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Abstract

We report a family of Saudi Arabian ancestry with two children presenting with

global developmental delay, dystonia, disturbed sleep, and heat intolerance. By

genome sequencing, we identified a nonsense variant in the first exon of

PI4K2A that was homozygous in both affected individuals and was absent from,

or heterozygous in, seven unaffected siblings. PI4K2A is highly expressed in the

brain and a mouse model displays a neurological phenotype, implicating

PI4K2A as a new disease gene for a neurological disorder.

Introduction

The molecular diagnostic rate for individuals with rare

neurological or neurodevelopmental disorders is typically

20–40%, depending on the cohort examined and the

methodologies used.1,2 These disorders are highly hetero-

geneous with many underlying genes, suggesting that

there are further genes yet to be discovered. Such disor-

ders are well suited for genome-wide analysis by either

exome or genome sequencing since the high levels of

genetic and phenotypic heterogeneity make hypothesis-

driven targeted gene testing challenging. Genome-wide

analysis in patients from consanguineous families with

previously undiagnosed neurological conditions can facili-

tate the discovery of new genetic etiologies, particularly

for rare autosomal recessive conditions.

Here, we report a family with an undiagnosed develop-

mental and neurological disorder found by genome
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sequencing to carry a homozygous variant in PI4K2A, a

gene not previously implicated in human disease.

Clinical Report

Subjects II-8 and II-9 (Fig. 1) are brothers born to first

degree cousins of Saudi Arabian origin, presenting with

global developmental delay, dystonia, heat intolerance,

and sleep disruption. They are the last-born children in a

family of nine with the other seven siblings all unaffected.

The parents are also asymptomatic.

The two affected boys were born following uncomplicated

pregnancies and deliveries. They manifest subtle features of

dysmorphism, they have hypotelorism, small eyes, microg-

nathia, and prominent ears. At 5 to 6 months of age they

had failure to thrive, visual inattentiveness, loss of acquired

skills and poor oral coordination and feeding. The remain-

der of infancy was accentuated by prolonged episodes of cry-

ing, irritability, and akathisia, which includes facial

dyskinesias persisting until their present ages of 9 and

14 years. They have episodic arm dystonia with opisthotonic

posturing that can last for hours on weekly basis (improved

with Clonazepam). They are nonverbal and nonambulatory,

they are unable to stand but are able to crawl and sit without

support. Both developed myoclonus and generalized seizures

at age 9, the latter controlled to date with levetiracetam. Both

boys’ growth parameters remain at the third percentile. They

are heat intolerant and have disturbed sleep in the form of

prolonged sleep latency and short duration of up to 4 h per

24 h period; they sleep during the day and are awake

through the night. They are hypotonic axially with increased

appendicular tone and brisk reflexes. Normal strength was

observed on individual muscle group testing. Pes cavus is

evident and peripheral neuropathy is likely given bilaterally

delayed responses to touch, pain, and vibration. Systemic

examination was normal. Brain MRI for individual II-8 at

infancy is shown in Figure S1. EEG in both subjects showed

slow background and bursts of central theta frequency waves

with no frank epileptiform discharges. Cerebrospinal fluid

neurotransmitter profile was normal.

Methods

All genomic analyses were performed on DNA extracted

from whole blood. Exome sequencing (WES) was per-

formed for subjects II-8 and II-9 (Fig. 1), using the Ion

AmpliSeq Exome Kit (Life Technologies) with sequencing

on the Ion ProtonTMsemiconductor system following the

manufacturer’s instructions. Alignment and variant calling

were performed using Torrent Suite (v4.0) on the Ion

Proton Server using Ion Proton standard low-stringency

settings. Genome sequencing (WGS) and data analysis for

II-8 and II-9 were performed as previously described.3

Briefly, the Illumina TruSeq Nano DNA Library Prep Kit

was used for library preparation, omitting the PCR ampli-

fication step, followed by paired-end sequencing on Illu-

mina HiSeq X system as specified by the manufacturer.

Base calling and analysis were performed using Illumina

HiSeq Analysis Software v2-2.5.55.1311. Reads were

mapped to hg19 using Isaac alignment (SAAC00776.

15.01.27) and single nucleotide and small indel variants

called Isaac variant caller Starling 2.1.4.2 and annotated as

previously described4 based on ANNOVAR.5 Copy num-

ber variants were detected as described by Trost et al.6

Individuals I-1, I-2, II-4, II-6, II-8, and II-9 were also

genotyped using Infinium HumanOmni2.5-8 BeadChip

Figure 1. Pedigree of the family showing genotypes. “p.S22*” indicates the PI4K2A variant in isoform NM_018425 and “+” indicates no variant.

Black shapes indicate affected individuals and unaffected family members are shown by white shapes.
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according to the manufacture’s protocol. Homozygosity

mapping was performed using Homozygosity Detector

1.0.3 module in GenomeStudio with default parameters.

Informed consent was collected from all participants

and this study was approved by The Hospital for Sick

Children Research Ethics Board, Toronto, Canada.

Results

WES of the affected children identified eight rare autosomal

variants in coding regions that were homozygous in both,

none of which was considered likely pathogenic. WGS was

then carried out, yielding 13 high confidence autosomal rare

coding variants found to be homozygous in both affected

brothers. One was a nonsense variant in exon 1 of PI4K2A,

which would lead to protein truncation at amino acid 22

(chr10: 99400564C>A (hg19); c.65C>A; p.Ser22*
(NM_018425)). This variant has not been observed in popu-

lation databases.7–10 Review of the WES data revealed that

the variant had been missed by WES due to there being no

coverage of this exon, likely due to high GC content. The

probability of loss of function intolerance (pLI) score for

PI4K2A according to the Exome Aggregation Consortium

(ExAC) is 0.98, indicating high probability that the gene is

intolerant to loss-of-function variants, even in heterozygous

state.7 There are no homozygous loss of function variants

reported in PI4K2A in population databases7–10 or in over

10,500 individuals of Pakistani origin from a study of

myocardial infarction.11 Sanger sequencing confirmed the

variant and showed that it segregates in homozygous state

with the disease (Fig. 1). Homozygosity mapping using SNP

genotype data from individuals I-1, I-2, II-4, II-6, II-8, and

II-9 showed only one region to be homozygous in the two

affected individuals and none of the unaffected family mem-

bers (chr10:95396491-108672251 in II-8 and chr10:

95396491-117708803 in II-9). Unsurprisingly, PI4K2A is

within this locus. No CNVs considered to be pathogenic or

likely pathogenic were identified in either II-8 or II-9. All

homozygous rare coding variants detected in II-8 and II-9

are listed in Table S1.

Discussion

PI4K2A encodes phosphatidylinositol 4-kinase type 2 alpha,

one of a number of phosphoinositide (PI) kinases responsi-

ble for phosphorylating phosphatidylinositol.12 Phos-

phatidylinositol is a membrane-integral triglyceride with a

phosphate-linked inositol sugar. Several kinases, from two

families, phosphorylate the fourth carbon of the sugar to

generate the phosphoinositide (PIP) PI4P. Further phos-

phorylation of PI4P generates additional PIPs, all of which,

including PI4P, have roles in regulation of cellular func-

tions such as receptor signaling, vesicle trafficking,

endocytosis, and cytoskeletal rearrangement. PI4Ps also

play a part in ion channel regulation, synaptic vesicle recy-

cling and neuronal cell survival, and have been proposed to

have a variety of neurobiological roles.13 Accordingly, dys-

regulation of PIP pathways has been implicated in a range

of neurological diseases.14 The several kinases that generate

PI4P from phosphatidylinositol have differing subcellular

localizations conferring location-specific functions. PI4K2A

is highly expressed in the brain15 and has many protein

binding partners, indicating functions in addition to its cat-

alytic activity. Pi4k2a deficient mice lacking measurable

kinase activity show no obvious phenotype when young.

Later, they develop tremors, spastic gait, muscle weakness,

and feeding problems that worsened with age, accompanied

by degeneration of long axons and Purkinje cells.16 Given

the similarity with hereditary spastic paraplegia (HSP),

PI4K2A was screened for mutations in a cohort of individ-

uals with complicated HSP including other neurological

features, but no pathogenic variants were identified.17

The patients described here are the first reported with

complete loss of PI4K2A, with the premature stop codon

being introduced after only 22 amino acids, indicating

that loss of functional PI4K2A results in a neurodevelop-

mental phenotype with severe intellectual disability, mild

epilepsy, myoclonus, and akathisia. This is in contrast to

the phenotype observed in mice lacking the kinase activity

of Pi4k2a, which more closely resembled adult onset

motor neuron disease. The phenotypic differences

observed may be the result of a residual function of the

remaining noncatalytic N-terminal portion of the protein

in the mouse model or simply due to differences in

human and mouse systems. However, the early regression

in infancy and delayed onset of myoclonus and epilepsy

could be consistent with neurodegeneration, which may

further evolve to involve motor systems in future years.

The phenotype observed in this family delineates the

neurodevelopmental and neurological state of the brain

lacking a key phosphatidylinositol kinase. This may guide

the future understanding of the basic mechanisms of the

components of the PIP cascade and PI4K2A in brain for-

mation and function, as well as implicating other mem-

bers of the PI kinase family as disease genes in other

related disorders. This case also demonstrates the benefits

of performing WGS in clinical research as this family had

evaded molecular diagnosis using WES, and indicates that

there are likely further cases for which the causative vari-

ant(s) are in genomic regions not amenable to WES.
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Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Figure S1: Sagittal image of the brain shows hypoplasia

of the corpus callosum with loss of the gyral infolding of

the cingulate gyri. There is an unusual thickened appear-

ance to the lamina terminalis. Small pons and brainstem.

Small mega cisterna magna.

Table S1: Homozygous rare coding variants detected in

individuals II-8 and II-9. Coordinates in hg19.
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