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SUMMARY

Objective: De novo SCN8A mutations have been reported in patients with epileptic
encephalopathy. Herein we report seven patients with de novo heterozygous SCN8A
mutations, which were found in our comprehensive genetic analysis (target capture or
whole-exome sequencing) for early onset epileptic encephalopathies (EOEEs).
Methods: A total of 163 patients with EOEEs without mutations in known genes,
including 6 with malignant migrating partial seizures in infancy (MMPSI), and 60 with
unclassified EOEEs, were analyzed by target capture (28 samples) or whole-exome
sequencing (135 samples).

Results: We identified de novo SCN8A mutations in 7 patients: 6 of 60 unclassified
EOEEs (10.0%), and one of 6 MMPSI cases (16.7%). The mutations were scattered
through the entire gene: four mutations were located in linker regions, two in the
fourth transmembrane segments, and one in the C-terminal domain. The type of the
initial seizures was variable including generalized tonic-clonic, atypical absence, par-
tial, apneic attack, febrile convulsion, and loss of tone and consciousness. Onset of sei-
zures was during the neonatal period in two patients, and between 3 and 7 months of
age in five patients. Brain magnetic resonance imaging (MRI) showed cerebellar and
cerebral atrophy in one and six patients, respectively. All patients with SCN8A mis-
sense mutations showed initially uncontrollable seizures by any drugs, but eventually
one was seizure-free and three were controlled at the last examination. All patients
showed developmental delay or regression in infancy, resulting in severe intellectual
disability.

Significance: Our data reveal that SCN8A mutations can cause variable phenotypes,
most of which can be diagnosed as unclassified EOEEs, and rarely as MMPSI. Together
with previous reports, our study further indicates that genetic testing of SCN8A should
be considered in children with unclassified severe epilepsy.
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Voltage-gated sodium channels (VGSCs) play important
roles in initiation and propagation of action potentials.’?
VGSCs consist of one pore-forming o-subunit and one or
two B-subunits."” The o-subunit is made up of four domains
(domains I-1V), each containing a motif of six transmem-
brane segments (S1-S6). The fourth segment (S4) of each
domain is positively charged for voltage sensing.'” The
VGSC repertoire in humans includes nine o subunits
(Na,1.1~-Na,1.9), of which Na,l.1, Na,1.2, and Na,1.3,
encoded by SCNIA, SCN2A, and SCN3A, respectively, are
highly expressed in the brain® and when mutated can cause
epilepsy.””

Na, 1.6, encoded by SCNS8A, is a major a-subunit in excit-
atory neurons of the central and peripheral nervous systems,
and concentrates in the soma, axon initial segments, den-
drites, and nodes of Ranvier,>¢™ Recently, a de novo
SCN8A mutation, which results in a dramatic increase in
persistent sodium current and incomplete channel inactiva-
tion, was identified in a patient with an infantile epileptic
encephalopathy who died of sudden unexplained death in
epilepsy (SUDEP).9 Other de novo SCNSA mutations were
found in a patient with intellectual disability and tonic—clo-
nic seizures, and another patient with epileptic encephalopa-
thy,'*"? suggesting that SCNSA mutations are involved in
epileptic encephalopathies.®

In this study, we performed target capture sequencing or
whole-exome sequencing to elucidate the genetic basis of
early onset epileptic encephalopathies (EOEEs). We identi-
fied de novo SCNSA mutations in seven patients with severe
epileptic encephalopathies.

PATIENTS AND METHODS

Patients

A total of 163 patients with EOEEs (48 patients with
Ohtahara syndrome, 2 with early myoclonic encephalopa-
thy, 47 with West syndrome, 6 with malignant migrating
partial seizures in infancy [MMPSI], and 60 with unclas-
sified EOEEs) were analyzed by target capture sequenc-
ing (28 samples) or whole-exome sequencing (135
samples). A total of 98 patients with mutations in
STXBP1, ARX, KCNQ2, SCNIA, SCN2A, KCNTI,
CDKL5, CASK, or MECP2, which were detected either
by high resolution melting analysis, direct sequencing
analysis, target capture sequencing, or whole-exome
sequencing, were excluded from the study. Therefore, in
163 patients, mutations in the genes described were
excluded except for 28 patients examined with target cap-
ture sequencing (KCNTI was not included in the captured
probes used). The diagnosis was made by the clinical fea-
tures and electroencephalography (EEG) patterns. The
experimental protocols were approved by the institutional
review board of Yokohama City University School of
Medicine and Yamagata University Faculty of Medicine.
Peripheral blood samples were obtained from family
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members after obtaining their written informed consent.
Detailed clinical information was obtained from corre-
sponding clinicians.

Target capture sequencing

A custom-made SureSelect oligonucleotide probe library
(Agilent Technologies, Santa Clara, CA, US.A)) was
designed to capture the coding exons of 50 genes, in which
additional 15 genes, including SCNSA, were added to the
panel of the previous 35 genes.'* A total of 4,764 probes,
covering 267 kb, were prepared. Twenty-four captared
libraries were mixed and sequenced by the multiplex
method on an Ilumina MiSeq (Illumina, San Diego, CA,
U.S.A.) with 150-bp paired-end reads. Data processing, var-
iant calling, and variant annotation were performed as previ-
ously described."

Whole-exome sequencing

Genomic DNA was captured using the SureSelect Human
All Exon v4 Kit (51 Mb; Agilent Technologies) and
sequenced on an Illumina HiSeq2000 (Illumina) with
101 bp paired-end reads. Four samples were run in one lane
of the flow cell. Exome data processing, variant calling, and
variant annotation were performed as described previ-
ously.'

Sanger sequencing

SCNB8A mutations identified by target capture sequencing
or whole-exome sequencing were confirmed by Sanger
sequencing. Parental samples were sequenced to confirm
whether parents possessed SCNSA mutations.

REsuLTS

A total of 7 SCN8A mutations were found in 7 patients: 6
of 60 unclassified EOEEs (10.0%), and one of 6 MMPSI
cases (16.7%; Table 1). One mutation was identified by
target capture sequencing and the other six mutations were
found by whole-exome sequencing. They are absent from
the 6,500 exomes included in the National Heart, Lung,
and Blood Institute exome project and from our 408 in-
house control exomes. Sorting Intolerant from Tolerant
(SIFT), Polyphen2, and Mutation Taster predicted that the
seven mutations were highly damaging to the structure of
Na, 1.6, and all the seven mutations occurred at evolution-
ally conserved amino acids (Fig. S1 and Table S1). Two
mutations occurred within the same amino acid residue
(p-Asnl466): c.4398C>A (p.Asnl1466Lys) in patient 1 and
c.4397A>C (p.Asnl466Thr) in patient 5 (Fig. 1 and
Table 1). The mutations were scattered throughout the
entire gene: two in the inactivation gate between domains
I and IV, one in a linker between S3 and S4 of domain I,
one in S4 of domain II, one in S4 of domain IV, one in a
linker between S4 and S5 of domain IV, and one in the
C-terminal domain (Fig. 1).
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Patient number
Clinical Feature I 2 3 4 5 6 7
Age 6 years 13 years 5 years 2 years 6 years I year | month | year4 months
Sex Male Female Male Female Male Female Male
Race Japanese Japanese Japanese Japanese Israeli Israeli Israeli
Diagnosis EOEE EOEE MMPSI EOEE EOEE EOEE EOEE
Mutation c4398C>A c.647T>A c2537T>C c4850G>A c.4397A>C c.5614C>T c.4948G>A
(p.Asnl466Lys) (p.Val2l 6Asp) (p.Phe846Ser) (p.-Argl617Gln) (p.Asni466Thr) (p-Argl872Trp) (p.Alal650Thr)
Family history - - + - + - -
Initial symptoms Seizure Seizure Tachypneaand Seizure Seizure Seizure Seizure
jitteriness (tremor)
Age at onset 3 days 7 months 0 days 3 months 4 months 3 months 3.5 months
Epilepsy Tonic—clonic seizure  Absence seizure Apneic attacks since FCat3 months, tonic  PS with generalization ~ Prolonged tonic— Seizure manifesting as
2 months, —clonic seizure at at4 month, focal clonic seizure since 3 months  loss of tone and
hemiclonic 6 months tonicand generalized consciousness at
convulsions clonic seizures at 3.5 months, tonic
propagating to the I year, FS with seizure at
other side since generalization at 5.5 months
4 months 5 year
Initial EEG Irregular polyspike- Focal spikesand 3 Hz Normal at birth. At Normalat3 months  Normalat4 months,  Multifocal spikes with Normal at 5.5 months
and-slow wave generalized spike- 4 months, polyspikes bilateral temporal bilateral discharges
complexes and-wave burst and migrating spike- sharp waves at
and-slow wave 5 months
complex )
Response to therapy Intractable, Intractable. Seizure-  Intractable, high-dose  Intractable CBZ Intractable, Intractable, Intractable,
PHT--GBP, ACTH, free from 6 years PB, PHT,LTG, KD, temporarily effective  Controlled with TPM  Controlled with Controlled with TPM
TPM,MDL, LD with VPA (now VNS temporarily and CBZ KD+TPM+LCM+ and CBZ
temporarily effective 13 years old) effective LEV+VGB
Initial motor Delayed Delayed Delayed Delayed Normat Delayed Normal
‘development
Development Severely delayed Severely delayed Severely delayed Severely delayed Regressed Severely delayed Severely regressed
Hypotonia + (severe) + (5 months) + - - + —
Intellectual disability ~ + (profound) + + (profound) + (profound) + (profound) + (profound) +
Behavioral anomalies + + - - + - -
Current status Bedridden Wheelchair Bedridden Sitting/crawling Walking Unable to sit or crawl, Bedridden
but able to roll over
MRI MA of CBat MA of frontal and Normal at 0 and Normalat 6 months  Normalat8 months,  Within normal limits, Asymmetric ventricles
6 months, Hlon temporal lobe at 2 months. MA ofthe  and 2 years diffuse brainatrophy ~ MA at 3.5 months, mild
T2WHl in bilateral | yearand CBand thinCCat at | year diffuse atrophy at
striatal bodies and 10 months 9 months and 12 months

EOEE, early—onset epileptic encephalopathies; MMPSI, malignant migrating partial seizures in infancy; FC, febrile convulsion; PS, partial seizure; FS, focal seizure; PHT, phenytoin; GBP, gabapentin; ACTH, adrenocorti-
cotrophic hormone; TPM, topiramate; MDL, midazolam; LD, lidocaine; VPA, valproic acid; PB, phenobarbital; LTG, lamotrigine; KD, ketogenic diet; VNS, vagal nerve stimulation; CBZ, carbamazepine; LCM, lacosamide;
LEV, levetiracetam; VGB, vigabatrin; HI, hyperintensity; T2WI, T,-weighted image; MA, mild atrophy; CB, cerebrum; CC, corpus callosum; N.D., not described.
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Figure |I.

Structure of the human Na, 1.6
channel showing location of SCN8A
mutations. Mutation annotations are
based on NM_014191.3.
p.Gly214Asp, p.Leu875GlIn,
p-llel327Val, p.Leul 331Val,
p.Argl617GIn, p.Prol719ArgfsX6,
and p.Asn1768Asp were reported

AatesoThe S

Leus75GIn fle1327val

. 9-13.25 . . ‘ : ASL768Asp
previously.”” >~ The patient with Leul331val L Asnide6The ;
p.Pro1719ArgfsX6 showed Asn1466Lys ;
cerebellar atrophy but without Arg18727rp

Mutations were identified in this study.

epilepsy.?
Epilepsia © ILAE

Mutations were previously reported.

X > @

The mutation was identified in this and previous studies.

A patient with the mutation was showed cerebellar atrophy but without epilepsy.

Figure 2.

Brain MRI of patients with SCN8A mutations. (A, C, E) To-weighted, (B) T,-weighted axial images, (D) T,-weighted, and (F) T,-weighted
sagittal images of the patients. (A) Patient | at 2 yearsand | | months; (B) patient2 at | yearand 10 months; (C, D) patient 3 at 4 years;
(E, F) patient 4 at 2 years. Hyperintensity in bilateral striatal bodies, and the medial occipital and temporooccipital cortexes was observed
in patient | (A). Patient 2 showed mild atrophy of frontal and temporal lobes (B). Patient 3 showed mild brain atrophy with a dilation of
the anterior horn of the lateral ventricle and a split of the right hemisphere by parieto-occipitotemporal lobotomy (C), as well as a thin
corpus callosum and mild cerebellar atrophy (D). Patient 4 showed no obvious brain abnormalities (E, F).

Epilepsia © ILAE

The clinical features of patients with SCNSA mutations showing developmental regression, some developmental
are summarized in Table 1, and their representative brain improvements were regained with control of seizures. Four
images and EEG are shown in Figures 2 and 3. All seven patients showed hypotonia. The onset of seizures and their
patients showed intractable seizures, developmental delay types were highly variable, and included tonic—clonic sei-
in infancy, or regression after seizure onset, resulting in zures at the age of 3 days in patient 1 and 3 months in
severe intellectual disability in later life. In two patients patient 6, atypical absence seizures at the age of 7 months
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the age of 6 months. Diffuse or
unilateral hemispheric irregular
polyspike-and-slow wave complexes
were more frequently seen when
asleep (A) than awake (B). (C, D)
Interictal EEG of patient 2 at the age
of 5 years. Electrical status
epilepticus was observed when
asleep (C), and a left occipital
predominant areal spike-and-slow
wave complex occurred when awake
(D). (E) Ictal EEG of patient 3 at

9 months. Left occipital sharp waves
spreading to the right followed by a
polyspike or fast wave at T3-T5 were
seen in association with an apneic
attack and right facial twitching
propagating to a right hemiclonic
seizure.

Epilepsia © ILAE

S

PR
b

& ramnge

S

ey
(P {x{-@i@)}:
{ais s
A AR
ERRSENERENP

90 sec 160 sec

(patient 2), apnea attacks at 2 months (patient 3), a febrile
convulsion at 3 months (patient 4), partial seizures with sec-
ondary generalization at 4 months (patient 5), and seizures
manifesting as loss of tone and consciousness at 3.5 months
(patient 7). Six patients developed mild cerebral atrophy,
and patient 3 showed cerebellar atrophy on brain magnetic
resonance imaging (MRI) (Fig. 2). The initial EEG was nor-
mal in four patients (patients 3, 4, 5, and 7). A variety of
EEG abnormalities was found in patients with SCN8A muta-
tions (Fig. 3). Various antiepileptic treatments were only
temporarily effective in controlling seizures; however,
patient 2 (now 13 years of age) has been seizure free on
valproic acid since the age of 6 years, and the seizures of

Epilepsia, 55(7):994-1000, 2014
doi: 10.1111/epi. 12668
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patients 5, 6, and 7 were almost controlled at the last exami-
nation with rare breakthrough seizures. In patients 5 and 7,
carbamazepine and topiramate combination therapy was
effective in controlling seizures. Ketogenic diet was effec-
tive in patient 3 who, however, demonstrated severe ileus.
Phenytoin, which blocks VGSCs,'® was used in five patients
(patient 1, 2, 3, 5, and 7), showing only temporarily effects
at maximum.

DiscuUsSION

It has been reported that Na,1.2 (SCN2A) channels are
expressed early in development, and that Na,1.6 (SCN8A)
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gradually replace Na,1.2 in a population of excitatory neu-
rons during maturation.'®!” In fact, the developmental shift
in splicing of SCNSA exon 18 to a transcript encoding the
full length protein is still incomplete at 10 months of age.”
Therefore, it can be postulated that the onset of seizures
may be earlier in cases with SCN2A mutations compared
with SCNSA mutations. Our present study supports this
hypothesis, as only 2 (28.6%) of 7 cases with SCNSA muta-
tions had an onset during the neonatal period, whereas 11
(73.3%) of 15 cases with SCNZA mutations previously
showed a neonatal seizure onset.'®

Regarding the functional properties of each domain, at
least three types of aberrations appear to be involved: volt-
age sensing, inactivation, and the interaction of accessory
proteins. Two mutations (p.Phe846Ser and p.Argl617GlIn)
were located in S4 transmembrane segments, which play a
key role in voltage sensing and undergo a conformational
change when the pore opens."'® Therefore, these mutations
may alter both the activation and inactivation of Na, 1.6 con-
sistent with the demonstrated effect on activation of the
SCNSA mutation Asn1768Asp in domain 4 transmembrane
segment 6.° Three regions involved in inactivation con-
tained mutations in the present study: the linker between
domains III and IV that forms an inactivation gate
(p-Asn1466Lys and p.Asnl1466Thr),'®" the loop between
S4 and S35 in domain IV (pAlal650Thr) that forms the inac-
tivation gate receptor together with S6 in domain IV, and
the loops between S4 and S5 in domain III (p.lle1327-
val).*!? 1t is likely that these mutations disturb the inacti-
vation of Na,l.6. One mutation (p.Argl872Trp) was
located in the C-terminal cytoplasmic domain, which is
involved in the interaction with accessory proteins such as
-subunits, calmodulin, G protein, and the antiepileptic
drug phenytoin.'®2%?! This mutation is likely to affect the
interaction between Na, 1.6 and accessory proteins.

Although we attempted to find phenotype—genotype cor-
relations of SCNSA mutations based on these functional
classifications, no clear correlations could be found. For
example, mutations in patients 1 and 5 were located in the
same codon (Asn1466) involving channel inactivation, but
the onset and type of seizures differed between the two
patients (3 days and 4 months). Similarly, patients 3 and 4
both had mutations in the S4 domain, but their clinical
courses were quite different. Further study of functional
characterization of the effects of de novo mutations on
SCN8A activity may reveal relationships to clinical course
and drug response. Furthermore, a lack of clear phenotype—
genotype correlations may suggest the involvement of
genetic modifiers. In fact, examples of interactions between
channel variants have been described previously; the
Scn8a™¥3°* mutation can rescue the seizures and prema-
ture lethality of Scnla™~ mice, demonstrating the existence
of genetic interactions between Scnla and Scn8a.** In
humans, it has been suggested that SCN9A is a modifier of
SCN]A-related epilepsies such as genetic epilepsy with
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febrile seizure plus and Dravet syndrome.”*** Next-genera-
tion sequencing has enabled the comprehensive examina-
tion of mutations and should provide information about
candidate modifier genes.

A nonsense SCNSA mutation was reported previously in
a patient with intellectual disability, pancerebellar atrophy,
and cerebellar ataxia, but without epilepsy.”® Moreover,
mice carrying a homozygous missense mutation in Scn8a
showed chronic ataxia with an unsteady, wide-based
gait,*?® supporting the association between SCNSA muta-
tions and cerebellar atrophy in humans. In this stady, only
patient 3 showed cerebellar atrophy. Analysis of a larger
group of patients with SCNSA mutations is required to
validate this issue. One interesting phenotype of SCNSA
mutations is atypical absence seizures, as seen in patient 2. It
was also reported that Scn8a heterozygous null mutant mice
exhibit spike-wave discharges on their EEG and absence
epilepsy.”” Thus, SCNSA might be an important gene for
human absence seizures. All the SCN8A mutations found in
epileptic encephalopathy are missense mutations, which is
in striking contrast to the predominance of loss-of-function
mutations of SCNIA in Dravet syndrome,?® suggesting that
haploinsufficiency is not causal in the case of SCNSA, but
rather, gain of abnormal function is likely to be involved.

Although five of the patients with an SCNSA mutation
showed severe developmental delay, two patients showed
normal initial development. They showed developmental
regression after seizure onset. Of interest, they regained
some developmental improvement upon seizure control.
This fact indicates that in some patients with a SCNSA muta-
tion, control of seizure may ameliorate development.

Dravet syndrome, which is caused by SCNIA mutations,
shows one of the highest rates of sudden death in patients
with epilepsy, ranging from 5.7% to 10% in studied cohorts,
and the rate is estimated at about 30-fold higher than in
patients with other pediatric-onset epilepsies.?® Veeramah
et al. reported that a patient with a de novo SCNSA muta-
tion died from SUDEP at the age of 15 years. Patients in this
study are all younger than this and SUDEP is rare in chil-
dren with epilepsy before the age of 15.3° However, tonic—
clonic seizures, treatment-resistant epilepsy, developmental
delay, and neurologic disorders such as intellectual disabil-
ity and cerebral palsy are all risk factors for SUDEP>?; most
of these risk factors are present in our patients. We suggest
that careful follow-up is warranted in patients with SCNSA
mutations to monitor the potential development of SUDEP.
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Deep sequencing detects very-low-grade somatic mosaicism
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Abstract

When an expected mutation in a particular disease-causing gene is not identified in a suspected carrier, it is usually assumed to be due
to germline mosaicism. We report here very-low-grade somatic mosaicism in 4CTA4I in an unaffected mother of two siblings affected
with a neonatal form of nemaline myopathy. The mosaicism was detected by deep resequencing using a next-generation sequencer.
We identified a novel heterozygous mutation in ACTAI, c448A>G (p.Thrl150Ala), in the affected siblings. Three-dimensional
structural modeling suggested that this mutation may affect polymerization and/or actin’s interactions with other proteins. In this
family, we expected autosomal dominant inheritance with either parent demonstrating germline or somatic mosaicism. Sanger
sequencing identified no mutation. However, further deep resequencing of this mutation on a next-generation sequencer identified
very-low-grade somatic mosaicism in the mother: 0.4%, 1.1%, and 8.3% in the saliva, blood leukocytes, and nails, respectively. Our
study demonstrates the possibility of very-low-grade somatic mosaicism in suspected carriers, rather than germline mosaicism.
© 2014 Elsevier B.V. All rights reserved.

Keywords: Nemaline myopathy; ACTAI; Deep resequencing; Next-generation sequencer; Low-grade somatic mosaicism

1. Introduction

Nemaline myopathy is a common form of congenital
myopathy characterized clinically by general hypotonia
and muscle weakness, and pathologically by the presence
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of nemaline bodies within the myofibers [1,2]. ACTAI is
one of the nine known genes associated with nemaline
myopathy [3].

Sometimes in the clinic, an expected mutation is not
identified in a suspected carrier. This is usually assumed
to be because of germline mosaicism, in which
mosaicism occurs in the carrier’s germline only. Here
we report, for the first time, very-low-grade somatic
mosaicism detected by deep resequencing using a
next-generation sequencer (NGS) in an unaffected
mother of two affected siblings.
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2. Case report
2.1. The proband

The proband was a boy who was 6 years old at the time
of the study. He was the first child of healthy
nonconsanguineous Japanese parents. He had an affected
sister (Fig. la). He was born by cesarean section at
40 weeks of gestation after an uneventful pregnancy. He
was admitted to a mneonatal intensive care unit
immediately after birth because of asphyxia with loss of
spontaneous respiration and general hypotonia. His birth
weight was 2640 g, height 48 cm, and occipitofrontal
head circumference 33 cm. His Apgar scores were 1 and 4
at 1 and 5min, respectively. He quickly recovered with
ventilatory support. Laboratory tests showed normal
findings except mildly elevated creatine kinase (653 IU/
L). When he was discharged at age 2 months, general
hypotonia remained with absent deep tendon reflexes.
Antigravity movements were not observed.
Arthrogryposis and mild cardiomegaly were noted.
Ultrasound cardiography revealed mild dilatation and
dyskinesia of the left ventricle. At 7 months, he was given
a tracheostomy, and home ventilation therapy was
introduced  because  of  aspiration  pneumonia
(Supplementary Fig. la). Tube-feeding was also started
because of poor swallowing. At 9months, a muscle
biopsy was performed. On a modified Gomori trichrome
stain, nearly all the muscle fibers contained nemaline
rods. Intranuclear rods were also scattered (Fig. 1b). On
staining for ATPases, type 1 fiber atrophy and
predominance were seen. Immunolabeling of a muscle
biopsy from the patient with o-actinin showed intensely
stained rod bodies (Fig. 1c). Co-staining with o-actinin,

lamin A (as a marker of the nuclear envelope), and -

DAPI clearly revealed intranuclear rods (Fig. 1c). His
condition was diagnosed as nemaline myopathy. He
could sit unassisted at age 2 years, move on his hip at age
3, and walk with assistance at age 5. He showed normal
intellectual ability. At 5 years, his cardiac function was
re-evaluated by ultrasound cardiography. Mild left
ventricular dilatation and dyskinesia remained.

2.2. The affected sister

The proband’s only sibling, a sister 3 years younger, was
also affected (Fig. 1a). She was born by cesarean section at
38 weeks of gestation after an uneventful pregnancy. She
was similarly admitted to a neonatal intensive care unit
immediately after birth because of hypoventilation and
hypotonia. Her birth weight was 2620 g, height 48.5 cm,
and occipitofrontal head circumference 36.5cm. Her
Apgar scores were 4 and 6 at 1 and 5 min, respectively.
Serum creatine kinase was 190 IU/L, which was within
the normal range. She recovered with ventilatory support,
but needed continuous oxygen therapy. She had difficulty
thriving and tube-feeding was introduced. Her cardiac
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function was normal without cardiomegaly. General
hypotonia remained. After she was discharged at age
2 months, frequent aspiration pneumonia occurred. She
started to use nocturnal noninvasive positive pressure
ventilation at the age of 22 months. At age 2 years, she
was given a tracheostomy and was controlled under
nocturnal ventilation after respiratory syncytial virus
infection following respiratory failure (Supplementary
Fig. la). Because of her clinical presentation, she was
also suggested to have congenital (nemaline) myopathy.
At present, she shows antigravity movement of the
extremities although she has not acquired head control
and cannot roll over.

2.3. Genetic and three-dimensional structural analysis

First we checked for ACT A7 (NM_001100.3) mutation in
the proband’s DNA, considering the presence of
intranuclear rods. We identified a novel heterozygous
missense mutation, c.448A>G (p.Thr150Ala), by Sanger
sequencing. Because autosomal recessive inheritance was
possible from the family tree, we performed whole-exome
sequencing of the proband, affected sister, and their
parents to identify a further genetic cause. Genomic DNA
obtained from blood leukocytes was captured using a
SureSelect®’ Human All Exon 50 Mb Kit (Agilent
Technologies, Santa Clara, CA) and sequenced on a
HiSeq2000 (Illumina, San Diego, CA) with 101-bp
paired-end reads, as previously described [4]. The mean
depth of coverage was 123x to 143x. We selected rare
protein-altering and splice-site variants after filtering
against dbSNP135 and 408 in-house control exomes.
Among the rare variant calls, we first screened for genes
known to cause nemaline myopathies, namely ACTAI
(MIM 102610) {3], TPM3 (MIM 191030) [5], NEB (MIM
161650) [6], TPM2 (MIM 190990) [7], TNNTI
(MIM 191041) [8], CFL2 (MIM 601443) [9], KBTBDI3
(MIM 613727) [10], KLHL40 (MIM 615340) [11], and
KLHIAI (MIM 607701) [12]. We identified only the novel
heterozygous missense mutation ¢.448A>G (p.Thr150Ala)
in ACTAI in both the affected brother and sister, which
we confirmed by Sanger sequencing. Copy number analysis
by eXome Hidden Markov Model (XHMM) [13] using
next-generation sequencing (NGS) data revealed that there
were no copy number changes within the ACTAI locus
(Supplementary Fig. 1b). This mutation was not identified
in either of the parents, after testing DNA obtained from
their saliva, hair, nails, and blood by Sanger sequencing
(Fig. 2a). This mutation, which alters the evolutionarily
well-conserved Thr150 to Ala (Fig. 2b), was not present in
the NHLBI Exome Sequencing Project (ESP6500). Two of
three web-based prediction programs suggested that this
mutation is pathogenic (PolyPhen-2: benign; SIFT:
deleterious; MutationTaster: disease-causing). We also
searched for any rare variants that were compatible with
an autosomal recessive inheritance model, such as a
homozygous mutation or compound heterozygous



644 S. Miyatake et al. | Neuromuscular Disorders 24 (2014) 642-647

lamin A

\

Fig. 1. (a) Family pedigree. (b) Light microscopic images of the muscle of the proband at age 9 months. With a modified Gomori trichrome stain, nearly
all the muscle fibers can be seen to contain nemaline rods. Intranuclear rods (arrows, and upper-left window) are also scattered in some nuclei.
Bar = 20 pm. (¢) Immunohistochemical analysis of a muscle biopsy using anti-o-actinin (EA-53; Sigma, St. Louis, MO) (green) and anti-lamin A (red)
antibodies [19]. Nuclei were stained with DAPI (blue). Nemaline rods were strongly stained by anti-a-actinin. An intranuclear rod was also seen (arrows,
and higher-magnification inset boxes). Scale bar = 10 ym.

mutation, but no candidate mutations were identified (data  structures. Thr150 is located near the polymerization/
not shown). interaction  interfaces  between actin  monomers

To explore the effect of the ACTAI p.Thr1S0Ala  (Fig. 2c) and between actin and its interacting proteins
mutation, we mapped the mutation onto reported crystal  (Fig. 2d, Supplementary Fig. Ic). Thus, p.Thr150Ala may
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Fig. 2. (a) Sanger sequencing of the ¢.448A>G mutation using DNA from the affected siblings and the parents obtained from blood (left), and DNA from
the father (middle) and mother (right) obtained from saliva, hair, and nails. The heterozygous mutation was identified in the affected siblings but not in any
of the parental samples. No clear peak for the G allele was observed in the mother’s nail DNA sample (arrow). (b) Schematic representation of ACTAI.
The light gray bars represent untranslated regions and the black bars represent coding exons. Exon 1 is a non-coding exon. The ¢.448A>G mutation
changes the well-conserved amino acid Thr150 (red) into Ala. (¢, d) Structural implications of the p.Thr150Ala mutation in ACTAI. Structures of bare
F-actin filaments determined by electron microscopy (Protein Data Bank (PDB) code 4A7N) (¢) and G-actins in complex with vitamin D-binding protein
(PDB code 1XXP) or gelsolin G1 (PDB code 1EQY) (d) are shown. The actin molecules are color-coded to discriminate each monomer in the F-actin
filaments or are colored green in the G-actin complexes. Thr150 and ATP molecules are shown as red and pink space-filling spheres, respectively.

affect polymerization and/or the interactions of actin with
other proteins.

We expected autosomal dominant inheritance from
either parent. To test this, we performed deep
resequencing for this mutation using an Illumina MiSeq
platform. We used DNAs from the blood of the affected
siblings, and from the saliva, nails, hair, and blood of
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their parents. The total read depth at c.448A in ACTAI
was 131495x to 425933x. Very-low-grade somatic
mosaicism was confirmed in the mother: 0.4%, 1.1%, and
8.3% in saliva, blood, and nails, respectively (all beyond
0.1% of the background level) (Table 1).

We used allele-specific PCR to confirm the presence of
the mutation in the mother. The primer sequences and
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Table 1
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Deep resequencing of ¢.448A>G in ACTAI in various samples from each individual.

Individual Tissue Total depth (x) Disease status  Wild-type allele (x)  Mutant allele (x) % of wild-type allele % of mutant allele
II-1 (Proband) Blood 380016 Affected 192510 186808 50.7 49.2
II-2 (Sister) Blood 425933 Affected 215496 209612 50.6 492
I-1 (Father) Blood 261948 Unaffected 260897 355 99.6 0.1
1-2 (Mother) Blood 364850 Unaffected 360030 4103 98.7 1.1
I-1 (Father) Saliva 245895 Unaffected 245130 299 99.7 0.1
I-1 (Father) Hair 190636 Unaffected 189929 253 99.6 0.1
I-1 (Father) Nail 325282 Unaffected 324198 381 99.7 0.1
I-2 (Mother) Saliva 239339 Unaffected 237872 999 994 0.4
I-2 (Mother) Hair 324289 Unaffected 323120 400 99.6 0.1
1-2 (Mother) Nail 131495 Unaffected 120210 10956 91.4 8.3
PCR conditions are available upon request. Both the  conserved, two previously reported mutations also

wild-type and mutant alleles were amplified in the
proband and the affected sister at a similar level. Both
alleles could also be amplified in the mother, but the
wild-type allele was amplified at a much greater level
than the mutant allele. The wild-type allele only was
amplified in the father (Supplementary Fig. 2a). Sanger
sequencing of these amplicons confirmed the mutation in
the proband, sister, and mother (Supplementary Fig. 2b).

There are various conventional methods to detect
somatic mosaicism: Sanger sequencing to detect a small
variant peak compared with the wild-type peak,
high-resolution melting (HRM) analysis to detect an
aberrant melting pattern, allele-specific PCR to amplify
only the mutant allele, and pyrosequencing and SNaPshot
analysis for quantitative variant detection [14]. We explored
whether our very-low-grade somatic mosaicism could be
detected by HRM, because this has been suggested to be
one of the more sensitive methods [15]. We performed
HRM analysis as previously described [16] using DNAs
from normal controls, the affected siblings, the father (all
DNA derived from blood), and the mother (DNA derived
from the nails, which showed the highest rate of mosaicism
(8.3%). The melting curves of both affected siblings were
aberrant and were called mutant, but those of the father
and mother were called normal (Supplementary Fig. 2¢).
In other words, this technique could not detect the 8.3%
mosaicism.

3. Discussion

Here, we report very-low-grade somatic mosaicism in the
unaffected mother of siblings with nemaline myopathy,
identified by deep resequencing using NGS. Our study is
significant in two ways. First, we demonstrate the
possibility of very-low-grade somatic mosaicism in a
suspected carrier, rather than germline mosaicism; this is
likely to be a very rare event. Second, we present another
example of the clinical application of NGS.

The novel heterozygous mutation c¢.448A>G
(p.Thr150Ala) in ACTAI is likely to be responsible for
the nemaline myopathy in this pedigree based on four
lines of evidence: the mutation is not registered in the
ESP6500 database, the substituted amino acid is well

involve residue 150 (Thr150Asn, Thr150Ser) [17,18], and
three-dimensional structural modeling suggests an impact
on polymerization and/or the interactions of actin with
other proteins. Interestingly, the mutation exists within a
region where most of the mutations identified in patients
with intranuclear rod myopathy, a variant of nemaline
myopathy associated with ACTAI, are located [18].

The majority of reported 4CT A1 mutations are de novo
heterozygous mutations in sporadic cases. This is likely to
be due to the severity of nemaline myopathy with ACT A1
mutation. However, autosomal dominant inheritance has
been observed in a few situations: a pedigree with a
relatively mild phenotype or incomplete penetrance, or
parental somatic/germline mosaicism [2,18]. To date, there
have been three reported cases of somatic mosaicism of
ACTAI in one parent of a severely affected patient [18].

In our study, allele-specific PCR, despite being
non-quantitative, was sufficiently sensitive to detect
mosaicism in blood leukocytes from the mother (mosaic
rate 1.1%). Thus, this method is worth trying to confirm
a suspécted low-grade mosaicism. In contrast, as we were
unable to detect 8.3% mosaicism using HRM, NGS
should be the first choice for detecting very-low-grade
somatic mosaicism that other methods might miss. A
recent paper has described using NGS to detect somatic
BRAF mutations down to 2% allele frequency,
demonstrating the increased sensitivity of this method
compared with HRM (limit 6.6% allele frequency),
pyrosequencing (limit 5% allele frequency), and Sanger
sequencing (limit 6.6% allele frequency) [15].

In our family, the mother does not seem to have any
neurological problems in her daily activities, although she
has not been clinically examined and no muscle imaging
studies or biopsies have been undertaken.

The proband had mild left ventricular dilatation with
dyskinesia without a hypertrophic phenotype. In the
literature, cardiomegaly appears to be a rare
complication. Patients with ACTAI mutation usually
have hypertrophic cardiomegaly [18,19].

In conclusion, we used NGS to confirm very-low-grade
somatic mosaicism in the mother. Using conventional
methods, the mother might have been judged to have
germline mosaicism. Clinicdlly, our data on the rate of
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somatic mosaicism could be used to estimate the recurrence
risk, although prenatal diagnosis would be required to
provide certainty.
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Abstract Recessive mutations in genes of the
glycosylphosphatidylinositol (GPI)-anchor synthesis path-
way have been demonstrated as causative of GPI deficien-
cy disorders associated with intellectual disability, seizures,
and diverse congenital anomalies. We performed whole
exome sequencing in a patient with progressive encepha-
lopathies and multiple dysmorphism with
hypophosphatasia and identified novel compound hetero-
zygous mutations, ¢.250G>T (p. Glu84*) and c.1342C>T
(p. Arg488Trp), in PIGT encoding a subunit of the GPI
transamidase complex. The surface expression of GPI-
anchored proteins (GPI-APs) on patient granulocytes was
lower than that of healthy controls. Transfection of the
Argd88Trp mutant PIGT construct, but not the Glu84*
mutant, into PIGT-deficient cells partially restored the
expression of GPI-APs DAF and CDS59. These results
indicate that P/GT mutations caused neurological impair-
ment and multiple congenital anomalies in this patient.
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Introduction

Glycosylphosphatidylinositol (GPI) acts as the anchor of
various eukaryotic proteins expressed on the plasma mem-
brane. GPI synthesis and GPI-anchored protein (GPI-AP)
modification are mediated by at least 27 genes in the
endoplasmic reticulum (ER) and Golgi apparatus [1]. Re-
cent studies have indicated that inherited loss-of-function
mutations in these genes lead to GPI deficiencies associ-
ated with neurological impairments including seizures, in-
tellectual disability, and multiple congenital anomalies
[2-9]. In addition, somatic mutations in PIGA cause par-
oxysmal nocturnal haemoglobinuria, a haematopoietic dis-
ease, which is also caused by somatic mutation of PIGT
in combination with the germ line mutation of one allele
[10, 11].

PIGT is one of the subunits of the GPI transamidase com-
plex, and catalyzes the attachment of GPI anchors to proteins
in the ER [1). Kvarmung et al. [12] previously reported a
homozygous PIGT mutation in patients from a consanguine-
ous Turkish family with multiple congenital anomalies-
hypotonia-seizures syndrome-3 (MCAHS3 [MIM 615398]).
In the present study, we describe the use of whole exome
sequencing to identify novel compound heterozygous PIGT
mutations in a Japanese patient with seizures, intellectual
disability and multiple congenital anomalies. Functional anal-
ysis indicated that these mutations are causative of GPI
deficiency.

@ Springer



194

Neurogenetics (2014) 15:193-200

Patient and methods
Patient

The female proband was born at full term without asphyxia as
the first child of healthy unrelated parents (Fig. la).
Polyhydramnios was recognized during pregnancy. She
showed poor sucking and post-feed stridor soon after birth.
At 4 months of age, she showed tonic seizures with apnea and
myoclonic seizures, both of which repeatedly turned to con-
vulsive status. Her electroencephalogram (EEG) demonstrated
high-amplitude slow wave as a background activity, but no
epileptic discharges were observed. She also showed a poor
response, muscle hypotonia, unstable head control, a cardiac
murmur caused by patent ductus arteriosus, and left
hydronephroureter with ureteral stenosis. Her seizures were
refractory to multiple antiepileptic drugs such as carbamaze-
pine, clobazam, and an intravenous injection of pyridoxal
phosphate while the frequency of her seizures decreased with
the combination of valproic acid, zonisamide, and phenytoin to
some extent. Phenobarbital could not be used in infancy be-
cause of drug eruption. After 1 year of age, she was frequently
admitted to hospital because of convulsive status epilepticus
induced by fever, or recurrent episodes of respiratory infec-
tions, bronchial asthma, or gastroenteritis. Her sleep cycle was
disorganized. Brain magnetic resonance imaging at 3 years of
age demonstrated progressive atrophy of the cerebral hemi-
sphere, cerebellum, and brainstem (Fig. 1c). EEG at 3 years
showed borderline findings consisting of a predominance of
fast wave activity with no spindle formation interrupted by
slow wave burst. She recurrently suffered bone fractures with-
out obvious event. Systemic bone X-ray at 12 years of age
showed neurogenic arthrogryposis and osteoporosis. At
12 years of age, she was bedridden and was only able to roll
over. She showed profound intellectual disability and had no
meaningful words. Her epileptic seizures disappeared after
10 years of age, but epileptic discharges comprised of spike-
and-slow wave complex at bilateral frontal area with low-
amplitude irregular background activity were seen on EEG.

G-banded chromosomal analysis revealed a normal karyo-
type (46,XX). Metabolic screenings including amino acids,
lactic acid, pyruvic acid, organic acids, lactic acid, and lyso-
somal enzymes were unremarkable. The biochemical analysis
of blood repeatedly showed low levels of serum alkaline
phosphatase from birth (186 U/l at birth and 326 U/l at 7 years
of age [normal range, 450-1250 U/1]). Both concentrations of
serum and urine calcium were normal (serum calcium, 9.6 mg/
dl; U-calcium/U-creatinine ratio, 0.23 at 7 years of age).

DNA preparation

Peripheral blood samples were obtained from the patient and
her parents after parents signed informed consent. DNA was
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extracted using QuickGene-610 L (Fujifilm, Tokyo, Japan)
according to the manufacturer’s instructions. The study was
approved by the ethics committee of the Yokohama City
University.

Whole exome sequencing

Patient 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. Image anal-
ysis and base calling were performed by sequence control
software real-time analysis and CASAVA software v1.8
(Illamina). Reads were mapped to the human reference ge-
nome sequence (UCSC hgl9, NCBI build 37) and aligned
using Novoalign (Novocraft Technologies, Jaya, Malaysia).
PCR duplicate reads were excluded using Picard (http://
picard.sourceforge.net/) for further analysis. Single-
nucleotide variants (SNVs) and small indels were identified
using the Genome Analysis Toolkit UnifiedGenotyper [13]
and filtered according to the Broad Institute’s best-practice
guidelines (version 3). Variants that passed the filters were
annotated using ANNOVAR[14]. The damaging prediction
was performed by Polyphen-2 [15] and MutationTaster soft-
ware [16].

Sanger sequencing

PIGT exon 2 and exon 10 sequences were PCR amplified
from the patient and her parents using the following primers:
PIGT ex2F 5-GGGAGGAACTTGTCATCACC-3" and ex2R
5'-CAGTGGCAGGATGACAACAC-3', PIGT ex10F 5'-
AGAGATGTGGGTGACCTTGC-3' and ex10R 5'-CTGA
GGACAGATGGGCTACA-3', respectively. Amplified PCR
products were sequenced on an ABI 3500x1 or 3130x! Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA).

Flow cytometry

Peripheral blood samples were collected from the pa-
tient and normal control individuals. Granulocyte sur-
face expression of total GPI-APs was quantified by
staining with Alexa 488-conjugated inactivated aerolysin
(FLAER; Protox Biotech, Victoria, Canada). Expression
of CD16, CD24, and alkaline phosphatase (ALP) was
examined using appropriate primary antibodies (3GS8,
MLS, and B4-78, respectively; BD Biosciences, Frank-
lin Lakes, NJ, USA), followed by a PE-conjugated anti-
mouse IgG secondary antibody (BD Biosciences). Cells
were analyzed by BD FACSCanto II (BD Biosciences).

Human PIGT cDNA (NM_015937.5) with FLAG at the
C terminus was subcloned into the pME (driven by a
strong SR promoter) or pTA (driven by a weak promoter
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containing only TATA-box) vector [17]. Two PIGT mu-
tants, Glu84* and Argd88Trp, were generated by site-
directed mutagenesis. Mutant and wild-type PIGT plasmids
were transfected by electroporation into CHO H4, PIGT-
deficient Chinese hamster ovary (CHO) cells expressing
human DAF (also called CD55) and CD59 as previously
described [18]. Two days later, lysates were run on SDS-
PAGE, and Western blotting was performed using an anti-
FLAG antibody (M2; Sigma-Aldrich, St. Louis, MO,
USA) to detect FLAG-tagged PIGT (PIGT-F). The protein
levels were normalized to the loading control, and lucifer-
ase activities were used to evaluate transfection efficien-
cies. Cells were stained with anti-hCD59 (SHS8), anti-
hDAF (IA10), and anti-Hamster uPAR (5D6) antibodies
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and restoration of the surface expression of GPI-APs was
assessed by flow cytometry.

Results
Mutation screening

We performed mutation screening for previously reported
genes involved in the GPI-anchor-synthesis pathway, and
identified the compound heterozygous mutations ¢.250G>T
(p. Glu84%*) and c.1342C>T (p. Arg488Trp) in PIGT
(NM_015937.5). Both mutations were not found in 6500
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ESP (Exome Sequencing Project) or 1000 genomes [19, 20],
but ¢.1342C>T is present in one of 408 in-house control
exomes. Both mutations were predicted to be probably
disease-causing by Polyphen-2 and MutationTaster. Sanger
sequencing confirmed that ¢.250G>T and ¢.1342C>T were
inherited from the mother and father, respectively (Fig. 1b).

Functional effect of the mutations on GPI synthesis

PIGT is a component of GPI transamidase that mediates the
post-translational attachment of GPI anchors to the C-terminal
of the precursor protein. Therefore, the mutant GPI
transamidase is likely to impair the surface expression of
GPI-APs. To investigate the influence of PIGT mutations on
GPI-APs synthesis, we first examined the granulocyte surface
expression of GPI-APs from the patient and a healthy control.
Expression of total GPI-APs (FLAER staining) and GPI-APs
CD16 and ALP on granulocytes was reduced in the patient
compared to the normal control (Fig. 2a). However, similar
expression levels of another GPI-AP CD24 were seen in the
patient and control (Fig. 2a).

We then transiently transfected wild-type or mutant
(GluB4* or Argd88Trp) PIGT cDNA constructs into PIGT-
deficient CHO cells to evaluate the functional effect of each
mutation on GPI-AP expression. Western blotting revealed
that the expression level of Arg488Trp mutant protein was
similar to that of wild-type protein, whereas the Glu84* mu-
tant expressed a small amount of full-length protein (probably
read-though) (Fig. 2¢). Wild-type PIGT transfection success-
fully restored the expression of GPI-APs CD59, DAF (CD55),
and uPAR in both cases using vectors with a strong (pME) and
weak (pTA) promoter (Fig. 2b). The Arg488Trp mutant PIGT
cloned in pME restored the expression of GPI-APs close to
that of wild-type, whereas the same mutant in the pTA vector
only partially restored expression. The Glu84* mutant PIGT
in the pME vector insufficiently restored the expression of
GPI-APs, while this mutant in the pTA vector could not
restore expression (Fig. 2b). These results demonstrate that
both mutants, especially the Glu84* alteration, reduce the
activity of PIGT function.

Discussion

GPI deficiency syndromes are recessive disorders caused by
mutations in genes involved in the GPI-anchor biosynthesis
pathway. Here, we describe novel compound heterozygous
PIGT mutations in a nonconsanguineous patient presenting
with seizures and intellectual disability.

The first reported PIGT mutation (c.547A>C,
p-Thr183Pro) was identified in a consanguineous Turkish
family who showed seizures, intellectual disability, and
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Fig. 2 a Surface expression of GPI-APs on granulocytes. Granulocytes P>
from the patient and healthy control were stained with FLAER or
antibodies against CD24, CD16, and ALP. The expression of total GPI,
CD16, and ALP in the patient (solid line) was lower than in the normal
control (dark shaded area). CD24 expression did not differ between the
patient and control. The light shaded areas represent the isotype control.
X axes show fluorescent intensities, which indicate expression levels of
each GPI-AP on the cell surface. Yaxes show the relative cell numbers.
The value of mean fluorescent intensities of each sample is shown in each
panel. b PIGT-deficient CHO cells were transiently transfected with wild-
type (dashed line), Glu84* mutant (fine solid line), or Arg488Trp mutant
(bold solid liney PIGT ¢cDNA expression constructs in vectors with either
a strong promoter (pME; upper panels) or weak promoter (pTA; lower
panels). PIGT-F protein levels and restoration of the surface expression of
CD59, DAF, and uPAR were assessed 2 days later. The dark and light
shadows represent empty-vector transfectants and isotype controls,
respectively. ¢ Western blotting showed that the Arg488Trp mutant
protein was expressed at similar levels to the wild-type protein, whereas
the Glu84* mutant full-length protein, representing the read-through
product, was expressed at lower levels. Quantity numbers at the bottom
of the gel indicate the relative intensity of PIGT-F protein levels
normalized to the loading control, and luciferase activities used for
evaluating transfection efficiencies. Arrowhead indicates a non-specific
product

multiple congenital anomalies [12]. A decreased expression
of GPI-APs was documented on patient granulocytes. They
confirmed that the homozygous ¢.547A>C mutation impaired
the function of PIGT by the functional study using pigt
knockdown zebrafish embryos which showed gastrulation
defects phenotype. In the present study, we also demonstrated
that both PIGT mutations, ¢.250G>T (p. Glu84*) and
c.1342C>T (p. Argd88Trp), impaired the function of PIGT
which was confirmed by the functional study using the PIGT
deficient CHO cells.

Mammalian GPI transamidase consists of at least five
subunits, PIGK, GPAA1, PIGS, PIGT, and PIGU [1]. Of
these, PIGT plays a critical role in stabilizing the complex
formation of GPI transamidase [17], which mediates cleavage
of the GPI attachment signal peptide at the C-terminal of the
precursor protein and transfers GPI anchors to the C-terminal
of cleaved proteins [1]. Consequently, PIGT mutants may not
be able to correctly form the GPI transamidase complex,
leading to a loss of GPI transamidase activity and reduction
in the cellular surface expression of GPI-APs.

Our patient and four patients described by Kvarnung et al.
[12] showed broad clinical spectrum and shared several com-
mon features (Table 1). The neurological findings including
intractable seizures, hypotonia and severe intellectual disabil-
ity were observed in all patients. Ophthalmologic features
including strabismus, nystagmus, and cerebral visual impair-
ment were also observed in all. Cerebral and cerebellar atro-
phy was observed in our patient and two of four seen by
Kvarnung et al. The EEG findings in our patient were also
exacerbated as she grew, suggesting progressive encephalop-
athy. Our patient and three of four patients by Kvamung et al.
had some cardiologic disorders. All patients had some
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Table 1 Clinical features of patients with PIGT mutations

Patients This Patient
Kvarnung et al. Kvamung et al. Kvarnung et al. Kvarmung et al.
Patient 1 Patient 2 Patient 3 Patient 4
consanguinity - + + + +
Sex Female Female Female Female Female
Gestation 40 weeks 40 weeks 39 weeks 37 weeks 37 weeks
Birth weight 3816 g 4735 ¢ 4,500 ¢ 3,460 ¢ 3240 ¢
Birth length 51 cm 53 cm 54 cm 53 cm 53 cm
BHC 35.5 cm +1.8 SD 38 cm +2 SD 39 ecm +3 SD 35 em+1 SD 36 cm+1.5 SD
HPP + + + +
D + + + + +
Hypotonia + + + + +
Seizure + + + + +
Strabismus + + + + +
Nystagmus + + + + +
CVI + + + + +

Brain images

Tooth abnormalities

Skeletal
features

Urologic
features

Cardiologic features
Facial features

CT: dilated ventricle,
frontal atrophy, cerebellar
and brainstem atrophy

Scoliosis,
osteoporosis

Urolithiasis,
Ureteral dilation

PDA
Low set ears, micrognathia,

malar flattening, upslanting
palpebral fissures, depressed
nasal bridge, short anteverted

nose, downturned comers
of the mouth, tented lip,
high arched palate

CT: primitive Sylvian
fissures

+

Craniosynostosis,
Pectus excavatum,
Short arm,
Scoliosis,

Delayed bone age,

Reduced mineralisation

Nephrocalcinosis

Minor PDA
High forehead with

bitemporal narrowing,

broad nasal root,
anteverted nose,
long philtrum with
a deep groove,
distinct cupid bow

CT: Normal findings

+

Craniosynostosis,

short arm,

Scoliosis,

Delayed bone age, Reduced
mineralisation

Nephrocalcinosis,
Ureteral dilation,
Cysts and dysplasia

High forehead with
bitemporal narrowing,

broad nasal root,

anteverted nose,

long philtrum with

a deep groove,

distinct cupid bow

MRI: global atrophy with
predominate vermis and
cerebellar atrophy,
atrophy of basal ganglia

+

Short arm,
Delayed bone age,
Reduced mineralisation

Nephrocalcinosis,
Ureteral dilation

Mild restrictive CMP

High forehead with
bitemporal narrowing,

broad nasal root,

anteverted nose,

long philtrum with

a deep groove,

distinct cupid bow

MRI: global atrophy
with predominat
vermis and cerebellar
atrophy, hypomyelination
..«‘L

Short arm,
Delayed bone age, Reduced
mineralisation

Nephrocalcinosis,
Ureteral dilation

Increased atrial load on ECG

High forehead with
bitemporal narrowing,

broad nasal root,

anteverted nose,

long philtram with

a deep groove,

distinct cupid bow

BHC birth head circumference, HPP hypophosphatasia, /D intellectual disability, CVZ cerebral visual impairment, ECG electrocardiogram, CMP cardiomyopathy, PDA patent ductus arteriosus
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