upper end plates of the lumbar vertebrae and medial broadening of the clavicles. The vertebrae are short and narrowed,

especially at the thoracic level.

10 h, whilst the percentage of patient fibroblasts in S-phase con-
tinued to drop to a constant level of ~8% by 12 h (Fig. 3C). This re-
duction in the level of cells re-entering S-phase is likely due to
delayed cell cycle progression and is supported by the finding of
reduced proliferation of patient fibroblasts (Fig. 3B). The additional
2 h required by the patient fibroblasts to leave the G1/S boundary
and progress through S-phase into G2/M suggests that the R497*
mutation may prevent the timely progression of cells through
the G1/S boundary and S-phase.

Analysis of cilia in patient fibroblasts

Given the involvement of some NEK genes in ciliary function, and
the association of short-rib dysplasia with disruption of known cil-
iary genes (20-22), we investigated the cilia in the NEK9 R497* pa-
tient fibroblasts. The patient fibroblasts displayed a significant
reduction in cilia number and length compared with control
fibroblasts (**P <0.001) (Fig. 3D-F). The decrease in cilia number
and length in NEK9 mutant fibroblasts together with the ciliopa-
thy-related clinical features seen in the patients (including
shortened bones, rib anomalies, thoracic dysplasia, flexion con-
tractures, metaphyseal abnormalities, early embryonic death) sug-
gests that the NEK9 R497* mutation may impair ciliary function.

Analysis of Nekl-1 expression in C. elegans

To provide further evidence of possible ciliary associations for
NEK9, we turned to the roundworm C. elegans, which is a robust
model for investigating the functions of conserved cilia-related
genes (23-25). First we used BLAST to identify C. elegans NEKL-1
as the top NEKO hit (1e°°) by sequence homology, followed by
a more distantly related NEKL-3 (1e~>%) protein. The CeNEKL-1
and HsNEK9 proteins are both ~980 amino acids long, displaying
68% similarity (25% identical) at aligned positions. Both proteins
possess N-terminal kinase domains, followed by 4-6 RCC1
domains, and a C-terminal coiled-coil dimerization domain
(Fig. 4A). Thus, NEKL-1 is the likely orthologue of NEK9. However,
NEKL-1 also shares a similar level of sequence similarity with
NEKS, indicating that NEKL-1 may be orthologous to both NEK8
and NEK9, although NEK8 is a shorter protein (692 aa) and lacks
the C-terminal dimerization motif present in human NEK9 and
C. elegans NEKL-1.

We examined the tissue expression pattern of nekl-1 using a
reporter comprised of green fluorescent protein (GFP) under the
control of nekl-1 5" UTR (promoter) sequence (Fig. 4B). In herm-
aphrodite worms, only 60 out of 959 cells are ciliated; all of
these are sensory neurons, with most located in the head and
tail of the animal. In transgenic worms expressing nekl-1p::gfp,
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Figure 3. Patient fibroblasts with the NEK9 R497* mutation have reduced cell proliferation with prolonged S-phase and a reduced number of ciliated cells with shorter cilia.
(A) Full-length and truncated NEK9 protein expression in control and patient (A:IV:4) fibroblasts. Cell extracts were separated by SDS-PAGE and immunoblotted with anti-
human NEK9 (Abcam, Cambridge, UK) or GAPDH (Merck Millipore, Darmstadt, Germany). A representative western blot from control and patient fibroblasts is shown.
(B) The rate of cell proliferation in control and patient fibroblasts was assessed by MTT assay on Day 0 (24 h post seeding) and Day 3, with the fold change in
absorbance on Day 3 expressed relative to Day 0. Error bars refer to standard error of the mean of three experiments. (C) Control and patient fibroblasts were
synchronized at the G1/S junction by a double thymidine block and released into fresh medium. At the indicated time points after release, cells were harvested and
subjected to DNA content analysis by FACS, with the percentage change of cells in S-phase at the indicated time points expressed relative to TO. (D) Indirect
immunofluorescence analysis was performed on control (left panel) and patient (right panel) cells after 72 h serum starvation to observe cilia using anti-human
ARL13B (Proteintech, Chicago, IL, USA) (Red), acetylated tubulin (mouse hybridoma C3B9) (Green) and nuclear DNA was counter-stained by DAPI (Blue). Graphic
representation of differences in (E) the percentage of ciliated cells and (F) the average cilia length in patient and control fibroblasts from 12 independent fields of view

(**P<0.001).

co-stained with a dye (Dil) that labels a subset of amphid and phas-
mid ciliated cells (27), we found that the reporter was expressed al-
most exclusively in a subset of ciliated cells, with little or no obvious
expression in non-ciliated cells (Fig. 4B). These cells included all of
the ciliated cells in the nematode tail (PHA/B, PQR) and a subset of
amphid channel cells in the nematode head (Fig. 4B). Thus, like
orthologues of known ciliopathy genes associated with skeletal
malformations such as short-rib polydactyly (23,24), the NEK9
orthologue NEKL-1 is expressed only in cells with a primary cilium,
which is a strong indicator of a cilia-related function.

Discussion

Our findings show that recessive mutations in NEK9 cause a le-
thal skeletal dysplasia characterized by fetal akinesia, multiple
contractures, shortened long bones, thoracic dysplasia, pulmon-
ary hypoplasia and protruding abdomen. It is important to note
that the main features apparent on antenatal ultrasound are
the small rib cage, contractures, pulmonary hypoplasia and pro-
truding abdomen. The skeletal features associated with this
NEKO9 disorder are variable and non-specific and are only identifi-
able on post-mortem full body X-ray.
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Figure 4. (A) Caenorhabditis elegans NEK9 orthologue, NEKL-1, is expressed
exclusively in ciliated cells. (a) Schematic showing the domain organization of
human (Hs) NEK9 (NP_149107.4) and C. elegans (Ce) NEKL-1 (NP_001293320.1)
proteins. Protein kinase and RCC1 domains identified using PROSITE (http
://prosite.expasy.org/) and coiled-coil domains identified using COILS (26). RCC1,
Regulator of Chromosome Condensation 1. Ruler above schematic denotes
amino acid number. (B) A GFP reporter under the control of the nekl-1 promoter
sequence is expressed exclusively in ciliated cells. Schematic shows the
genomic organization of the nekl-1 gene and the 5'UTR intergenic sequence
used in the GFP reporter (nekl-1p::gfp). Exons denoted by boxes. Arrow, start
codon of isoform A; arrow star, start codon of isoform B; NLS, nuclear
localization sequence. Images taken from transgenic worms expressing nekl-1p::
gfp. Left image of an entire worm shows GFP expression in a limited number of
head and tail cells. Right images show the head and tail regions at higher
magnifications and reveal that GFP is expressed in amphid and phasmid
ciliated cells that incorporate the fluorescent dye, Dil. Scale bars: 10 pm.

amphids

phasmids ™.

The novel stop-gain mutation (R497*) results in complete loss
of the wild-type full-length NEK9 protein. The predicted 55 kDa
truncated mutant protein was not detected by western blot in
the patient fibroblasts using two different antibodies suggesting
that the mutant mRNA is degraded. A number of cell cycle defects
were observed in the patient fibroblasts including a reduced pro-
liferation capability and delayed cell cycle progression through
the G1/S boundary and S-phase. These findings are consistent
with reports that NEK9 is important for interphase progression
(19). Alterations in cell cycle regulation have been implicated in
the pathogenesis of other embryonic lethal syndromes similar
to the NEK9 phenotype including hydrolethalus syndrome
(HYLS1 mutation) and short-rib thoracic dysplasia 6 (NEK1
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mutation) (28,29). The proper level of cell proliferation is critical
to normal organ development (30). We speculate that the defects
in cell proliferation and cell cycle progression may contribute to
the abnormalities in organ size observed in the babies reported
here. They may also account, at least in part, for the associated
growth abnormalities as all five affected babies were small for
gestational age. Furthermore, all babies had hypoplastic lungs,
a feature previously linked to alterations in the cell cycle
(31,32). Van Loenhout et al. specifically showed that a decrease
in cells in the S-phase contributes to the pathogenesis of lung hy-
poplasia (33). We identified a significant delay in G1 to S-phase
transition in our patient fibroblasts and propose that this defect
contributes to the lung hypoplasia observed in this NEK9-asso-
ciated skeletal dysplasia.

Humans encode 11 distinct NEK (NIMA-related kinases)
genes, named NEK1I to NEK11. The NEK genes encode serine/
threonine kinases with diverse biological roles, including cell
cycle control, cilia regulation and DNA damage sensing and re-
pair (11,34,35). A number of NEK genes have been associated
with recessive disorders in humans, including lethal pheno-
types. NEK1 mutations cause a lethal short-rib polydactyly syn-
drome Majewski type (MIM 263520), defined by horizontally
located short ribs, a hypoplastic thorax, polysyndactyly, micro-
melia and characteristic disproportionate shortening of the tibiae
(22). A recessive truncating mutation in NEK2 has been identified
in a patient with retinitis pigmentosa (MIM 615565) (36). NEK2 has
also been implicated in left-right asymmetry in humans and
Xenopus (37). Missense (likely hypomorphic) NEK8 mutations
have been reported in a small number of patients with nephro-
nophthisis type 9 (MIM 613824), suggesting that NEK8 may be a
rare cause of the disorder (38). A loss-of-function nonsense
NEK8 mutation was identified in three fetuses with severe renal-
hepatic-pancreatic dysplasia 2 (MIM 615415) (39). This multisystem
ciliopathy is characterized by enlarged organs, cystic-dysplastic
kidneys and liver, congenital heart defects and bowed femur
with shortening of the legs. Pathogenic mutations in NEK7 have
not been reported in humans. However, the absence of Nek7 in
mice is lethal in late embryogenesis or during the early postnatal
stages and results in severe growth retardation (40).

The clinical features of patients with NEK1 and NEK9 muta-
tions show considerable overlap. Both cohorts of patients present
with shortening of the ribs, shortening of the bones of all four
extremities, a narrow thorax and hypoplastic lungs and epiglot-
tis, with additional variable features including a ventriculoseptal
defect, bulging forehead, protruding abdomen and genital anom-
alies. However, patients with NEK1 and NEK9 mutations also
have unique features which are not shared between the two syn-
dromes. For example, patients with NEK1 mutations have a cleft
lip and palate, polysyndactyly, renal cysts and extreme shorten-
ing of the tibia. These features are not observed (to date) in pa-
tients with the NEK9 skeletal dysplasia. In contrast, patients
with NEK9 mutations present with multiple contractures and
short bowed femurs which are not observed in the NEK1 disorder.
Whilst only Family B in the current study had bowed femurs, we
cannot exclude the possibility of bowing in Family A as only one
X-ray was available and the quality was suboptimal. The pres-
ence or absence of these specific features may help with differen-
tial diagnosis and to guide appropriate molecular testing.

Thiel et al. showed that the NEK1-associated osteochondro-
dysplasia results from a defect in ciliogenesis, with patient fibro-
blasts showing a significant reduction in cilia number together
with structural abnormalities of remaining cilia (22). Similarly,
disease-causing mutations in NEKS8 affected ciliary and centroso-
mallocalization (38). Mouse models affecting either Nek1 or Nek8
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protein function show phenotypic overlap with ciliopathies
(41,42). Notably, all of the known disease genes associated with
short-rib polydactyly syndromes to date involve the cilia cycle.
This observation, together with the phenotypic overlap with
NEK1 patients, prompted our hypothesis that the NEK9-asso-
ciated skeletal dysplasia could be caused by ciliary dysfunction.
Indeed, analysis of NEK9 patient fibroblasts showed a significant
reduction in cilia number and length, similar to the findings in
NEK1 patients. Analysis of the human NEK9 orthologue in C. ele-
gans (NEKL-1) showed that nekl-1 has a restrictive expression pat-
tern and is exclusively limited to a subset of ciliated cells. Other
ciliopathy genes, such as those genes involved in the Bardet-
Biedl syndrome and the skeletal-associated Jeune syndrome,
show the same type of restricted expression pattern, which is
typically a strong indicator of a genes’ involvement in ciliary
function.

The potential involvement of human NEK9 in ciliary function
is not altogether surprising given its similarity to NEKS8, a gene
known to be involved in ciliogenesis (38,43). Phylogenetic ana-
lysis suggests that human NEK8 and NEK9 form a subfamily
within the Nek family (34,44,45). Both genes have a kinase do-
main and regulator of chromosome condensation (RCC1) and au-
tophosphorylate in the non-catalytic C-terminal region to
regulate their localization and/or activation (43,46). In addition,
mutation of NEK8 causes skeletal anomalies similar to NEK9
(shortened long bones and bowed femur), although the pheno-
type in NEKS ciliopathies is clearly broader (39). The Nek8-Nek9
subfamily is also observed in plants (47). In plants, there is evi-
dence that large-scale whole genome duplication events fol-
lowed by extensive reshuffling and divergent evolution likely
shaped the NEK gene family (47). Could this also hold true for hu-
mans? It is plausible that the present NEK8 and NEK9 in humans
could be represented by a single ancestral gene in lower eukar-
yotes. This ancestral gene may have undergone duplication,
with subsequent truncation to give rise to human NEK8 which
is much shorter and lacks some of the domains present in
NEKO9. The C. elegans BLAST results presented in this study sup-
port this hypothesis. C. elegans NEKL-1 is the top hit for human
NEK9, but NEKL-1 also shows high homology to human NEKS.
Of the two genes, NEKL-1 shows greater similarity to human
NEKO9. Both are of similar length and possess the same protein
domains organized in the same manner; an N-terminal kinase
domain followed by 4-6 RCC1 domains, and a C-terminal
coiled-coil dimerization domain. In contrast, NEK8 is much
shorter than NEKL-1 and lacks the C-terminal dimerization
motif. Therefore, whilst NEKL-1 may represent the true ortholo-
gue of NEK9, our findings raise interesting questions regarding
the ancestral origin of the NEK8-NEK9 subfamily.

The presence of contractures in all five babies with the NEK9-
associated skeletal dysplasia is noteworthy. Contractures are not
a common feature of ciliopathies but have been reported in some
patients with ciliary dysfunction. Firstly, oral-facial-digital syn-
drome is caused by mutations in the OFD1 gene which plays a
critical role in primary cilia function. Occasionally, this syndrome
includes generalized contractures or contractures of the knees
(48,49). Secondly, the Marden-Walker syndrome includes mul-
tiple joint contractures and is linked to dysfunctional mechan-
isms in the primary cilia structures of the cell (50). One gene
associated with the Marden-Walker syndrome, PIEZO2, has also
been shown to cause a subtype of distal arthrogryposis (51).
A role for cilia in chondrocyte development has been established
(52), and correct cilia function is critical to neural patterning, pro-
genitor proliferation, cell migration and axon guidance in the de-
veloping human brain and spinal cord (53). Ciliary defects are

likely to adversely affect multiple developmental pathways (54).
It is plausible that the contractures may not be a direct result of
NEKO9 deficiency itself but rather the elimination of an interaction
between NEK9 and a critical binding partner(s) involved in bone
development. Future investigations into the exact role of NEK9
in ciliary function and bone development may help to determine
how NEKO9 deficiency leads to severe contractures.

In summary, we have identified NEK9 as the cause of a lethal
recessive skeletal dysplasia, which is the first disorder to be asso-
ciated with NEK9 in humans to date. We anticipate that many
more cases of this NEK9-associated disorder are yet to be identi-
fied and will help to define the phenotypic spectrum of this
skeletal dysplasia. We provide evidence of cell cycle and ciliary
defects in patient fibroblasts, providing insight into the molecu-
lar mechanism of this skeletal dysplasia. Finding that expression
of the NEK9 orthologue in C. elegans is restricted to ciliated cells
adds further support for a potential role of NEK9 in ciliary func-
tion. Taken together, our findings suggest that NEK9 could re-
present a ciliopathy and future investigations into the potential
role of NEK9 in ciliary function are warranted.

Materials and Methods

Ethics and consent

The study was approved by the Ethics Committee of Temple
Street Children’s University Hospital (Dublin, Ireland). Written
informed consent was obtained from the parents, including con-
sent to publish patient photographs.

SNP genotyping

In Family A, DNA samples were available from two affected ba-
bies (A:IV:1 and A:IV:4), three unaffected siblings (A:IV:2, A:IV:3
and A:IV:5) and both parents (A:III:2 and A:IIL:3). In Family B,
DNA was available from two affected babies (B:III:4 and B:III:8),
two unaffected siblings (B:IIl:1 and B:II:9) and both parents
(B:1I:2 and B:II:3). Genomic DNA was extracted from peripheral
lymphocytes. DNA from patients A:IV:1 and B:III:4 was genotyped
for 964 193 SNPs on an Illumina BeadStation 500GX platform
using the Illumina Omni Human OmniExpressExome array
(AROS Applied Biotechnology, Aarhus N, Denmark). ROH >3 Mb
were identified using plink and compared to identify ROH com-
mon to both families (55).

Whole exome sequencing

DNA from one affected fetus (A:IV:4) and one healthy sibling was
selected for exome sequencing. Whole exome targeted capture
was performed using the SureSelect v5 50 Mb Human All Exon
Kit (Agilent Technologies, Santa Clara, CA, USA). Sequencing was
performed on an Illumina HiSeq ([llumina) at GATC Biotech (Kon-
stanz, Germany). The reads were aligned to the hgl9 reference
genome using BWA version 0.5.7 (56). Duplicates were removed,
and the quality scores for the aligned reads were recalibrated
using genome analysis toolkit (57). Variants and indels were iden-
tified using SAMtools and annotated with ANNOVAR (58,59).

Validation and segregation analysis

Validation and segregation analysis of the NEK9 NM_033116.4
€.1489C>T and WDR52 NM_001164496.1 ¢.2006T>C variants was
undertaken by PCR and Sanger sequencing (Supplementary
Material, Table S1). The identified NEK9 variant was submitted
to http:/databases.lovd.nl/shared/genes/NEK9.
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Cell culture

The MRCS fetal fibroblast cell line was obtained from American
Type Culture Collection and was used as a control. Patient fibro-
blasts were available from one baby in Family A and were ob-
tained according to routine hospital protocols. Cells were grown
under standard conditions at 37°C at 5% CO, (DMEM, 20% fetal
bovine serum, 50 IU/ml penicillin, 50 pg/ml streptomycin).

Antibodies

Anti-human antibodies for western blotting and immuno-
fluorescence analyses were sourced as follows: rabbit ARL13B
(Proteintech, Chicago, IL, USA), rabbit NEK9 (Ab138488, Abcam,
Cambridge, UK), mouse NEK9 (Ab57925, Abcam, Cambridge,
UK), mouse GADPH (Merck Millipore, Darmstadt, Germany) and
mouse acetylated tubulin (Sigma-Aldrich Cat. No. T7451, clone
6-44 11B-1). Horseradish peroxidase-conjugated anti-rabbit and
anti-mouse secondary antibodies (Cell Signaling Technology)
and AlexaFluor488, AlexaFluor596-conjugated anti-rabbit and
anti-mouse secondary antibodies (Thermo Fisher Scientific,
Waltham, MA, USA).

Western blotting

Patient and control fibroblasts were harvested at 80% confluency,
washed in PBS, and lysed in RIPA lysis buffer [Tris/Cl (10 mM pH
7.5), NaCl (150 mM), NP-40 (1%), sodium deoxycholate (0.25%),
PMSF (100 uM), NaF (1 mM), aprotinin (10 pg/ml), leupeptin
(10 ug/ml), pepstatin (10 pg/ml), NasVO, (100 uM) and B-glycero-
phosphate (100 uM)]. Protein concentration was determined by
the Bradford reagent (Bio-Rad). Protein samples were separated
by SDS-PAGE under reducing conditions by using Tris-glycine
running buffer. After electrophoresis, proteins were transferred
to PVDF membranes (Immobilon; Millipore). Membranes were
blocked in 5% BSA for 1 h and incubated overnight with primary
antibody at 4°C. Membranes were washed and incubated for 1 h
with HRP-conjugated secondary antibodies. Protein was detected
using Western Lightning Enhanced Chemiluminescence reagent
(Thermo Fisher Scientific, Waltham, MA, USA).

Immunofluorescence

Patient and control fibroblasts were grown on coverslips and fixed
in 1% paraformaldehyde for 30 min then washed in PBS, and
slides were allowed to air-dry. Cells were then incubated in
0.5% (v/v) Triton-X-100 in PBS for 30 min, and the cells were
again washed in PBS and slides allowed to air-dry. The cells
were blocked in 5% BSA in PBS for 30 min, then washed once in
PBS and incubated with primary antibody (1:100 dilution) over-
night at 4°C in a humidity chamber. The cells were again washed
in PBS and incubated in secondary fluorescent antibody (1:1000
dilution) for 1 h at room temperature in the dark. The cells were
washed in PBS and stained with 4',6-diamidino-2-phenylindole
(DAPI) (1 pg/ml) for 20 s and washed for a final time in PBS. Cover-
slips were mounted using a drop of fluorescent mounting
medium (Dako). The stained cells were visualized using the
Axiolmager 2 epifluorescent microscope (Zeiss), and images
were captured using the AxioVision software.

Measurement of cell proliferation

The MTT colorimetric assay was used to measure the rate of cell
proliferation in patient and control fibroblasts on Day 0 (24 h post
seeding) and Day 3. Fibroblasts were grown in a 96-well plate at
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2000 cells per well in 200 ul of medium. MTT, a tetrazolium dye
(3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide;
thiazolyl blue, Sigma, St. Louis, MO, USA) was added to each well
in the assay in a volume of 20 pl at a concentration of 5 mg/ml
MTT. The plates were incubated in the presence of MTT dye for
5 h. Mitochondrial dehydrogenase activity reduced the yellow
MTT dye to a purple formazan, which was then solubilized
with DMSO and absorbance was read at 560 nm on an ELISA
plate reader.

Cell cycle synchronization and propidium iodide staining

Cells were synchronized at the G1/S boundary by double thymi-
dine block. Subconfluent culture was blocked with 2 mM thymi-
dine and incubated for 16 h. The cells were washed three times
with PBS and then incubated with fresh serum-rich medium for
12 h. The cells were cultured again with media containing 2 mM
thymidine for an additional 24 h. The cells were released from
the G1/S block by three washes with PBS and collected by trypsi-
nization at the indicated time points. The cells were fixed with
70% ethanol at 4°C overnight. Following overnight incubation,
the ethanol was removed and the cells were washed and stained
with 300 pM propidium iodine and 30 pg/ml RNase A in PBS at
room temperature for 30 min. DNA content was analysed from
20000 cells using the CyAn™ ADP Analyzer flow cytometer.

Caenorhabditis elegans methods

All nematodes strains were grown and maintained under stand-
ard conditions on NGM (nematode growth media) plates seeded
with OP50 Escherichia coli incubated at 15 or 20°C (60). The nekl-1p::
gfp transcriptional reporter construct was generated by fusion
PCR (61). The intergenic nekl-1 5’'UTR (promoter) sequence of
1583 bp was first amplified from C. elegans genomic DNA and
then fused to an NLS::GFP fragment amplified from plasmid
pPD95-67. Construct was microinjected at 50 ng/pl along with
the co-injection marker unc-122p::dsRed (at 100 ng/pl) into N2
Bristol hermaphrodites (PO) to generate transgenic worms
expressing nekl-1p::gfp as an extrachromosomal array. Multiple
transgenic lines were observed and transgene expression com-
pared. The Dil incorporation assay was conducted as previously
described (62). For imaging, live worms were immobilized using
levamisole 40 mM and mounted on 4% agarose pad. Imaging
was performed using a Leica DM5000b epifluorescence com-
pound microscope and images analysed with ImageJ (FIJI)
software.

Supplementary Material

Supplementary material is available at HMG online.
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