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Axial spondylometaphyseal dysplasia is also caused by

NEK1 mutations

Zheng Wangl’z’s, Eva Horemuzova>$, Aritoshi lidal, Long Guo!, Ying Liu?, Naomichi Matsumoto’,
Gen Nishimura®, Ann Nordgren7, Noriko Miyakes, Emma Tham’, Giedre Grigelioniene7 and Shiro Ikegawa1

Axial spondylometaphyseal dysplasia (axial SMD) is a unique form of SMD characterized by dysplasia of axial skeleton and
retinal dystrophy. Recently, C210rf2 has been identified as the first disease gene for axial SMD; however, the presence of
genetic heterogeneity is known. In this study, we identified NEK1 as the second disease gene for axial SMD. By whole-exome
sequencing in a patient with axial SMD, we identified compound heterozygous mutations of NEK1, c.3107C>G (p.S1036*)
and ¢.3830A>C (p.D1277A), which co-segregated in the family. NEK1 mutations have previously been found in three types of
short rib thoracic dystrophy, which have no retinal dystrophy. The skeletal phenotype of our patient was milder than those of
previously reported cases with NEK1 mutations and those with axial SMD harboring C21orf2 mutations. Phenotypes associated
with NEK1 mutations are variable and the phenotype—genotype corelation in skeletal ciliopathies is challenging.
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Spondylometaphyseal dysplasia (SMD) is a group of genetic skeletal
disorders that show abnormal development of spine and metaphyses
of long tubular bones.! Axial SMD (MIM 602271) is a subtype of
SMD. The main clinical features of axial SMD include (1) mild
postnatal growth failure, (2) severe chest deformity and (3) impaired
visual acuity with retinal dystrophy.>* The radiological features of
axial SMD include (1) cupped and flared anterior ends of ribs, (2) lacy
ilia and (3) metaphyseal dysplasia of proximal femora with irregular
and enchondroma-like metaphyses.?

Recently, C2Iorf2 was identified as the disease gene for axial SMD;
however, evidence indicating for genetic heterogeneity of axial SMD
was also found.® In this study, we have identified NEKI as the second
disease gene for axial SMD.

The study was approved by the Ethics Committees in RIKEN
Center for Integrative Medical Sciences and Karolinska Institutet. The
proband was the second child of a non-consanguineous Caucasian
couple. The auxology data of the family is presented in Supplementary
Table S1. He was considered to be healthy until 7 years of age, when
his vision deteriorated abruptly. He was diagnosed with hypermetro-
pia, astigmatism and neuroretinal degeneration. Electroretinogram
(ERG) at age 11 years showed severe retinal dystropy (Figure 1a). The
skeletal dysplasia was found at an age of 8 years. He had a slim

thoracic cage and hyperflexible finger joints. He did not have short
stature, facial abnormalities, cleft lip and/or palate, and dysplasia of
fingers. Skeletal survey showed a narrow and long thorax, mild
platyspondyly with rounded vertebral bodies, underdeveloped lower
part of the pelvis, sclerotic proximal femoral metaphyses and mild
metaphyseal broadening of the distal femora and proximal tibia
(Figure 1b—f). Echocardiography revealed mild insufficiency of bicus-
pid and tricuspid valves. Laboratory tests including liver and kidney
evaluation were normal. On basis of the clinical and radiological
grounds mentioned above, a diagnosis of axial SMD was made.
Genomic DNA was extracted from peripheral blood of the patient
and his family members (Supplementary Figure SI1A). Initially, the
coding exons and surrounding intronic regions of C2lorf2 were
examined by Sanger sequencing as described previously,” but no
candidate variant was found in C2lorf2. Then whole-exome sequen-
cing on the patient's DNA was performed as described previously.>®
The summary of the sequencing performance is provided in
Supplementary Table S2. By using autosomal recessive model and
filtering strategy described previously,” we detected two variants in the
gene NEKI. NEK1 (NM_001199397) consists of 36 exons and encodes
a protein of 1286 amino acids. Four other splicing isoforms with
minor in-frame alterations (NM_012224, NM_001199398-400) are
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Figure 1 Clinical features of the patient. (a) Electroretinogram of the patient at age 11 years. Rod response, mixed rod-cone response, single cone response
and 30 Hz flicker cone response of a normal subject (left) and the patient (right). The patient showed extremely diminished mixed rod—cone response with
non-recordable rod response, oscillatory potentials and cone responses, indicating a widespread retinal degeneration. (b—f) Radiographs of the patient at age
8 years. (b) Chest A-P. Narrow thorax with short ribs. (c) Lateral spine. Mild platyspondyly with rounded, dorsally wedged vertebral bodies. (d) Lower leg A-P.
Mild metaphyseal broadening of the proximal tibia. (e) Hip A-P. Short ilia with narrow greater sciatic notches and horizontal acetabula, mildly flat capital
femoral epiphyses, and irregular trabeculae in both femoral necks. (f) Hand A-P. Mild shortening of the 4th and 5th metacarpals.
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Figure 2 Domain structure of NEK1 protein and distribution of mutations. The amino acid sequence of NEK1 protein refers to NP_001186326. S_TKc:
serine/threonine kinase catalytic domain. Grey box: coiled-coil region; black box: low-complexity region. Dot-line arrow: deleterious mutations (nonsense
mutation, splicing mutation, insertion or deletion that causes frame-shift); solid-line arrow: missense mutation. Mutations identified in the present study are
in bold. Splicing mutations are in bracket and are displayed on the DNA level. A large deletion described in mouse PKD model is not included in this figure

since its detailed position is not available.

Table 1 NEKI1 mutations in human and mouse diseases

Mutation 2 Mode of inheritance Phenotype Reference
Nucleotide Protein Position

c.379C>T p.R127* Exon 6 AR SRTD6 14
(c.313-1A>G)P (p.S104fs) Intron 6 AR SRTD3 21
c.420_421insG° p.T141Dfs*11 Exon 7 AR PKD (mouse model, katZ’) 22
c.433G>A p.G145R Exon 7 AR SRTD6 16
c.514C>T p.P172S Exon 8 AR SRTD1/CED1 17
c.552-1G>A p.S184fs Intron 8 AR SRTD6 15
c.758T>C p.L253S Exon 10 AR SRTD6 16
c.869-2A>G p.A290fs Intron 11 AR SRTD6 14
c.869-1G>T p.A290fs Intron 11 AR SRTD1/CED1 17
¢.1640dupA p.N547Kfs*2 Exon 19 AR SRTD6 14
€.2931delTinsGG p.D977Efs*6 Exon 30 AR SRTD6 16
c.3107C>G p.S1036* Exon 31 AR Axial SMD This study
¢.3830A>C p.D1277A Exon 35 AR Axial SMD This study
Large deletiond NA NA AR PKD (mouse model, kat) 22

Abbreviations: AR, autosomal recessive; Axial SMD, axial spondylometaphyseal dysplasia; CED1, cranioectodermal dysplasia 1; NA, not available; PKD, polycystic kidney disease; SRTD, short-rib

thoracic dysplasia (with or without polydactyly).

SRTD3: OMIM #613091; previous Verma-Naumoff syndrome.

SRTD6: OMIM #263520; previous short rib-polydactyly syndrome, Majewski type.
SRTD1: OMIM %208500; previous Jeune asphyxiating thoracic dystrophy (JATD).
CED1: OMIM: #218330; previous Sensenbrenner syndrome.

Axial SMD: OMIM 602271.

2All previously reported mutations were converted to the corresponding positions in NM_001199397.1 and NP_001186326.
PThe indexed ‘splicing mutation’ is actually a normal splicing acceptor sequence (NM_001199397.1).
“Mouse Nekl mutations were converted to the corresponding positions in NM_001199397 and NP_001186326 in hgl9 (see text for details).

dinformation on the accurate position of this deletion is not available.

known. The detected NEKI mutations are ¢.3107C>G (p.S1036*) in
exon 31 and c3830A>C (p.D1277A) in exon 35, respectively
(numbered according to NM_001199397 and NP_001186326). Sanger
sequencing of family members confirmed the exome-sequencing
results and showed the segregation of the two variants
(Supplementary Figure S1). The variants were very rare in the general
population, and were predicted as disease causing by SIFT7,
PolyPhen2® and MutationTaster” (Supplementary Table S3).

NEK1 (OMIM: 604588) belongs to the NIMA (never in mitosis
gene a)-related kinase family, which is conserved in evolution® and
involved in multiple cellular process, including mitosis, DNA repair,
microtubule dynamics and ciliogenesis.!®!! A recent siRNA-based
functional genomics screening has revealed that NEK1 forms a
functional module of ciliogenesis along with C21orf2 and SPATA7.!2
C2Iorf2 is the known disease-causing gene of axial SMD.’

At present, 11 NEKI mutations related to human or mouse
monogenic phenotypes were reported (Table 1, Figure 2). Previous

NEKI mutations were reported in various transcripts in human and
mouse. We therefore unified human NEKI mutations and mouse
Nekl mutation in Kat? in reference to human transcript
NM_001199397 and NP_001186326 (hgl9) by using NCBI BLAST
and Clustal X version 2.0.'* The NEKI-related phenotypes were
described according to the latest version of nosology and classification
guide of genetic skeletal disorders.! Seven NEKI mutations are
reported in short-rib thoracic dysplasia 6 (SRTD6; OMIM #263520),
a skeletal disease more severe than axial SMD. SRTDG6 is characterized
by short ribs and limbs, median cleft lip, pre- and post-axial
polysyndactyly, genital abnormalities, anomalies of epiglottis and
viscera,but has no retinal dystrophy.'*1¢ A 3-year-old patient who is
a compound heterozygote for NEKI mutations has a phenotype
overlapping with SRTD1 (OMIM %208500) and cranioectodermal
dysplasia 1 (OMIM #218330 CED1), but also without retinal
dystrophy.”” Two autosomal recessive mouse strains generated
for polycystic kidney disease (PKD), kat and kat?’), have Nekl
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mutations. Besides the PKD phenotype, skeletal changes of these mice
only include decreased body size and abnormal craniofacial
morphology.'®

The phenotypic variability could be explained by the location of
mutations on the NEK1 protein. Most of the previous mutations are
in the N-terminal of the protein, in or near the serine/threonine kinase
catalytic domain of this enzyme (Figure 2). The two mutations
identified in this study were located in the C-terminal
and probably have milder alteration of protein structure and
function.

Wheway et al.'? proposed that disruption of SPATA7-C2lorf2
interaction contributes to the retinal phenotype, while disruption of
NEK1-C2lorf2 interaction contributes to the skeletal phenotype.
However, the effect of NEKI mutations in the visual system has been
unrecognizable because all affected patients and mouse strains suffered
from perinatal death due to thoracic hypoplasia. Here we provide the
first in vivo evidence that NEKI mutation could cause a retinal
phenotype in patients with mild skeletal dysplasia. The similarity of
the phenotype observed in this patient with NEKI mutations and
previously described patients with C2Iorf2 mutations provided addi-
tional in vivo evidence for the potential interaction of NEKI and
C2lorf2.

The severity of skeletal phenotypes in axial SMD is variable.> It was
reported that axial SMD patients with the same C2lorf2 bi-allelic
mutation showed broad phenotype variability.>> Regarding the radio-
graphic phenotype of axial SMD, the patient is at the mildest end of
the phenotype spectrum. In contrast to previous axial SMD cases,
which show moderate-to-severe short stature becoming manifest in
early childhood,” the patient’s height followed approximately =1 SD
since birth. Our findings are consistent with known phenotype
variability characteristic for skeletal ciliopathies.'®2°
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