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Causative novel PNKP mutations and concomitant
PCDH15 mutations in a patient with microcephaly
with early-onset seizures and developmental delay
syndrome and hearing loss

Mitsuko Nakashima1, Kyoko Takano2,3, Hitoshi Osaka2,4, Noriko Aida5, Yoshinori Tsurusaki1, Noriko Miyake1,
Hirotomo Saitsu1 and Naomichi Matsumoto1

We report on a 1-year-old boy with microcephaly with a simplified gyral pattern, early-onset seizures, congenital hearing loss

and a severe developmental delay. Trio-based whole-exome sequencing identified candidate compound heterozygous mutations

in two genes: c.163G4T (p.Ala55Ser) and c.874G4A (p.Gly292Arg) in polynucleotide kinase 30-phosphatase gene (PNKP),

and c.195G4A (p.Met65Ile) and c.1210A4C (p.Ser404Arg) in PCDH15. PNKP and PCDH15 mutations have been reported in

autosomal recessive microcephaly with early-onset seizures and developmental delay syndrome, and Usher syndrome type 1F,

respectively. Our patient showed neurological features similar to reported cases of both syndromes that could be explained by

the observed mutations in both PNKP and PCDH15, which therefore appear to be pathogenic in this case.
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Central nervous systems suffer from various types of DNA damage, so
DNA repair systems are indispensable for the correct proliferation and
differentiation of the brain. DNA repair deficiency syndromes show
different degrees of neurological impairment including microcephaly,
neuropathy and neurodegeneration.1 Mutations in the polynucleotide
kinase 30-phosphatase gene (PNKP), encoding an enzyme involved in
the DNA repair pathway, have been implicated in autosomal recessive
microcephaly with early-onset intractable seizures and developmental
delay (MCSZ, OMIM #613402) syndrome,2,3 while protocadherin-15
gene (PCDH15) mutations cause Usher syndrome, type 1F. Here, we
describe a Japanese patient with microcephaly with a simplified gyral
pattern, early-onset seizures, severe developmental delay and
congenital hearing loss, and identify pathogenic mutations in PNKP
and PCDH15.

CASE REPORT

A Japanese boy was born to nonconsanguineous healthy parents as a
second child after an uneventful 39-week pregnancy (Figure 1a). He
presented with microcephaly (head circumference, 25.5 cm, �4.7
standard deviation (s.d.)) and growth restriction. His birth weight was
2114 g (�2.9 s.d.) and length was 44.5 cm (�2.5 s.d.). No other
dysmorphic features or organ abnormalities were recognized. He
failed the newborn hearing screening test twice. His seizures and

hypertonus began at 1 month of age. He has exhibited frequent
complex partial seizures with apnea since the age of 6 months and his
electroencephalogram showed focal spikes. Brain magnetic resonance
imaging at 16 days after birth showed microcephaly with a simplified
gyral pattern and cerebellar hypoplasia (Figure 1b). Both the white
matter volume and corpus callosum were reduced in size propor-
tionally to the cerebrum. His feeding problems necessitated tubing
after birth, and subsequently gastrostomy and Nissen fundoplication
surgery were performed at the age of 9 months because of gastro-
esophageal reflux. At 17 months, his length was 67 cm (�4.2 s.d.),
weight 6.5 kg (�3.3 s.d.) and head circumference 34 cm (�8.1 s.d.).
He was able to hold his head, sometimes follow things with his eyes
and smile, but could not roll over, sit independently or say any
meaningful words. He presented with muscle hypotonia with limited
lower leg movement, but muscle tonus varied depending on his
temper. Nerve conduction studies were normal. His seizures were well
controlled on phenobarbital and levetiracetam. Auditory steady-state
response testing indicated mild to moderate hearing loss. External
auditory meatus and tympanic membrane showed no anatomical
changes by physical examination. The intracranial imaging examina-
tion was not performed because sedation may worsen his general
condition. Therefore his hearing impairment remained elusive.
G-banded analysis showed a normal karyotype (46,XY). Tests for
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metabolic disorders and TORCH were all negative. Experimental
protocols for genetic analysis were approved by the Institutional
Review Board of Yokohama City University School of Medicine.
Clinical information and peripheral blood samples were acquired
from family members after receiving their written informed consent.

WHOLE-EXOME SEQUENCING

DNA was extracted from the peripheral blood of the patient and his
parents. DNA was captured with the SureSelect Human All Exon V5
Kit (Agilent Technologies, Santa Clara, CA, USA) and sequenced on
an Illumina Hiseq2000 (Illumina, San Diego, CA, USA) with 101-bp
paired-end reads. Exome data processing, variant calling and variant
annotation were performed as previously described.4 Prediction of
significance in variants was performed by Polyphen-25 and
MutationTaster software.6 Trio analysis identified candidate variants
meeting a de novo occurrence model and autosomal and X-linked
recessive models. All candidate variants were confirmed by Sanger
sequencing using ABI 3130xl Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA).

RESULTS AND DISCUSSION

A total of 369 rare protein-altering and splice-site variants were
detected in the patient. No candidate de novo variants were found

when variants were excluded in unaffected parents, dbSNP137 data,
6500 Exome Sequencing Project (ESP) exome databases and 408 in-
house exomes. Variants consistent with autosomal and X-linked
recessive models were searched after filtering ‘common’ variants
fulfilling the following two criteria: (1) variants with 41% minor
allele frequencies in dbSNP 137, and (2) variants observed in more
than six of 408 control exomes. This identified four compound
heterozygous variants and three hemizygous variants. We focused on
variants in PNKP, PCDH15 and ALG13 because these were predicted
to be pathogenic (Table 1). ALG13 (NM_001099922.2) mutation
(c.880C4T, p.Pro294Ser) is known to occur de novo only in female
patients with epileptic encephalopathies,7,8 suggesting male lethality
of hemizygous mutations. Therefore, the hemizygyous ALG13 variant
in the patient and its heterozygous counterpart in his unaffected
mother are unlikely to be pathogenic.
The compound heterozygous PNKP (NM_007254.3) mutations

(c.163G4T, p.Ala55Ser and c.874G4A, p.Gly292Arg) were of
particular interest because PNKP mutations cause MCSZ syndrome
or early infantile epileptic encephalopathy.2,3,9 The PNKP enzyme has
both DNA 30-phosphatase and DNA 50-kinase activity and plays a key
role in single- and double-stranded break DNA repair.10,11 The altered
amino residues in the patient, Ala55 and Gly292, are located within
the fork head-associated and DNA phosphatase domains, respectively,
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Figure 1 (a) Familial pedigree and PNKP (red) and PCDH15 (blue) mutations. WT, wild-type allele. (b) Brain magnetic resonance imaging (MRI) of the

patient at 16 days after birth (T2 weighted images). Microcephaly, a simplified gyral pattern with normal cortical thickness, slightly enlarged ventricles,

cerebellar hypoplasia, and proportional reduction of white matter volume with a thin corpus callosum are evident. (c) Schematic presentation of PNKP

protein and location of mutations. Five reported mutations are depicted above the PNKP protein. Two novel mutations (A55S and G292R) found in this

study are shown below the protein. Three boxes indicate functional domains. A full color version of this figure is available at the Journal of Human Genetics

journal online.
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and are highly conserved in vertebrates (Figure 1c). The fork head-
associated domain interacts with XRCC1 and XRCC4 and has a
pivotal role in DNA repair,12,13 while the DNA phosphatase domain
catalyzes the processing 30-phosphate DNA termini to 30-hydroxyl
termini.14 Mutations in this latter domain reduce the level of PNKP
protein and impair its 30-phosphatase activity.15 Although the
mutational impact to PNKP function was not investigated in our
case, it is very likely that PNKP mutations cause MCSZ in the patient,
who showed typical clinical features (Table 2).
The other compound heterozygous mutations (c.195G4A,

p.Met65Ile, and c.1210A4C, p.Ser404Arg) in PCDH15
(NM_001142763.1) could be associated with some clinical features
of our patient. PCDH15 encodes a member of the cadherin super-
family mediating calcium-dependent cell–cell adhesion. Its mutations
are causative of Usher syndrome type 1F (OMIM #602083),16,17

which is an autosomal recessive disease characterized by retinitis
pigmentosa with congenital sensorineural hearing impairment.18 Our
patient presented with bilateral hearing impairment from birth,
suggesting PCDH15 mutations caused sensorineural hearing loss
without ophthalmologic features. However, because the onset of
retinitis pigmentosa in Usher syndrome is around the prepubertal

period, careful follow-up for ophthalmologic symptoms is required
for this patient.
In conclusion, whole-exome sequencing successfully identified

causative mutations in two genes that complementarily explain the
complete clinical features of the patient.
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Table 2 Clinical features in patients with PNKP mutations

Patients This patient

Shen et al.,2

Family 1

Shen et al.,2

Family 2

Shen et al.,2

Family 3

Shen et al.,2

Family 4

Shen et al.,2

Family 5

Shen et al.,2

Family 6

Shen et al.,2

Family 7 Poulton et al.3 Carvill et al.9

Consanguinity � þ þ þ � � � � þ N.A.
Mutation c.163G4T

(p.A55S),
c.874G4A
(p.G292R)

c.976G4A
(p.E326K)

c.976G4A
(p.E326K)

c.976G4A
(p.E326K)

c.1253_
1269dup:

p.T424Gfs*49

c.1253_
1269dup:

p.T424Gfs*49

c.526C4T
(L176F),
c.1253_
1269dup

:p.T424Gfs*49

c.1253_
1269dup :

p.T424Gfs*49,
c.1386-

þ49_1387-
32del:

p.R433Sfs*5

c.1253_
1269dup:

p.T424Gfs*49

c.58C4T
(p.P20S)

Microcephaly þ 2/2 2/2 2/2 2/2 þ 2/2 2/2 2/2 �
Developmental
delay

þ 2/2 2/2 2/2 2/2 þ 2/2 2/2 2/2 �

Seizures þ 2/2 2/2 2/2 2/2 þ 2/2 2/2 2/2 þ
Hyperactivity � 1/2 2/2 2/2 2/2 � 2/2 0/2 2/2 �
Brain MRI N.A. N.A. N.A.
Simplified
gyral pattern

þ 0/2 2/2 2/2 2/2 1/2 0/2

Thin CC þ 2/2 2/2 2/2 1/2 1/2 1/2
Reduction of
white matter
volume

þ 2/2 2/2 2/2 1/2 2/2 2/2

Cerebellar
hypoplasia

þ 2/2 2/2 2/2 1/2 2/2 2/2

Enlarged
ventricles

þ 2/2 2/2 1/2 1/2 1/2 2/2

Abbreviations: CC, corpus callosum; MRI, magnetic resonance imaging; NA, not available or assessed.

Table 1 Summary of candidate variants

Gene Chr Postion dbSNP137 Mutation Amino-acid change Inheritance In-house MutationTaster

PCDH15 10 55955553 rs199786639 c.1210A4C Ser404Arg Maternal 0/408 Disease causing

56138680 c.195G4A Met65Ile Paternal 0/408 Disease causing

PNKP 19 50365857 c.874G4A Gly292Arg Maternal 2/408 Disease causing

50369691 c.163G4T Ala55Ser Paternal 0/408 Disease causing

ALG13 X 110954948 c.880C4T Pro294Ser Maternal 0/0: 203 M/205 F Disease causing

Abbreviations: F, females; M, males.
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