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1 | INTRODUCTION

Epilepsy is a relatively common neurologic disorder re-
ported in approximately 4—6 cases per 1,000 children, with
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Abstract

Background: Genetic testing is an emerging diagnostic approach in early-onset epi-
lepsy. Identification of the heterogeneous genetic causes of epilepsy may mitigate
unnecessary evaluations and allow more accurate diagnosis and therapy. We aimed
to uncover genetic causes of early-onset epilepsy using next-generation sequencing
(NGS) to elucidate the diagnostic candidates and evaluate the diagnostic yield of
targeted gene panel testing.

Methods: We evaluated 116 patients with early-onset epilepsy developed before
2 years old and normal brain imaging using a NGS-based targeted gene panel.
Variants were classified according to their pathogenicity, and the diagnostic yield of
the targeted genes and associated clinical factors were determined.

Results: We detected 40 disease-causing variants with diagnostic yield of 34.5% (19
pathogenic, 21 likely pathogenic). Twelve variants were novel. The most commonly
detected genes were SCNIA, associated with Dravet syndrome, and PRRT2, associ-
ated with benign familial infantile epilepsy. Other variants were identified in ARX,
SCN2A, KCNQ2, PCDH19, STXBP1, DEPDC5, and SCNSA. The age of seizure
onset and family history were associated with disease-causing variants.
Conclusion: Next-generation sequencing-based targeted testing is an effective diag-
nostic test, with 30%—40% comparable diagnostic yield. Patients with earlier seizure
onset and family history of epilepsy were the best candidates for testing. For pedi-
atric patients with early-onset epilepsy, genetic diagnosis is important for accurate

prognosis and treatment.

KEYWORDS

diagnostic yield, early-onset epilepsy, genetic epilepsy, next-generation sequencing, targeted
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epileptic seizure occurring frequently during childhood
(Waaler, Blom, Skeidsvoll, & Mykletun, 2000; Wiebe,
Bellhouse, Fallahay, & Eliasziw, 1999). Epilepsy devel-
ops as a result of myriad heterogeneous causes, and the
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etiology of epilepsy determines the prognosis and the re-
sponse to treatment (Datta & Wirrell, 2000; Rantala &
Ingalsuo, 1999). Traditionally, clinicians perform various
evaluations, including laboratory tests that screen for meta-
bolic insults, electroencephalogram (EEG), and brain mag-
netic resonance imaging (MRI; Berg, Baca, Loddenkemper,
Vickrey, & Dlugos, 2013).Based on the results of such di-
agnostic tests, many cases involving young children with
epilepsy are found to be caused by congenital brain lesions
or cerebral insults due to hypoxic or metabolic events
(Kramer, 1999; Vasudevan & Levene, 2013). However,
the etiology and disease course of early-onset epilepsy for
those with negative brain imaging results or no associated
medical history remain ambiguous. In recent years, such
cases have been considered to arise from genetic causes as
diagnostic molecular genetic testing has been introduced
(Deprez, Jansen, & De Jonghe, 2009).

Numerous studies have been performed to identify the
causes and clinical phenotypes of early-onset epilepsy with
normal brain imaging (Balciuniene et al., 2019; Demos
et al., 2019; Trump et al., 2016). These efforts revealed sev-
eral genetic factors contributing to early-onset epilepsy and
established various genetic epilepsy syndromes in child-
hood. In addition, the causative gene is the main determi-
nant of the clinical course and prognosis in genetic epilepsy
(Covanis, 2012). However, there are many obstacles making
it difficult to reach an exact genetic diagnosis for a particular
epilepsy. Early-onset epilepsy is a group of disorders that is
heterogeneous in its cause, clinical course, and neurodevel-
opmental outcome. The relationship between genotype and
phenotype in early-onset epilepsy is not consistent and is rel-
atively weak (Hani, Mikati, & Mikati, 2015).Thus, it is chal-
lenging to identify the genetic cause of early-onset epilepsy
using Sanger sequencing of a specific gene.

Genetic epilepsy is now considered a comprehensive con-
cept, including cases related to congenital structural abnor-
malities and metabolic disorders caused by genetic mutation.
It is easy to diagnose epilepsies, where brain structural abnor-
malities are an obvious cause of seizures, using brain MRI.
However, patients with normal brain imaging require an ap-
proach that can detect the cytogenetic cause at the molecular
level. Recently, genetic defects have been presumed to cause
more than one-third of all epilepsy cases, and the probability
is much higher in early-onset epilepsies occurring at <2 years
of age (Hani et al., 2015). Many studies have reported various
clinical conditions likely to be diagnosed as a genetic cause
in pediatric epilepsy and have revealed new candidate genes
that may be a cause of epilepsy (Ream & Patel, 2015; Sands
& Choi, 2017). These studies have reported different results
for the diagnostic rates and related factors, depending on the
study population. Therefore, we selected patients with ear-
ly-onset epilepsy having normal brain imaging findings as a
target for investigating genetic causes of epilepsy in Korea.

Facilitated by the remarkable advancements in molecu-
lar genetic technologies in recent decades, various genetic
testing methods have been developed to elucidate the ge-
netic cause of epilepsy (Orsini, Zara, & Striano, 2018).
Among them, next-generation sequencing (NGS) is one of
the most useful diagnostic tools because of its cost-effective-
ness and substantial diagnostic yield in early-onset epilepsy.
Moreover, considering the high heterogeneity in genotype
and phenotype of the patients with early-onset epilepsy, NGS
may offer significant time-savings (Lemke et al., 2012). The
differentiating point of NGS compared to other genetic tests
is its ability to evaluate multiple genes at the same time, con-
ferring a substantial advantage for time to diagnosis (Della
Mina et al., 2015; Moller, Dahl, & Helbig, 2015).

The primary objective of this study was to identify ge-
netic variants in patients with early-onset epilepsy, using
NGS-based targeted gene panel testing. We evaluated the
diagnostic yield of targeted gene testing in populations with
presumed genetic epilepsy, and determined the most likely
causal candidates. Additionally, we demonstrated the geno-
type-phenotype correlation of various genes detected in this
study.

2 | METHODS

2.1 | Ethical compliance

This study was approved by the Institutional Review Board
of Samsung Seoul Hospital (IRB No. 2014-07-001-004 and
2019-01-030), and written informed consent was obtained
from the parents of all pediatric patients included in this
study.

2.2 | Patients
This study included Korean pediatric patients with early-on-
set epilepsy between June 2014 and May 2018 at Samsung
Medical Center (Seoul, Korea). Cases of early-onset epilepsy
were defined as those where the first seizure developed before
2 years of age. We excluded symptomatic or well-defined
syndromes having epilepsy as one of their symptoms with
the following criteria: (a) presence of structural abnormalities
on brain MRI or computed tomography (CT), (b) confirmed
chromosomal abnormality-related syndromes accompanying
epileptic seizure such as Down syndrome, Angelman syn-
drome, or Wolf-Hirschhorn syndrome, and (c) insults asso-
ciated with metabolic disorders or perinatal hypoxic damage.
We reviewed the medical records of all patients retrospec-
tively and collected data on variable clinical characteristics in-
cluding gender, age of seizure onset, type of seizures, frequency
of seizures, antiseizure medications (ASMs), family history of
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epilepsy or febrile seizure, developmental milestones, and re-
sults of EEG and brain MRI. Neurodevelopmental states were
assessed clinically and classified by pediatric neurologists at the
last follow-up. Cognitive impairment was assessed according to
the full-scale intelligence quotient from the Korean Wechsler
intelligence scale for children (K-WISC-IV). In patients whose
intelligence assessment was impossible, developmental mile-
stones were divided into four categories based on the parents’
answers in the Korean Developmental Screening Test (K-DST)
administered by pediatric neurologists. Categories included
normal, mild delay (milestone delayed by <6 months), moder-
ate delay (milestone delayed by 6 months to 1 year), and severe
delay (milestone delayed by >1 year; Suh, Sohn, Kim, Jung, &
Eun, 2016).

2.3 | Clinical diagnosis of
epileptic syndrome

Based on electrical and clinical characteristics, patients with
various epilepsies and epilepsy syndromes ranging from
self-limited to intractable epilepsy were included in this
study. Clinical diagnosis of epilepsy syndrome was based
on the guidelines of the Commission on Classification and
Terminology of the International League Against Epilepsy

(ILAE; http://www.epilepsydiagnosis.org/; Scheffer
et al., 2017).
2.4 | DNA extraction, library

preparation, and exome sequencing

2.4.1 | Variant calling and filtering
Detailed procedures for DNA processing and variant calling
and filtering are reported in the Supporting Information.

2.4.2 | Targeted epilepsy genes

We performed genetic testing using NGS-based targeted epi-
lepsy gene panels that varied slightly according to the time of
test performance. Given the prolonged period of this study,
the gene list was modified to reflect the tendency and newly
listed genes. The genes known to be associated with early-
onset epileptic encephalopathy (EOEE), febrile seizure,
familial epilepsy, genetic generalized epilepsy, or seizure ac-
companied by intellectual disabilities were selected based on
genes implicated in epilepsy in the literature and online da-
tabases (http://www.ncbi.nlm.nih.gov/omim). Among those
genes, we selected and analyzed 76 genes that were common
to the panels. The list of targeted genes in the panels is pro-
vided in Table S1.
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2.4.3 | Pathogenicity and interpretation of
detected variants

Detected variants were classified as “pathogenic (PV),”
“likely pathogenic (LPV),” or “uncertain significance (VUS),”
according to the international guidelines of the American
College of Medical Genetics (ACMG) and Association for
Molecular Pathology (AMP; Richards et al., 2015).

2.5 | Statistical analysis

Statistical analysis was performed using SPSS for Windows
(version 23, SPSS). Fisher's exact test and Mann—Whitney
test were used to compare the gender preference, incidence
of genetic variant, intractability of epilepsy, presence of se-
vere developmental delays, family history of seizures, pro-
longed seizures, clustered seizures, types of seizure, number
of ASMs, and average age of seizure onset. Logistic regres-
sion analysis was used to predict clinical factors affecting the
detection of disease-causing variants. The probability cutoff
of statistical significance was set at p < .05.

3 | RESULTS
3.1 | Clinical characteristics of patients with
early-onset epilepsy

One-hundred-sixteen pediatric patients with early-onset
epilepsy were included in this study, consisting of 54 fe-
males and 62 males. The average age of seizure onset was
0.58 + 0.43 (M + SD) years (range: 1 day after birth-2 years
of age). Seventy-one patients (61.2%) had their first seizure
before 6 months of age, 29 patients (25%) between 6 months
and 1 year old, and the remainder (n = 16, 13.8%) after 1 year
of age. Delayed development was present in 66 patients
(56.9%), and 54 of them showed severe global development
delay (81.8%). Family history of epilepsy was reported in 31
patients (26.7%). Detailed clinical characteristics of the pa-
tients are summarized in Table 1.

A wide spectrum of epilepsy syndromes was included in
this study. Among self-limiting epilepsy cases, four patients
with benign familial neonatal seizure (BFNS) and 13 patients
with benign familial infantile epilepsy (BFIE) were reported.
Among intractable epilepsy syndromes, 21 patients with
Dravet syndrome and 29 patients with EOEE were included.
In patients with EOEE, 10 had infantile spasms in infancy,
and seven of them had evolved to Lennox—Gastaut syndrome
(LGS). In addition, nine other patients were diagnosed with
generalized epilepsy with febrile seizure plus (GEFSP), and
the rest were not classified as a specific genetic epilepsy syn-
drome (Table 1).
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TABLE 1
gene panel testing (n = 116)

Clinical characteristics of the participants for targeted

54 (46.6):
Female: Male 62 (53.4)
Age of seizure onset (year) 0.58 +0.43
(range,
1 day-2
years)
<6 months 71 (61.2)
6 months to 1 year 29 (25.0)
1-2 years 16 (13.8)
Developmental delay
Normal development 49 (42.2)
Mild 9 (7.8)
Moderate 3(2.6)
Severe 54 (46.6)
Unknown® 1(0.9)
Family history of epilepsy 31 (26.7)
Electroclinical syndrome
Dravet syndrome 21 (18.1)
EOEE 29 (25.0)
GEFSP 9(7.8)
BFNS 434
BFIE 13(11.2)
Unclassified 33 (28.4)

Note: The data are described as numbers (%).

Abbreviations: BFIE, benign familial infantile epilepsy; BENS, benign familial
neonatal seizure; EOEE, early-onset epileptic encephalopathy; GEFSP,
generalized epilepsy with febrile seizure plus.

*One patient was not exactly evaluated for development due to follow-up loss.

3.2 | Detection of variants using a targeted
gene panel

The mean coverage of candidate genes included in three tar-
geted gene panels used in this study was 99.20%, 99.22%,
and 95.12% per base pair with >10x, respectively. Presumed
disease-causing variants were identified in 40 cases.
Therefore, the overall diagnostic yield of the targeted gene
panel testing was 34.5% (Table 2). Nineteen variants were
classified as PV, and 21 were interpreted as LPV according
to the ACMG guidelines (Figure 1a). There were 12 different
novel variants in 13 patients. Figure 1b shows the disease-
causing variants detected in 40 patients and their electroclini-
cal diagnosis. The diagnostic yield varied with each epilepsy
syndrome (Figure Ic). We found 11 PVs in 13 patients
with BFIE (84.6%), which was the highest among all epi-
lepsy syndromes. Dravet syndrome followed BFIE with 81%
(n = 17/21), and BENS had a 50% positive rate of detection
(n = 2/4). With respect to EOEE, approximately 27% of the
patients had a disease-causing variant (n = 8/29).

In addition, 27 other variants were found and classified as
VUS. These included genes related to channelopathy, encod-
ing sodium and potassium channels. Table S2 shows the VUS
and electroclinical diagnosis in the patients.

The diagnostic yield differed depending on the age of seizure
onset and the developmental delay. In 71 patients whose seizures
developed before 6 months of age, 36 disease-causing variants
were found, with a positive hit-rate of 50.7%. The remaining
four disease-causing variants were found in patients with first
seizure onset between 6 months and 1 year of age (4/29, 13.8%).
In patients whose seizure onset was before 6 months of age,
statistically more frequent disease-causing variants were found
(Figure 2a; p < .001).The presence or absence of developmental
delay did not change the detection rate of variants in presumed
disease-causing genes statistically between the two groups
(Figure 2b; p = .779). We identified 24 disease-causing variants
in 66 patients with developmental delay (36.4%), and most of
them (n = 19) were found in those with severe developmen-
tal delays. In 49 patients reaching normal developmental mile-
stones, 16 disease-causing variants were found (32.7%).

In addition, we classified the patients according to the in-
tractability of their seizures, defined as having uncontrolled
symptoms despite more than two ASMs with reasonable man-
agement. We analyzed the difference in the presence of the
disease-causing variants between these classifications. There
was no significant relationship between intractable epilepsy
and the detection of a disease-causing variant (p = .663).

Based on the results of multivariate logistic regression
analysis, the age of seizure onset (p < .001) and family his-
tory of epilepsy (p = .012) showed statistically significant
relationships with the presence of disease-causing variants
(Table 3). Among the patients (n = 71) with early infan-
tile onset seizure (onset age <6 months old), the diagnostic
rate was highest in those accompanied by severe delays in
developmental milestones (20/35, 57.1%). This included 14
SCNIA variants, two SCN2A variants, two ARX variants, one
KCNQ?2 variant, and one STXBP] variant.

3.3 | Heterogeneity of
genotype and phenotype

We analyzed the correlation of detected genes with the
clinical characteristics of patients in this study. In patients
with developmental delay, six genes includingSCNIA,
SCN2A, KCNQ2, ARX, PCDHI19, and STXBPI were de-
tected. Patients whose first seizure was febrile harbored
variants in SCNIA, PCDHI19, and DEPDC5 genes, and
those with a family history of epilepsy had variants in
SCNIA, KCNQ2, ARX, and PRRT2. Patients with early-on-
set of seizure before 6 months of age had variants in eight
genes including SCNIA, SCN2A, KCNQ2, PCDH19, ARX,
PRRT2, DEPDC5, and STXBP1 (Figure 3). Some genes are
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FIGURE 1 Detection of disease-causing variants using a targeted gene panel (a) Forty disease-causing variants were found in 116 patients
with early-onset epilepsy developed before 2 years of age. There were 19 pathogenic variants and 21 likely pathogenic variants. SCN/A variants,
which are associated with Dravet syndrome and generalized epilepsy with febrile seizure plus, were most common (n = 16), and PRRT?2 variants,
which are associated with BFIE, were the second most common (n = 11). (b) Detection of disease-causing variants and electroclinical syndrome.
Among the patients that were genetically confirmed as having Dravet syndrome, 15 had a SCN/A mutation and two had a PCHD19 mutation. All
patients having a PRRT2 mutation were diagnosed with BFIE. KCNQ2 mutations were found in patients with BENS and EOEE. Others included
ARX, SCN2A, STXBP1, and SCNSA in patients with EOEE, and a DEPDCS5 mutation in a patient with intractable focal epilepsy. (c) Diagnostic
yield in each epilepsy syndrome. BFIE showed the highest diagnostic rate with 84.6% (n = 11/13) and Dravet syndrome followed that with

81% (n=17/21). BENS had a 50% positive rate of detection (n = 2/4) and about a quarter of patients with EOEE had a disease-causing variant
(n = 8/29, 27.6%). BFIE, benign familial infantile epilepsy; BENS, benign familial neonatal seizure; GEFSP, generalized epilepsy with febrile
seizure plus; EOEE, early-onset epileptic encephalopathy
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associated with multiple clinical characteristics and others
were exclusive.

3.3.1 | Dravet syndrome

Dravet syndrome was the most common epilepsy syndrome
as a single disorder in this study, affecting 21 patients. Their

Diagnostic yield |

< 40/116
(34.5%)

onset <2yr

*40/101

onset <lyr (39.6%)

*36/72

onset <6mo (50.0%)

(b)

Normal
16 /49 (32.7%)

Mild delay
3/9 (33.3%)

Total detection
40/ 116 (34.5%)

Severe delay
19 /54 (35.2%)

Moderate delay
2/ 3 (66.7%)

FIGURE 2 Diagnostic yield depending on the age of seizure
onset and the developmental delay (a) Diagnostic yield of the targeted
epilepsy gene panel was different among age groups of seizure

onset (p < .001). The earlier the age of seizure onset, the higher the
diagnostic rate of gene panel testing. Approximately half of patients
with seizure onset before the age of 6 months were revealed to have
causative genetic variants. (b) The diagnostic yield trended differently
according to the degree of developmental delay. Twenty-four had
disease-causing variants among 66 patients with delayed development
(24/66, 36.4%), however, without statistical significance (p = .779)

TABLE 3 The logistic regression
analysis for clinical factors associated with

the detection of disease-causing variants Clinical factors

Sex
Onset age

Developmental
delay

Family history of
epilepsy

Intractability

Open Access,

average age of seizure onset was 5.9 + 3.0 months old (range:
2 days after birth-16 months). Table 4A summarizes the
demographic and clinical data of the patients with Dravet
syndrome.

Four variants in patients E-002, E-043, E-121, E-221 were
novel. Among variant effect classifications, missense variants
were the most commonly detected (n = 9) followed by splic-
ing variants (n = 5). More variants were located in a func-
tionally important region of the SCN1A protein, in severe
myoclonic epilepsy of infancy (SMEI) patients. In 12 SMEI
patients with disease-causing SCN/IAvariant, eight variants
(8/12, 66.7%) were located in the S4-S6 region. There was
only a single patient (1/3, 33.3%) in the severe myoclonic
epilepsy of infancy—borderland (SMEB) group with a trun-
cating variant located in the voltage-sensor S4 DI region.

3.3.2 | Benign familial infantile epilepsy

This study included 13 patients who were diagnosed with
BFIE, including two familial cases (four individuals). They
had their first seizure at an average age of 4.8 + 3.6 months
(Table 4B). There were eight patients who had family mem-
bers with infantile epilepsy, and three patients had family
members with paroxysmal kinesigenic dyskinesia (PKD).
A PV of the PRRT2 gene was found in 11 patients, and

Seizure onset <6mo

Delayed
develop

Family history
of epilepsy

SCN24

STXBP1

Seizure onset <lyr . "
Febrile seizure

at the onset

FIGURE 3 Detected causative genes overlap or show the
difference according to clinical characteristics

OR 95% CI
Standard Odds
Coefficient error p-value ratio Lower Upper
0.105 0.457 818 1.111 0.454 2.718
-3.207 0.900 .000 0.040 0.007 0.236
0.144 0.518 782 1.155 0.418 3.189
1.356 0.537 .012 3.880 01.355 11.115
0.552 0.520 .288 1.737 0.627 4.814
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TABLE 4 Clinical characteristics of patients with Dravet
syndrome and benign familial infantile epilepsy

Total patients with Dravet syndrome

(A)
Female: Male

Age of seizure onset (months)

SMEI: SMEB

Developmental delay
Normal to mild
Severe

Numbers of seizure type

1

A

3
Antiseizure medications
<2

>3

Initial interictal electroencephalogram

Normal

Generalized epileptiform discharges

Focal epileptiform discharges

Detection of disease-causing variants

Pathogenic
Likely pathogenic
Total patients with BFIE
B)
Female: Male
Age of seizure onset (months)
Family history of seizure
Family history of PKD
Type of seizure
Focal impaired awareness
Focal hemiclonic
Generalized tonic or tonic-clonic
Antiseizure medications
Monotherapy
Levetiracetam
Carbamazepine
Valproic acid
Polytherapy
Age of last seizure (months)
PRRT? variant
¢.649dupC; p.(Arg217ProfsTer8)
c.971del; p.(Gly324GlufsTerl3)
c.650del; p.(Arg217GlnfsTer12)

Note: Data are M + SD or n (%) values.

21

14:7

5.9 + 3.0 (range 2
days—16)
14:7

5(23.8)
16 (76.2)

None
7 (33.3)
14 (66.7)

9(42.9)
12 (57.1)

12 (57.1)
1(4.5)

8 (38.1)
17 (81.0)
5(23.8)
12 (57.4)
13

7:6

4.8 + 3.6 (range 3-8)
8 (61.5)

3(23.1)

6 (46.2)

2 (15.4)
5(38.5)
13 (100.0)
6(46.2)

4

1

1

7 (54.8)
8.1 + 5.3 (range 4-24)
11 (84.6)
8 (61.5)
2(15.4)
1(7.7)

Abbreviations: BFIE, benign familial infantile epilepsy; MRI, magnetic resonance

imaging; PKD, paroxysmal kinesigenic dyskinesia; SMEB, severe myoclonic

epilepsy of infancy-borderland; SMEI, severe myoclonic epilepsy of infancy.

¢.649dupC; p(Arg217ProfsTer8) was the most common non-
sense variant detected in eight patients. Two other frame shift
deletions of PRRT2 were detected in three patients, and there
was no difference in their clinical manifestations. All pa-
tients had normal brain MRIs and developmental milestones.
A focal impaired awareness seizure was observed in six pa-
tients, and a generalized seizure occurred in five patients.
Two other patients showed a focal hemiclonic seizure. All
patients were treated with ASMs for the seizures, and seven
patients were receiving two or more ASMs. All patients, ex-
cept E-199 having coexisting PKD, had their last seizure be-
fore 1 year of age. Patient E-199 had his last seizure at the age
of two and was taking oxcarbazepine for PKD that developed
in the teen years.

3.3.3 | Early-onset epileptic encephalopathy
Eight PVs or LPVs were detected in 29 patients with EOEE
excluding Dravet syndrome. Among them, three patients had
ARX variants and the other five had SCN2A (n = 2), KCNQ2,
STXBP1, and SCNSA variants (Figure 1b). Causative genes
were not found using NGS-based targeted sequencing in the
remaining patients (n = 21).

ARX gene

Three patients with ARX variants were born at term and had
an uncomplicated birth. Two children (E-122 and E-258-P)
were maternal cousins and shared the same variant of the
ARX gene. Both had infantile spasms at the age of 4 months
and showed severe developmental delay. We detected a
novel LPV (c.1146G>C; p.(Lys382Asn)) in the ARX gene in
the patients and their unaffected mothers (Figure S1).

KCNQ2 and SCN2A: Two channelopathy-related genes
We found two variants in the KCNQ2 gene, which associ-
ated with different clinical manifestations in two unrelated
patients. The ¢.1771C>T variant of the KCNQ2 gene was de-
tected in a patient with BFNS (E-079). The other patient (E-
170) having a LPV (c.773A>G; p.(Asn258Ser)) in the same
gene presented with EOEE.

Two variants (¢.4712T>C and ¢.2969A>T) in the SCN2A
gene were found in two unrelated individuals with BENS (E-
244 in Table 2 and E-203 in Table S2). They had their first
seizure on the 5th and 7th day of their life, respectively, which
were generalized tonic or focal hemiclonic. Patient E-203 with
the ¢.2969A>T variant had no more seizure after the neonatal
period, while the other patient (E-244) with the ¢.4712T>C
variant had the last seizure at the age of 4 months. They devel-
oped normally. However, the ¢.2969A>T variant was classi-
fied as VUS because the parents’ genotype was not available.
The ¢.4712T>C variant was confirmed as de novo via Sanger
sequencing of both parents and was previously reported a PV
for Ohtahara syndrome (Liu et al., 2018). In contrast, two
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patients with EOEE and a LPV or PV (c.5645G>A in E-391
and c.4609A>T in E-392) in the SCN2A gene had very fre-
quent seizures beginning within 2 days after birth that were
refractory to multiple ASMs. There were intermittent back-
ground suppression and multifocal epileptiform discharges
on their EEGs in the neonatal period, and the background
was disorganized as they aged.

4 | DISCUSSION

We performed NGS-based targeted epilepsy gene panel test-
ing on 116 individuals having early-onset epilepsy with their
first seizure occurring before 2 years of age. Disease-causing
variants were detected in one-third of subjects. This study
showed diagnostic efficacy comparable to other NGS-based
genetic studies performed in Chinese and Danish population
and an even higher detection rate in medication-refractory or
early-onset epilepsy in children(Butler, da Silva, Alexander,
Hegde, & Escayg, 2017; de Kovel et al.,, 2016; Lemke
et al., 2012; Segal et al., 2016; Zhang et al., 2017). In par-
ticular, the detection rate was higher with a younger age of
seizure onset and family history of epilepsy, not influenced
by developmental delay or intractability of seizures. This
finding identifies an eligible population for genetic testing
for epilepsy.

Several previous reports revealed the genetic cause of
pediatric epilepsy accompanying developmental disorders,
however, few studies were conducted on a population simi-
lar to ours, which included patients with epilepsy occurring
at an early age and normal brain imaging findings (Heyne
et al., 2019; Ortega-Moreno et al., 2017). Our study provided
data from a large patient cohort of a single ethnicity with ear-
ly-onset epilepsy before 2 years of age, we believe that the
data are worth comparing to those from other studies. Several
Korean studies analyzed the genetic causes of pediatric epi-
lepsy without structural brain lesions. Two studies investi-
gated 74 and 278 patients with epileptic encephalopathy that
developed before 3 years of age and found, a genetic cause in
37.8% (n = 28/74) and 37.1% (n = 103/278) of the patients,
respectively, using a NGS panel including 172 candidate
genes (Ko et al., 2018; Rim et al., 2018). Although our diag-
nostic yield was somewhat lower than that reported in those
studies, our patient cohort was comprehensive, including not
only patients with intractable epileptic encephalopathy but
also those with benign epilepsy. The genes identified as dis-
ease-causing genes in our patients were also different from
those identified in other studies. In our study, the PRRT2
gene, which causes BFIE, was noted second most commonly
unlike other studies.

In this study, we could deduce that the age of seizure onset
was associated with notable differences in the detection rate
of causative genes. Patients with an onset of epilepsy before

Mol | . ic Medici 11 of 14
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the age of 6 months and having a family member affected by
epilepsy had a high probability of finding a genetic cause. In
patients with early infantile onset of a seizure before 6 months
of age, half (36/72, 50%) possessed disease-causing variants.
Conversely, no disease-causing variants were detected in ep-
ilepsy patients whose first seizures occurred between 1 and
2 years of age. Previous studies showed a similar tendency
through subgroup analyses (Parrini et al., 2017). Mgller et al.
reported that PVs were detected in 57% of neonatal onset ep-
ilepsy (Moller et al., 2016), while Trump et al. reported the
highest diagnostic rate of causative variants in patients with
seizure onset before the age of 2 months (30/77, 39%; Trump
et al., 2016). A recent large cohort study analyzing clinical
data from the Epi4K Consortium also reported that the age of
seizure onset is a heritable trait (Ellis et al., 2019). A prospec-
tive study in the United States also emphasized the diagnostic
value in the genetic diagnosis of early-onset epilepsy (Butler
et al., 2017). Based on these findings, the author assumed
that the age of seizure onset was an important factor influ-
encing the probability of positive results in genetic studies.
Clinical manifestations should be considered to be an-
other factor influencing the detection rate of NGS-based
targeted gene panel testing. Previous studies about genetic
evaluation of epilepsy reported the diagnostic yield of NGS
was higher (17%-33%) in case with severe symptoms (Sands
& Choi, 2017). Ream et al. demonstrated that generalized
epilepsy and epileptic encephalopathy were associated with
positive results of genetic testing (Ream & Mikati, 2014).
However, our results did not show the correlation of higher
genetic diagnostic yield according to disease severity or de-
velopmental delay. In this study, patients with comparatively
obvious symptoms representing their particular electroclin-
ical diagnosis, even if it's not necessarily intractable, had a
high probability of possessing the disease-causing variant.
Forty-seven patients were classified as having a clinically
established epilepsy syndrome, such as Dravet syndrome,
GEFSP, or benign familial epilepsy. Thirty-one (66%) of the
patients with clinically established epilepsy syndromes were
confirmed their genetic diagnosis using the NGS-based tar-
geted gene panel testing. In other 69 patients, including those
with unclassified epilepsy and EOEE not categorized into
specific established epilepsy syndromes, nine patients (13%)
were revealed to have a disease-causing variant. This finding
was concordant with that in a previous study on Korean pa-
tients with seizure onset within 1 year of age conducted by
Jang et al. (Jang et al., 2019). They showed a variable diag-
nostic yield among the subgroups that was not proportional to
disease severity. In addition, the patients who were not clas-
sified into the established phenotypes were likely to display
neurocognitive dysfunction or intractable seizures. These
differences in diagnostic yield between studies may be influ-
enced by the inclusion criteria for the participants, depend-
ing on whether the studies targeted patients with epileptic
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encephalopathy or all patients with early-onset epilepsy. This
allowed us to recognize that benign epilepsy also accounts
for a considerable proportion of the cases of genetic epilepsy
and to keep that in mind in the context of pediatric epilepsy.

Genetic diagnosis of epilepsy is useful not only in the de-
tection of causative gene but also to guide therapy. Demos
et al. reported that proper genetic diagnosis guided the treat-
ments in 39% (n = 23/59) of patients with early-onset ep-
ilepsy (onset age < 5 years old; Demos et al., 2019). Our
results also changed the therapeutic strategy in eight out of
40 patients with identified disease-causative genes (20%).
These findings may also enable diagnosis of familial ep-
ilepsies, including early diagnosis of family members with
newly developed symptoms and predicting the presence of
genetic mutation in other family members. Two patients with
a PV of PRRT2 had a younger sibling with the same clinical
manifestations, and a quick diagnosis was possible by Sanger
sequencing of the variant found in their older siblings. The
other two patients with BFIE caused by the PRRT?2 gene were
able to taper the ASMs after a certain period in anticipation
of a favorable prognosis, although they experienced seizures
frequently in the early stage of the disease. In our study, four
patients with epileptic encephalopathy benefited from our ge-
netic diagnosis. In two boys diagnosed with SCN2A encepha-
lopathy (E-391 and E-392) by NGS-based gene panel testing,
we attempted to control seizures using Na* channel blockers
based on other previous studies(Howell et al., 2015; Wolff
et al., 2017). The patients responded to the medication with
decreasing frequency of seizures. In the other two patients
with Dravet syndrome (E-044 and E-129) confirmed geneti-
cally, the therapeutic plan was changed after the genetic diag-
nosis was established. The frequency of seizures significantly
decreased in both patients when a new ASM (stiripentol) was
introduced in one patient (E-044) and the use of the Na*
channel blocker (oxcarbazepine) was terminated in the other
patient (E-129).

This study highlighted a heterogeneity of genotype and
phenotype in epilepsy that has already been suggested in
the literature (Carvill et al., 2013; EPGP Collaborative
et al., 2013; Parrini et al., 2017). Although patients with a
wide spectrum of early-onset epilepsies were included, var-
ious genes were revealed to be the cause of a single elec-
troclinical syndrome. Five different genes were identified
as their genetic cause in eight patients with EOEE and two
genes were identified in the patients with Dravet syndrome.
Moreover, some patients showed conflicting manifestations
of epilepsy, even though they harbored a LPV of the same
genes, SCN2A and KCNQ2. Although patient E-244 had
the same variant of the SCN2A gene described as the cause
of epileptic encephalopathy in previous studies, he showed
a benign course with controlled seizures and normal de-
velopmental milestones (Liu et al., 2018). Another patient

E-170 having the same variant of the KCNQ2 gene found in
a Turkish BENS family had clinical features consistent with
EOEE (Maljevic et al., 2011; Yalcin et al., 2007). This dis-
crepancy was also found in an infant with KCNQ?2 encepha-
lopathy due to the ¢.881C>T variant, which was previously
reported in BENS (Allen et al., 2014).

Aside from 40patients with confirmed genetic diagnosis,
genetic causes of epilepsy were not found in two-thirds of
subjects in this study. Negative results in this evaluation did
not mean that the patient did not possess a genetic cause of
epilepsy or that the detected variants were not the genetic
cause. We found 27VUSs in various genes and the pathoge-
nicity of most of these could not be determined because of
insufficient information in the literature (Butler et al., 2017,
de Kovel et al., 2016; Lemke et al., 2012; Parrini et al., 2017;
Ream & Mikati, 2014). Occasionally, clinical features of the
patient are not obvious and it is difficult to interpret the vari-
ant or assess its clinical significance (Sands & Choi, 2017).
Because there are also limitations in published resources and
knowledge regarding these interpretations, some genes are
not definitely known to be associated with disease (SoRelle,
Thodeson, Arnold, Gotway, & Park, 2019; Traynelis
et al., 2017). Although their clinical implication is not clear,
these have a potential to be proven as genetic causes of epi-
lepsy in the future. For such cases, additional complementary
data, including a segregation test of the patient's family mem-
bers, an adaptation of cumulative data from different sources,
and functional validation are needed.

5 | CONCLUSION

In conclusion, early-onset pediatric epilepsy shows a broad
spectrum of genetic causes and phenotypes, from benign and
self-limiting to intractable with a devastating course. Genetic
investigation in pediatric epilepsy serves to identify causative
genes, predict the prognosis, and offer genetic counseling to
family members. While numerous technical methods are cur-
rently available for genetic diagnosis of epilepsy, selection
of a suitable testing method with the highest diagnostic yield
is recommended. To improve diagnostic yield, meticulous
and precise analysis of clinical features is indispensable.
Considering the heterogeneity of genotype and phenotype
in early-onset pediatric epilepsy, NGS-based targeted gene
panel testing is a useful method with hit-rate 30%—40%due
to its time-saving and cost-effective aspects. In addition, an
effort to identify the cause of undiagnosed patients through
further evaluations, including segregation analysis of family
members, whole exome or whole genome sequencing, in-
creased coverage, and periodic reanalysis should be done. In
the future, we anticipate that a therapeutic approach will be
developed based on the genetic diagnosis of epilepsy.
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