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Vertebral malformations (VMs) are caused by alterations in somitogenesis and may occur in
association with other congenital anomalies. The genetic etiology of most VMs remains unknown
and their identification may facilitate the development of novel therapeutic and prevention
strategies. Exome sequencing was performed on both the discovery cohort of nine unrelated
probands from the USA with VMs and the replication cohort from China (Deciphering Disorders
Involving Scoliosis & COmorbidities study). The discovery cohort was analyzed using the
PhenoDB analysis tool. Heterozygous and homozygous, rare and functional variants were selected
and evaluated for their ClinVar, HGMD, OMIM, GWAS, mouse model phenotypes, and other
annotations to identify the best candidates. Genes with candidate variants in three or more
probands were selected. The replication cohort was analyzed by another in-house developed
pipeline. We identified rare heterozygous variants in K/AA1217in four out of nine probands in the
discovery cohort and in five out of 35 probands in the replication cohort. Collectively, we
identified 11 K/AA1217rare variants in 10 probands, three of which have not been described in
gnomAD and one of which is a nonsense variant. We propose that genetic variations of KIAA1217
may contribute to the etiology of VMs.

Keywords

cervical vertebral fusion; KIAA1217; spine abnormalities; spine growth and development;
vertebral malformation

INTRODUCTION

Vertebral malformations (VMs) have an approximate prevalence of 0.5-1 per 1,000
(Eckalbar, Fisher, Rawls, & Kusumi, 2012; Giampietro et al., 2009). They may occur in
isolation or in association with other renal, cardiac, or spinal cord anomalies, or maybe part
of an underlying syndromic diagnosis such as Klippel-Feil syndrome, Alagille syndrome,
CHARGE, and others (Chen et al., 2016; Erol et al., 2004; Giampietro et al., 2009;
Turnpenny et al., 2007). They may also be associated with the occurrence of congenital
scoliosis or kyphosis (Erol et al., 2004; Giampietro et al., 2009).

VMs are caused by defects in the axial skeleton development. During embryogenesis,
normal development and segmentation of the vertebrae involve the effective and highly
orchestrated process of somitogenesis, which produces transient segments of tissue known
as somites. The somites, comprising of paired metameric structures of paraxial mesoderm
are located on both sides of the neural tube and form vertebrae, ribs, skeletal muscles, and
dermis (Alazami et al., 2015; Erol et al., 2004; Hubaud & Pourquié, 2014; Mittmann et al.,
2015; Sparrow, Chapman, Turnpenny, & Dunwoodie, 2007; Turnpenny et al., 2007).
Disruption of somitogenesis results in various forms of VMs including defects of the
formation such as wedge or hemivertebrae, defects of segmentation such as fused segments,
and problems in midline fusion such as butterfly vertebrae (Eckalbar et al., 2012; Erol et al.,
2004). VMs may be caused either by disruption of genes involved in the somitogenesis
process, environmental insult during embryogenesis, or combination of both (Eckalbar et al.,
2012; Erol et al., 2004).
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Beauregard-Lacroix et al. (2017) identified a chromosomal anomaly by array comparative
genomic hybridization in 31.3% of 32 patients with VMs. The chromosomal anomalies
included trisomy 8 mosaicism, 22q11.2 deletion, 16p11.2 microdeletion, balanced and
unbalanced translocations, pericentric inversion of chromosome 8, and inv(8)(g22.2923.3)
(Beauregard-Lacroix et al., 2017). More recently, genes such as CDH7 (Patten et al., 2012),
GDF3(Ye et al., 2010), GDF6 (Tassabehji et al., 2008), MEOX1 (Bayrakli et al., 2013),
RIPPLYZ (Karaca et al., 2015) PAXI (McGaughran, Oates, Donnai, Read, & Tassabehiji,
2003), MYO18B (Alazami et al., 2015) 7BX6 (Chen et al., 2020; Liu et al., 2019; Wu et al.,
2015), SMARCCI (Al Mutairi, Alzahrani, Ababneh, Kashgari, & Alkuraya, 2018), and
T(brachyury) (Ghebranious et al., 2008) have been described as causing known autosomal
dominant or autosomal recessive syndromes associated with different forms of VMs.
Pathogenic variants in genes involved in the NOTCH signaling pathway (D//3, Lfng, Mesp2,
Hes7, and Tbx6) are known to produce a variety of somite or vertebral and rib abnormalities
in mice (Erol et al., 2004; Mittmann et al., 2015; Sparrow et al., 2007; Turnpenny et al.,
2007). Nevertheless, the genetic etiology for the majority of VMs is still unknown.

VMs cause significant functional distress such as chronic pain (caused by degenerative disc
disease and myelopathy) and cosmetic disfigurement (Giampietro et al., 2009).
Understanding their genetic etiology may aid in identifying novel treatment and prevention
strategies.

In this study, we describe the identification of K/AA1217as a novel candidate gene
implicated in causing VMs with or without heart and central nervous system anomalies.

2| MATERIAL AND METHODS

2.1

Human subjects

2.1.1| USA centers—Probands with VM were invited to participate in an IRB approved
study to identify novel genes associated with VM. Recruitment sites in the USA included the
Hospital for Special Surgery, Marshfield Clinic, and the University of Wisconsin, Madison.
From Marshfield Clinic, 95 probands were recruited. From the University of Wisconsin,
Madison, 78 probands and five stillbirths were recruited. From the Hospital for Special
Surgery, 13 probands were recruited. Spine films were reviewed by a study team (P.F.G.,
C.R., K.N., M.H., and B.N.) for inclusion. The medical record and corresponding X-rays of
each study participant were reviewed to identify and confirm the specific VM phenotype,
associated birth defects in the spinal cord, heart, kidneys, brain, and other skeletal
abnormalities (Figure 1 and Table 1). X-rays were reviewed by the attending orthopedic
surgeon involved with the case and study team in order to confirm a proband’s VM
phenotype.

DNA was extracted from blood or saliva specimens. Exome sequencing and analysis were
subsequently performed on a subset of eight probands with cervical VM at the Baylor-
Hopkins Center for Mendelian Genomics (BHCMG). DNA from Proband 10, also recruited
from Marshfield Clinic, was sequenced at Victor Chang Cardiac Research Institute.
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2.1.2| Peking Union Medical College Hospital, China—Thirty-five probands with
cervical VMs delineated on X-ray/MRI were recruited between October 2010 and
November 2017 as part of the Deciphering Disorders Involving Scoliosis and COmorbidities
(DISCO) study (http://www.discostudy.org/).

The study was approved by the Human Subjects Ethics Committee of Peking Union Medical
College Hospital and informed consent was obtained from probands or their parents.
Evaluation of the VMs was performed using X-ray and CT, which were reviewed by two
Orthopedic surgeons (N.W. and J.Z.) in a blinded fashion. Birth defects in other organ
systems were also noted (Figure 1; Table 1).

DNA was extracted from peripheral blood according to a standardized protocol.

2.2 | Exome sequencing

For samples sequenced at the BHCMG, DNA samples were processed with an Illumina
HumanCoreExome-24v1-1 array to confirm gender, identify unexpected duplicates and
relatedness, confirm study duplicates and relatedness, provide sample performance
information and sample identity confirmation against the sequencing data. The Agilent
SureSelect HumanAllExonV4_51MbKit_S03723314 was used for exome capture. Libraries
were sequenced on the HiSeq2500 platform with onboard clustering using 125 bp paired-
end runs and sequencing chemistry kits HiSeq PE Cluster Kit v4 and HiSeq SBS Kit v4.
Intensity analysis and base calling were performed through the Illumina Real Time Analysis
(RTA) software (version 1.17.20).

Variant filtering was done using the Variant Quality Score Recalibration method (Depristo et
al., 2011; van der Auwera et al., 2014). For SNVs, the annotations of MQRankSum, QD, FS,
SOR, and ReadPosRankSum were used in the adaptive error model. Summary statistics on
the multi-sample were calculated for each variant (PASS and FAIL) including counts and
frequencies of alleles and genotypes, missing rates, overall quality scores, and mean depth.
In addition, separate summary statistics files for just Coriell control samples (HapMap and
1,000 Genomes subjects) and just BHCMG subjects for only PASS variants were generated.

DNA from patient 10 was sequenced at Victor Chang Cardiac Research Institute where
exome sequencing, bioinformatic processing, and variant prioritization were carried out as
described previously (Szot et al., 2018).

For samples analyzed in China, Illumina paired-end libraries were prepared from DNA
samples and subjected to exome capture using the VCRome SeqCap EZ Chice HGSC 96
Reactions capture reagent (Roche), followed by sequencing on an Illumina HiSeq 4000
platform. The variant calling and annotation were performed by the in-house developed
PUMP (Peking Union Medical College Hospital Pipeline) (Wang et al., 2018). In brief,
single nucleotide variants and internal duplications and/or deletions (indels) were called
using the HaplotypeCaller of the Genome Analysis Toolkit, version 3.4.0. Annotation for the
de novo, compound heterozygotes, and homozygous inherited variants were calculated with
Gemini (version 0.19.1) for in silico subtraction of parental variants from the proband’s
variants, with accounting for read number information extracted from BAM files.
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2.3 | Variant filtering strategy

For samples sequenced at the BHCMG, we used the PhenoDB analysis tool (Sobreira,
Boehm, Valle, & Hamosh, 2015) to select the heterozygous and homozygous, rare (MAF <
1%) and functional (missense, nonsense, stop loss, splicing, and indels) variants in each
proband. Each of the variants and genes selected were evaluated for their ClinVar, HGMD,
OMIM, GWAS, and mouse phenotype annotations among others. Next, we also selected the
genes with heterozygous and/or homozygous candidate variants in three or more individuals.
Upon identification of KIAA1217 as a candidate gene, we looked for individuals with rare
functional variants in KIAA1217 among 35 individuals from the DISCO study.

2.4 | Enrichment analysis

An enrichment analysis was performed on K/AA1217using 994 unrelated individuals from
the BHCMG project without known skeletal anomalies as controls and 44 probands with
VMs. A contingency table containing the number of individuals presenting rare (MAF <
0.5%) missense, nonsense, stop loss, and/or splicing variants was built. Fisher’s exact test
was determined and p < .05 was considered statistically significant.

3| RESULTS

3.1

3.2

Phenotypic description of probands

Unrelated probands included in this report showed variable forms of cervical VMs.
Radiographic illustrations of various forms of VMs seen in all probands included in this
report are shown in Figure 1. In addition to VMs, the probands had additional anomalies
affecting their central nervous system (tethered cord, Chiari malformation; agenesis/absent
corpus callosum; hydrocephalus, developmental delay), cardiac system (dextrocardia, VSD,
ASD), gastrointestinal system (inguinal hernia, pyloric stenosis), genitourinary system
(horseshoe kidney), and skeletal system (bifid ribs). A detailed phenotypic description of
each proband is outlined in Table 1.

Candidate gene identification and variants details

The variant analysis for each proband ensured the investigation of variants in genes that are
known to be associated with VMs including DLL3, LFNG, MESPZ2, HES7, TBX6, CDH?,
GDF3, GDF6, MEOX1, RIPPLYZ2, PAX1, and MYO18B. We did not identify any candidate
variants in these genes in any of the eight probands sequenced as part of the BHCMG. Next,
we identified genes with candidate variants in three or more of the eight BHCMG probands.
Among these genes, we identified rare heterozygous variants in KIAA1217 (also known as
Sickle Tail; SKT) in three unrelated probands (Probands 1, 2, and 3; Table 1). Among the
DISCO study, we identified an individual (Proband 4) with rare compound heterozygous
variants in KIAA1217 (c.G2503T, p. Ala835Ser and ¢.C2660T, p.Ala887Val) and five
individuals with rare heterozygous variants in KIAA1217(Table 1). In an additional cohort
from Victor Chang Cardiac Research Institute, we identified an individual (Proband 10) with
arare KIAA1217variant (c.A185G, p. Asn62Ser). Details of KIAA1217variants identified
in each proband, including their gnomAD frequency, are outlined in Table 1. All the variants
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identified were missense with the exception of one, p.Lys1407*, variant identified in
Proband 2.

Furthermore, our enrichment analysis identified 43 rare missense variants in 53 individuals
among the 994 control individuals (Figure 2) with a statistically significant difference in the
burden for KIAA1217 variants when comparing the patient group (44 probands) to the
control group (p=.00016, Fisher’s exact test).

4| DISCUSSION

The recent advancement in molecular biology techniques has significantly enhanced our
understanding of the genetic etiologies of VMs. To highlight the genetic and phenotypic
heterogeneity associated with VMs, we conducted an OMIM search using the terms
“vertebrae” and “malformation.” A total of 58 conditions were identified and summarized
according to the pathways possibly affected in Table S1. The search identified multiple
developmental pathways including Notch, Wnt, TGFp among others, and genes closely
involved with somite segmentation (Sparrow et al., 2007). Another 50-100 genes have been
flagged as potentially expressed in a cyclic fashion in the presomitic mesoderm in mice
representing a rich source for future investigations (Dequéant et al., 2006).

In our study, we identified rare heterozygous functional variants in K/AA1217in 10
individuals with VMs (Table 1) but one individual (Proband 4) had two K/AA1217variants
located in exon 13 that were three residues apart, shown to be in trans with each being
inherited from a different parent. In Probands 1, 4, and 10 the variants were inherited from
an unaffected parent and in the other seven cases, the parents’ samples were not available for
segregation analysis.

Probands’ 4 and 5 KIAA1217 variants are predicted to be “definitely damaging” and
probands’ 2, 7, and 10 variants are predicted to be possibly damaging based on their HVAR
and CADD scores. Given the low HVAR scores for the p.A145T and p.11293V variants seen
in patients 1 and 8, respectively, we believe caution should be expressed when interpreting
their potential significance.

KIAA1217 (sickle tail protein homolog) has 21 exons and encodes a 1943 amino acid
protein product with Coiled-coil regions and Actin interacting domains (Figure 2). The
coded protein is required for normal development of intervertebral disc, the regulation of
dendritic spine morphogenesis, embryonic skeletal system development through regulating
cell migration, multicellular organism development, and substrate adhesion-dependent cell
spreading (The Gene Ontology Project). KIAA1217has been previously linked to genetic
susceptibility to intervertebral disc degeneration and lumbar disc herniation (Karasugi et al.,
2009; Kelempisioti et al., 2011). It is possible that pathogenic variants in KIAA1217 may
contribute to the development of VMs through perturbation of intervertebral disc
development. Animal model studies showed that mice homozygous for a gene-trapped allele
display malformations of the notochord and caudal vertebrae and may exhibit caudal tail
kinks. Mice homozygous for another gene-trapped allele have malformed caudal vertebrae
and intervertebral disk abnormalities and about half display kinked tails (KIAA1217, 2020).

Am J Med Genet A. Author manuscript; available in PMC 2021 May 17.
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In addition, at DECIPHER, there are 13 individuals with large deletions that disrupt
KIAA1217among other genes. Six of the deletions are classified as pathogenic or likely
pathogenic and none of them is classified as benign or likely benign. Twelve of them are in
individuals with an abnormal phenotype, eight of which have skeletal abnormalities
(hemivertebrae, hypoplasia of the radius, short stature, postnatal growth retardation,
camptodactyly of finger, hammertoe, hip dislocation, short toe, abnormality of the hand,
arachnodactyly, finger clinodactyly, and short neck). A heterozygous, de novo, 10.44 Mb (97
genes) deletion in a proband with hemivertebrae, abnormal shaped pinna, radial hypoplasia,
low set ears, and renal agenesis is one of these cases (DECIPHER ID 248253). Another is a
heterozygous, de novo, 17.4 Mb (179 genes) deletion classified as likely pathogenic in an
individual with 2-3 toe syndactyly, abnormality of the pinna, anteverted nares,
brachycephaly, delayed speech and language development, finger clinodactyly, high palate,
intellectual disability, low-set ears, muscular hypotonia, harrow mouth, prominent nasal
bridge, short neck, and short philtrum (DECIPHER ID 397158) (https://
decipher.sanger.ac.uk/patient/248253#genotype/cnv/18543/browser). These two deletions
more specifically suggest the role of KIAA1217 loss of function variants in the etiology of
VMs.

In our cohort of individuals with KIAA1217 variants, other phenotypic features include
tethered cord and ASD/VSD (Table 1). Because the spinal cord develops simultaneously
with the somite-derived musculoskeletal portions of the spine, disruption of one element
would be expected to impact the development of other (Erol et al., 2004).

In Probands 1 and 10, the heterozygous variants were found to be inherited from an
unaffected parent. Some of the explanations for this incomplete penetrance finding are (a) A
mild phenotype not recognized in an apparently unaffected parent; (b) A mutant allele acting
in concert with environmental factors; (c) An autosomal recessive phenotype where the
affected individual has a second coding or noncoding variant in K/AA1217that was not yet
identified; or, (d) An oligogenic phenotype where the affected individual has a second
coding or noncoding variant in a different gene that was not yet recognized. A similar
situation has been described before in association with VMs. A heterozygous ¢.1013C > T
missense allele in T (brachyury) has been identified in three unrelated individuals with VMs
including two patients with cervical fusion defects and one patient with sacral agenesis. In
each case, a clinically asymptomatic parent carried the mutant allele (Ghebranious et al.,
2008). The identical variant was identified in another patient with sacral agenesis and his/her
clinically unaffected parent reported by Papapetrou et al. (1999). Heterozygous mutant adult
T (brachyury) mice have a short tail phenotype. Homozygous mutant T mice die at
embryonic Day 10 due to the presence of an allantoic bladder (Edwards et al., 1996).

In summary, we identified 11 KIAA1217rare variants in 10 probands, three of which have
not been described in gnomAD and one of which is a nonsense variant. Based on our
findings and what is known about K/AA1217function in humans and mouse model, we
suggest that the KIAA1217variants identified here are strong causative candidates for the
VM phenotypes described in the probands in our cohort and that pathogenic, loss-of-
function variants in this gene may cause autosomal recessive or dominant with incomplete
penetrance VM with or without heart and central nervous system anomalies or other

Am J Med Genet A. Author manuscript; available in PMC 2021 May 17.


https://decipher.sanger.ac.uk/patient/248253%23genotype/cnv/18543/browser
https://decipher.sanger.ac.uk/patient/248253%23genotype/cnv/18543/browser

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dhabheri et al.

Page 8

anomalies. Future studies in larger cohorts and functional studies of the candidate variants
identified in our cohort are necessary to confirm the causal relationship between KIAA1217
and VMs. Additionally, continued collaborative efforts between developmental biologists,
molecular geneticists, and clinicians are instrumental to achieve a better understanding of
the intricacies of somitogenesis and its application to clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Radiographic illustration of vertebral malformations seen in all probands. (a) Proband 1:

Plain X-rays showing fused cervical and thoracic vertebrae in a 9-month-old male (1a, 1b).
Proband 1 also have ASD. Proband 2, lateral neck films (2a) with flexion (2b) extension (2c)
views showing fused cervical vertebrae in a 13-year-old male. Proband 2 also have
macrocephaly, hydrocephalus, developmental delay, and intellectual impairment. Proband 3,
42-year-old male with dextrocardia, VSD. AP (3a), lateral (3b), and flexion (3c) X-rays
showing fused cervical vertebrae. Proband 4, 12-year-old female with vertebrae deformation
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of C6, T3, T10, and segmentation defects of C3-C4, C6-C7, T3-T4 as shown in AP (4a) and
lateral spine (4b) X-rays and AP 3D spine imaging (4c). Proband 5, AP (5a) and lateral
spine (5b) X-ray and AP (5c) and PA (5d) 3D imaging of the spine showing extensive
segmentation defects from C7-T9, thoracic spondylosis, tethered cord in 8-year-old male. (b)
Proband 6, 10 year old male, AP (6a) and lateral (6b) X-ray and 3D spine imaging (6¢ and
6d) showing segmentation defects of C2/C3, non-segmented hemivertebrae of T4, and non-
segmented wedged vertebrae of T12. Proband 7, 16-year-old male with segmentation defect
of C6, non-segmented hemivertebrae of C7, and wedged vertebrae of T6/T7 as shown in AP
(7a) and lateral (7b) X-ray and 3D imaging (7c and 7d). Leg-length discrepancy can be
noted on the AP X-ray. Proband 8, 42-year-old female with C5-T5 segmentation defect with
a short neck and non-segmented hemivertebrae of L1 as demonstrated by AP (8a) X-ray and
3D imaging (8b and 8c) of the spine. (i) Proband 9, spine C2-C7 segmentation defect in a 9-
year-old male. AP (9a) and lateral spine X-ray (9b) and 3D imaging (9c) showing C-spine
fusion. (c) Proband 10, lateral neck X-ray (10a and 10b) and MRI (10c) demonstrating
incomplete segmentation of C1 fusion to Clivus, C3-C4, and hypoplastic occipital condyles
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FIGURE 2.
Schematic representation of variants identified in K/AA1217. Forty-three variants (black)

were identified in 994 control subjects. Eleven variants (red) were identified in our cohort.
Two variants (p.Alal45Thr and p.Asn62Ser) were seen in a patient and a control subject. All
variants were missense except p.Lys1407*
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