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Early onset epileptic encephalopathy caused by de novo
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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.

KEY WORDS: SCN8A, De novo mutation, Early onset epileptic encephalopathies.
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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 a-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-Nay1.9), of which Nayl1.1, 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.3’5

Na, 1.6, encoded by SCNSA, is a major o-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
SCNSA 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).” 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
STXBPI, 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 (KCNT1 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, U.S.A.) was
designed to capture the coding exons of 50 genes, in which
additional 15 genes, including SCN8A, were added to the
panel of the previous 35 genes."! A total of 4,764 probes,
covering 267 kb, were prepared. Twenty-four captured
libraries were mixed and sequenced by the multiplex
method on an Illumina 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

SCNSA 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-Asn1466): ¢.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
III 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

occipital cortex

4 years. MA of the
cerebellum at
4 years

Clinical Feature l 2 3 4 5 6 7
Age 6 years 13 years 5 years 2 years 6 years I"year | month | year 4 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 €2537T>C c.4850G>A cA4397A>C c.5614C>T c.4948G>A
(p-Asn1466Lys) (p-Val216Asp) (p.Phe846Ser) (p-Argl617GIn) (p-Asn1466Thr) (p-Argl872Trp) (p.-Alal 650Thr)
Family history - - + - + - -
Initial symptoms Seizure Seizure Tachypnea and 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 FCat 3 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 tonic and generalized consciousness at
convulsions clonic seizures at 3.5 months, tonic
propagating to the | 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 Normalat 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 |3 years old) effective LEV+VGB
Initial motor Delayed Delayed Delayed Delayed Normal 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
butable to roll over
MRI MA of CB at MA of frontal and Normal at 0 and Normal at 6 months Normal at 8 months,  Within normal limits, Asymmetric ventricles
6 months, Hlon temporal lobe at 2 months. MAofthe  and 2 years diffuse brain atrophy MA at 3.5 months, mild
T2Wilin bilateral | yearand CBand thin CCat 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, midazolar; 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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Val216Asp
Glyzuansp

Phesdéser

Pro1719ArgfsxE

Argl617Gln
! Figure 1.
Structure of the human Na, 1.6

channel showing location of SCN8A
mutations. Mutation annotations are
based on NM_014191.3.

Leu875G1n & Neasarval

p.Gly214Asp, p.Leu875GlIn,
p.llel327Val, p.Leul331Val,
pArgl617GIn, p.Prol719ArgfsX6,

Aa1650Thr
’ and p.Asn1768Asp were reported

Asni768Asp

Leu1331Val Asn1466Thr previously,” ! 325 The patient with
Asn1466Lys Prol719ArgfsX6 showed
p
Argl872Trp e i

. Mutations were identified in this study. Cer bellazgatrophy but without
epilepsy.

A Mutations were previously reported. Epilepsia © ILAE

71\;( The mutation was identified in this and previous studies,

E 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) patient 2 at | year and |0 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
are summarized in Table 1, and their representative brain
images and EEG are shown in Figures 2 and 3. All seven
patients showed intractable seizures, developmental delay
in infancy, or regression after seizure onset, resulting in
severe intellectual disability in later life. In two patients
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showing developmental regression, some developmental
improvements were regained with control of seizures. Four
patients showed hypotonia. The onset of seizures and their
types were highly variable, and included tonic—clonic sei-
zures at the age of 3 days in patient 1 and 3 months in
patient 6, atypical absence seizures at the age of 7 months
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Figure 3.
EEG of patients with SCN8A ) )
mutations. (A, B) EEG of patient | at c Patient 2 D Patient 2

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) lctal EEG of patient 3 at

9 months. Left occipital sharp waves

. . j100uv 0oy
spread'lng to the right followed by a Aslteep e Awake o
polyspike or fast wave at T3—-T5 were
seen in association with an apneic patient 3

attack and right facial twitching
propagating to a right hemiclonic
seizure.
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25 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

60 sec

90 sec 160 sec 220 sec 2865 sec

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,16 was used in five patients
(patient 1, 2, 3, 5, and 7), showing only temporarily effects
at maximum.

DiscussionN

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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