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Abstract

Pediatric refractory epilepsy is a broad phenotypic spectrum with great genetic heterogeneity. Next-generation
sequencing (NGS) combined with Sanger sequencing could help to understand the genetic diversity and underlying
disease mechanisms in pediatric epilepsy. Here, we report sequencing results from a cohort of 172 refractory epilepsy
patients aged 0-14 years. The pathogenicity of identified variants was evaluated in accordance with the American
College of Medical Genetics and Genomics (ACMG) criteria. We identified 43 pathogenic or likely pathogenic variants
in 40 patients (23.3%). Among these variants, 74.4% mutations (32/43) were de novo and 60.5% mutations (26/43) were
novel. Patients with onset age of seizures <12 months had higher yields of deleterious variants compared to those
with onset age of seizures > 12 months (P = 0.006). Variants in ion channel genes accounted for the greatest functional
gene category (55.8%), with SCNTA coming first (16/43). 81.25% (13/16) of SCNTA mutations were de novo and 68.8%
(11/16) were novel in Dravet syndrome. Pathogenic or likely pathogenic variants were found in the KCNQ2, STXBPI,
SCN2A genes in Ohtahara syndrome. Novel deleterious variants were also found in West syndrome, Doose syndrome
and glucose transporter type 1 deficiency syndrome patients. One de novo MECP2 mutation were found in a Rett
syndrome patient. TSC1/TSC2 variants were found in 60% patients with tuberous sclerosis complex patients. Other
novel mutations detected in unclassified epilepsy patients involve the SCNS8A, CACNATA, GABRB3, GABRAT, IQSEC2, TSCI,
VRK2, ATPTA2, PCDH19, SLC9A6 and CHD2 genes. Our study provides novel insights into the genetic origins of pediatric

epilepsy that could eventually lead to better treatments.

epilepsy and represents a starting-point for further investigations into the molecular pathophysiology of pediatric
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Introduction
Epilepsy is a complex group of chronic brain disorders
that are characterized by recurrent spontaneous seizures,
and these can often begin in childhood. Repeated and re-
fractory seizures can cause long-term cognitive impair-
ment, decreased social participation and significantly
lower quality of life [1, 2]. Epilepsy is one of the most
common neurological disorders with 50 to 100 million af-
fected worldwide, and 2 to 4 million new cases diagnosed
each year [3].

Epilepsy is a heterogeneous disease with diverse clinical
manifestations and causes, including altered ion channel
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expression, neurotransmitter signaling, synaptic structure,
gliosis, and inflammation [1]. Estimates of heritability
from twin studies range from 25% to 70% [4, 5]. Although
the range of heritability estimates is quite large, disparate
studies using varied methods and studying divergent pop-
ulations are all consistent in concluding that there is a
substantial inherited component to epilepsy [6]. Because
of this, we sought to investigate the genome in a heteroge-
neous set of patients with epilepsy and their parents, with
the hope that we would identify novel mutations and con-
firm existing reports of genetic associations with epilepsy.
This type of genetic information can provide an entry
point into the biology of epilepsy that could eventually
lead to new molecular treatment targets.

With the rapid progress of next-generation sequencing
(NGS) techniques, our knowledge of the genetic etiology
in many brain disorders such as epilepsy, autism and
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intellectual disability has expanded greatly [7, 8]. NGS is
now capable of efficient and accurate sequencing of en-
tire genomes with small amounts of tissue at ever de-
creasing costs and has required new approaches to
analysing the very large amount of data obtained. For
this study, our priority was to separate common and be-
nign genetic variants from those that are likely to be re-
lated to the cause of epilepsy, and we chose to apply the
American College of Medical Genetics and Genomics
(ACMQ@) guidelines [9-11]. The ACMG guidelines clas-
sify variants into pathogenic, likely pathogenic, uncertain
significance, likely benign, and benign categories based
on genetic information that includes population, func-
tional, computational and segregation data. In this study,
we investigated 153 epilepsy candidate genes in a cohort
of 172 refractory epilepsy pediatric patients. We aimed
to provide genetic diagnoses of this patient cohort and
explore the genetic etiology of pediatric refractory

epilepsy.

Method

Participants

We retrospectively collected and analyzed 172 cases of
pediatric refractory epilepsy patients between the ages of
1 day to 14 years old in the Department of Pediatrics of
Qilu Hospital, China. The program adhered to guide-
lines of patients’ consent for participation and research
was supported by the Ethics Committee of Qilu hospital,
Shandong University (No. 2016(027)).

All patients were examined and diagnosed at the
Pediatric Department in Qilu Hospital using a combin-
ation of patients’ illness history, previous history, family
history, physical examinations, developmental evalu-
ation, hematological examination, ambulatory or video
electroencephalography (AEEG/VEEG) monitoring, mag-
netic resonance imaging (MRI) or computed tomography
(CT), and genetic sequencing. Developmental evaluation
included gross motor, fine motor, language, and personal-
social skills. The above information was reviewed by two
qualified pediatric epileptologists. Seizure types and epi-
lepsy syndromes were diagnosed and classified according
to the guidelines of International League Against Epilepsy
(2014, 2017) [12, 13].

Next-generation sequencing
Targeted gene capture and sequencing
Blood samples of the patients and their biological par-
ents were collected to test if the mutations were de novo
or inherited. Genomic DNA was extracted from periph-
eral blood using the QIAamp DNA Mini Kit (Qiagen,
China).

One hundred fifty-three genes (Table 1) associated
with epilepsy were selected by a gene capture strategy,
using the GenCap custom enrichment kit (MyGenostics,

Page 2 of 18

China) following the manufacturer’s protocol. The bio-
tinylated capture probes were designed to tile all of the
exons without repeated regions. The captured DNAs
were eluted, amplified and then their polymerase chain
reaction (PCR) products were purified with SPRI beads
(Beckman, USA). The enriched libraries were sequenced
for paired-end reads of 150 bp by Illumina HiSeq X Ten.

Data analysis and pathogenicity of candidate variants
After sequencing, raw data were saved in FASTQ for-
mat. Illumina sequencing adapters and low quality reads
(<80 bp) were filtered by Cutadapt [14]. Clean reads
were aligned to UCSC hgl9 human reference genome
using the Burrows-Wheeler Alignment [15] tool. Dupli-
cated reads were removed using Picard (http://broadin-
stitute.github.io/picard). Insertions, deletions and SNP
variants were detected and filtered using the Genome
Analysis Toolkit [16]. Then the identified variants were
annotated using ANNOVAR ([17] and associated with
the following databases: 1000 genomes, Exome Aggrega-
tion Consortium, The Human Gene Mutation Database,
and predicted by Mutation Taster (MT) [18], Sorting In-
tolerant From Tolerant (SIFT) [19], PolyPhen-2 (PP2)
[20] and Genomic Evolutionary Rate Profiling (GERP++)
[21, 22]. Splice-site were predicted by Human Splicing
Finder [23]. All variants identified by the Illumina HiSeq
X Ten sequencer were confirmed by Sanger sequencing.
The pathogenicity of mutations was assessed in accord-
ance with American College of Medical Genetics and
Genomics guideline (ACMG) [9-11].

Statistical analysis

Statistical analysis was performed using SPSS19. The
yields of deleterious variants in patients with different on-
set age or family history were compared using the chi-
squared test.

Results

In the current study, we recruited 172 epilepsy pediatric
patients, including 23 with Dravet syndrome, ten with
Ohtahara syndrome, two with Ohtahara syndrome
evolving to West syndrome, ten with West syndrome,
two with West syndrome evolving to Lennox-Gastaut
syndrome, five with Lennox-Gastaut syndrome, four
with Doose syndrome, two with epilepsy of infancy with
migrating focal seizures, two with epileptic encephalop-
athy with continuous spike and wave during sleep, and
one each with temporal lobe epilepsy, early myoclonic
encephalopathy, Landau-Kleffner syndrome, and glucose
transporter type 1 deficiency syndrome. Three patients
had Rett syndrome, five had tuberous sclerosis complex,
and one had Sturge-Weber syndrome. Forty-two pa-
tients were diagnosed as unclassified epileptic encephal-
opathy and 57 patients were diagnosed as unclassified
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Table 1 One hundred fifty-three epilepsy genes tested in this study by NGS

ADSL CHD2 DHFR GLB1 MAGI2 PNPO SLC9A6
ALDH7AT CHRNA2 DIAPH3 GLRAT MAPKT0 POLG SPTANT
ALGI3 CHRNA4 DNAJC6 GPR56 MBD5 PPTIT SRPX2
ARG1 CHRNA7 DNM1 GPR98 MDGA2 PROC ST3GAL2
ARHGEF15 CHRNB2 DOCK7 GRINT ME2 PRRT2 ST3GALS
ARHGEF9 CLCN2 EEF1A2 GRIN2A MECP2 RBFOXT STRADA
ARX CLCN4 EFHCT GRIN2B MEF2C RBFOX2 STXBP1
ASAHT CLN3 ELP4 HAX1 MFSD8 RBFOX3 SYNGAPT
ATP13A4 CLNS EPHB2 HDAC4 MTHFR RELN SYNJT
ATPIA2 CLN6 ERBB4 HEXA MTOR RYR3 SZ12
ATPIA3 CLN8 FASN HEXB NDET SCNTA TBC1D24
ATP6AP2 CNTN5 FLNA HNRNPH1 NEDDAL SCN1B TCF4
ATP7A CNTNAP2 FOLR1 HNRNPU NID2 SCN2A TNK2
BRAF COX6B1 FOXGT IQSEC2 NRXNT SCNSA TPP1

BSN CSTB FOXP2 KCNB1 PAFAH1B1 SHANK3 TsC1
CACNATA CTNNA3 GABBR2 KCNH5 PCDH19 SLCI3A5 SC2
CACNATH CTSD GABRAT KCNMAT PDHAT1 SLC19A3 TUBATA
CACNB4 CYB5R3 GABRA6 KCNQ2 PIGA SLCIA3 UBE3A
CASR DBH GABRB2 KCNQ3 PIGV SLC25A22 VRK2
CDH13 DCX GABRB3 KCNTT PLCBT SLC2AT WDR45
CDH9 DEPDCS5 GABRD LGIT PNKD SLC35A2 ZEB2
CDKL5 DGKD GABRG2 LIAS PNKP SLC46AT

refractory epilepsy due to nonspecific manifestations
(Table 2).

One hundred fifty-three epilepsy-related genes were se-
lected for sequencing in all patients. The expression pattern
of the targeted 153 genes across tissues were analyzed and
classified according to the National Center for Biotechnol-
ogy Information (NCBI, https://www.ncbi.nlm.nih.gov) and
The Human Protein Atlas (https://www.proteinatlas.org)
database (Additional file 1: Table S1). In our 153-gene
panel, 51 genes show elevated expression, 14 genes have
low expression, and 88 of them exhibit medium levels of
expression in brain. The 14 low-expression genes have been
associated with epilepsy, including: ARGI [24-27], ARH-
GEF15 [28], CASR [29, 30], CHRNA2 [31], DBH [32-34],
DIAPH3 [35], FOLRI [36, 37], GABRA6 [38, 39], GLRAI
[40, 41], NID2 [42, 43], PROC [44], SLCI3AS [45, 46],
SLCI9A3 [47], SRPX2 [48]. Specifically, among 51 elevated
genes in brain, 4 genes (GABRG2, GABBR2, GABRAI,
GRINI) show restricted brain expression.

The DNA samples of patients were analyzed by using
NGS and the variants were validated by Sanger Sequencing.
For the samples subjected to targeted sequencing, the qual-
ity assurance (QA) /quality control (QC) file are provided
in Additional file 1: Table S2.

After sequencing the 153 epilepsy genes, we identified
43 deleterious variants in 23.3% patients (40 of 172),

with three children harbouring more than one deleteri-
ous variant. Our results were similar to previous reports,
with diagnostic yields ranging between 10% and 48.5%
[49-56]. There were 60.5% (26/43) novel deleterious var-
iants found in our study. A total of 43 variants in 22
genes were scored as pathogenic or likely pathogenic, in-
cluding SCN1A (16), TSC2 (5), STXBPI (2), SCN8A (2),
TSCI(1), MECP2 (1), CHD2 (1), PCDH19 (1), GABRA1
(1), GABRB3 (1), SLC2A1 (1), SLC946 (1), IQSEC2 (1),
KCNQ2 (1), SCN24 (1), CACNAIA (1), KCNTI (1),
SYNGAPI (1), ATPIA2 (1), CDKL5 (1), ADSL (1), VRK2
(1) (Fig. 1a). Among these 43 pathogenic or likely patho-
genic variants, there were 18 (41.9%) missense muta-
tions, 3 (7%) splice site mutations, 11 (25.6%) nonsense
mutations, 10 (23.3%) frame-shifts, and 1 (2.3%) deletion
mutations (Fig. 1a, Table 3).

More recent studies suggest that many severe epilepsy
types begin in infancy or childhood, especially those with
psychomotor retardation and epileptic encephalopathies
are often due to de novo mutations [30, 31]. In our study,
32/43 (74.4%) pathogenic or likely pathogenic variants
were de novo, five (11.6%) were paternal, one (2.3%) was
maternal, and five (11.6%) were unknown due to blood
samples from parents were unavailable (Table 3).

To further explore the genetic pathogenesis of epilepsy, we
subdivided the mutated genes into nine groups according to
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Table 2 Clinical diagnosis in 172 refractory epilepsy and their
pathogenic or likely pathogenic mutations

Clinical Cases P/LP P/LP gene(recurrent no.)

diagnosis mutations

DS 23 16 SCNITA (16)

(&) 10 2 KCNQ2 (1), SCN2A (1)

OS-WS 2 1 STXBP1 (1)

WS 10 4 STXBPT (1), KCNTT (1), CDKL5 (1), ADSL (1)

WS-LGS 2 - -

LGS 5 - -

EIMFS 2 - -

ECSWS 2 - -

EME 1 - -

LKS 1 - -

UEE 42 8 CACNATA (1), GABRAT (1), GABRB3 (1),
SCNBA (2), IQSEC2 (1), PCDH19 (1),
CHD2 (1)

Doose 4 1 SYNGAPT (1)

TLE 1 - -

GLUT1-DS 1 1 SLC2AT (1)

Rett 3 1 MECP2 (1)

TSC 5 5 TSC2 (5)

SWS 1 - -

UE 57 4 VRK2 (1), ATP1A2 (1), TSC (1), SLC9A6 (1)

Total 172 43 -

P pathogenic, LP likely pathogenic, DS Dravet syndrome, OS Ohtahara
syndrome, OS-WS Ohtahara syndrome evolves to West syndrome, WS West
syndrome, WS-LGS West syndrome evolves to Lennox-Gastaut syndrome, LGS
Lennox-Gastaut syndrome, Doose Doose syndrome, ECSWS epileptic
encephalopathy with continuous spike and wave during sleep, EIMFS epilepsy
of infancy with migrating focal seizures, TLE temporal lobe epilepsy, EME early
myoclonic encephalopathy, LKS Landau-Kleffner syndromes, UEE unclassified
epileptic encephalopathy, GLUT1-DS glucose transporter type 1 deficiency
syndrome. Rett Rett syndrome, TSC tuberous sclerosis complex, SWS Sturge-
Weber syndrome, UE unclassified refractory epilepsy

the molecular and biological function of the gene produce.
These functional groups included voltage-gated ion channels,
enzyme/enzyme  modulators, membrane trafficking,
ligand-gated ion channels, DNA/RNA binding, cell-adhesion
proteins, glucose transporter, proton antiporter, and GTP/
GDP exchanges. Variants in ion channel genes (SCNIA,
SCN2A, SCN8A, CACNAIA, KCNTI, KCNQ2) accounted
for 51.2% (22/43) of the pathogenic or likely pathogenic vari-
ants. Variants in enzyme/enzyme modulator genes (7SCI,
TSC2, SYNGAPI, ATP1A2, CDKLS5, ADSL, VRK2) accounted
for 25.6% (11/43) of pathogenic or likely pathogenic variants.
Variants in genes encoded membrane trafficking (STXBPI),
ligand-gated ion channels (GABRA1, GABRB3), DNA/RNA
binding proteins (MECP2, CHD2) each accounted for 4.7%
(2/43) (Fig. 1b). Ion channels (voltage-gated and ligand-
gated) accounted for 55.8% in total, suggesting that dysfunc-
tion of ion channels plays critical roles in the pathogenesis of

epilepsy.
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We then analyzed the yield of the epilepsy gene panel
testing based on electroclinical syndrome (Fig. 1c). The
yield of deleterious variants in Dravet syndrome (69.6%,
16/23) and glucose transporter type 1 deficiency syn-
drome (100%, 1/1) patients was higher than that in
others. Patients with onset age of seizures <12 months
had higher yields of deleterious variants compared to
those with onset age of seizures > 12 months (31/101 vs
9/71; x2=7.583, df=1, P =0.006). The family history
did not affect whether or not a deleterious genetic vari-
ant was identified (7/27 vs 33/145; x2=0.128, df=1,
P =0.804).

There were 16 mutations in SCNIA gene, of which six
(37.5%) were missense mutations, one (6.25%) was a
splice site mutation, four (25%) were nonsense muta-
tions, four (25%) were frame-shifts, and one (6.25%) was
deletion mutation. Thirteen of the 16 (81.3%) SCNIA
mutations were de novo and 11 (68.8%) were novel. We
further analysed the positions of the mutations in the af-
fected proteins corresponding to gene mutations and
found that 43.8% (7/16) of protein changes are in the
intracellular loop of sodium channel protein type 1 sub-
unit alpha, 31.3% (5/16) are in the extracellular loop,
18.8% (3/16) are in the transmembrane region, and
6.25% (1/16) are in the pore forming area (Fig. 2).

There has been a marked increase in genetic diagnoses
of a number of key childhood-onset epilepsy syndromes,
such as Dravet syndrome, which has been mainly linked
to SCNIA [17]. In our 16 patients diagnosed as Dravet
syndrome with pathogenic or likely pathogenic variants,
all identified mutations were in the SCNIA gene. These
16 Dravet syndrome patients had typical manifestations:
onset between 3 to 8 months of age, fever-sensitive, mul-
tiple seizure types, and developmental delay after seizure
onset. 81.25% (13/16) SCN1A mutations were de novo in
Dravet syndrome patients and one was inherited from the
father who had a history of febrile seizures (FS). 12.5% (2/
16) SCNIA mutations were unknown. Pathogenic and
likely pathogenic mutations each accounted for 50%
(Table 4). 50% (8/16) of the Dravet syndrome variants
cause nonsense or frameshift mutations that result in
truncated proteins, which was consistent with a previous
study [57]. We evaluated whether different seizure types,
family history, abnormal brain MRI, or developmental
delay were associated with specific SCN1A mutation types
or locations within the gene. We did not detect any bias
towards particular regions of the gene or in the type of
mutation, although our small sample size did not provide
substantial power (Additional file 1: Tables S3 and S4).

Twelve patients presented typical manifestation of
Ohtahara syndrome: onset age within postnatal 30 days,
tonic spasms, burst suppression EEG and developmental
delay. Pathogenic or likely pathogenic variants in Ohta-
hara syndrome were in the KCNQ2 (1), STXBPI (1),
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Fig. 1 Mutated pathogenic or likely pathogenic genes in 172 refractory epilepsy children. a The frequency of mutated genes scored as pathogenic or
likely pathogenic adhered to ACMG; b Functional classification of the mutated pathogenic or likely pathogenic genes; ¢ The yield of pathogenic and
likely pathogenic variants according to the electroclinical phenotype. Abbreviations: DS, Dravet syndrome; OS, Ohtahara syndrome; OS-WS, Ohtahara
syndrome evolves to West syndrome; WS, West syndrome; WS-LGS, West syndrome evolves to Lennox-Gastaut syndrome; LGS, Lennox-Gastaut
syndrome; Doose, Doose syndrome; ECSWS, epileptic encephalopathy with continuous spike and wave during sleep; EIMFS, epilepsy of infancy with
migrating focal seizures; TLE, temporal lobe epilepsy; EME, early myoclonic encephalopathy; LKS, Landau-Kleffner syndromes; UEE, unclassified epileptic
encephalopathy; GLUT1-DS, glucose transporter type 1 deficiency syndrome; Rett, Rett syndrome; TSC, tuberous sclerosis complex; SWS, Sturge-Weber

syndrome; UE, unclassified refractory epilepsy

SCN2A (1) genes. The nonsense mutation in STXBPI
(c.364C > T, p.R122X) was detected in one Ohtahara
syndrome patients that evolved to West syndrome. This
patient had an onset age of postnatal 17 day, spasms,
and burst-suppression EEG at postnatal 22 day and hyp-
sarrhythmia EEG at 4 months (Table 5).

West syndrome patients in our study had onset ages of
seizures ranging from postnatal 19 days to 6 months. Typ-
ical clinical manifestations were all observed, including
spasms, hypsarrhythmia EEG, and developmental delay.
16.7% (2/12) of the West syndrome children evolves to

Lennox-Gastaut syndrome. After sequencing, we identi-
fied 4 pathogenic or likely pathogenic mutations in the
following genes: STXBP1 (1), KCNTI1 (1), CDKL5 (1),
ADSL (1). 75% (3/4) of these variants were de novo.

One of the West syndrome patients were found to carry
two mutations: a nonsense ADSL (c.253C > T, p.R85X)
mutation was scored as likely pathogenic and was inher-
ited from her unaffected mother. Another reported mis-
sense ADSL (c.71C> T, p.P24L) [58] mutation which was
inherited from her unaffected father were scored as uncer-
tain pathogenicity. ADSL has been reported to be related



Page 6 of 18

Liu et al. Molecular Brain (2018) 11:48

SM dl CNd + LSAd  [euI=le - - 65§ - v - - X58yd 1 <25 970000 WN GE6'SYL O—ciyp say s
@)
SM-SO d CNd+LSd+ LSAd  umousun - - .y - v - - Xgelyd 1 <Dp9e° S91€00 AN [€S] o 6LY'CTHOCL-6IUD  IdgXIS 06
@)
SO d CNd+¢Sd+1Sd  orou g - - 8ge - d d A AS9TYd 1<D¥6L2 LOLTLL"WN - [SOL] o 18Z'€£0'T9-0TIY2  ZONDM SS
€dd + @)
SO dl CANd+1LANd+¢Sd  oroueg - - LS - a a d Lisird D<ITUYD TrLOYOL00 AN OLY'EPTI9L-TIY2 YZNDS €6
@)
sd d INd+CSd+ISAd  onou g - - 1Es - v - - Xerr3d 1<9/zel™ 026900 WN 0EE'€06'99L—TIY2 VINDS /L
SY0'8r8'991
sd d1 ¥Wd+IANd+¢Sd  orou g - - - - - - ~ PpPrL6l rleld  19pTyLS 0vLSD €96591 1007 AN €70'8¥8'99 l-2IyP VINDS 9l
@)
Sd d1l €dd+INd+1Sd  [euisied - - 8ls - ada a d lezend V <9692 026900 WN  [#01] ¢ OE¥'768991-CIY2 YINDS  6vl
@)
sd dl CNd + LSAd  umoudun - - L19 - v - - Xors3d 1<99€912 €96591100° AN 6/5'106'991-74Y> VINDS  8Fl
LLZ'L16'99L
sd d INd+CSd+ISAd  oAou g - - - - - - - xo8171d 119p6ES™ 026900 WN 0LT'LL6'99L-TIyd VINDS  Opl
CINd + [10L] ¢ 6£9758'991
sd d (Sd+ISd+ISAd  oAou g - - - - - - — TGSPLSPIAD  9poSErTCSErD 026900 NN YEIYS8'99L-TIYd VINDS  0O¢l
€dd + @)
sd d Nd+ISd+1Sd  onou g - - 69§ - ada a d less1vd V <HYLESD 076900 WN  [€01] ¢ 8EY'8Y8'991-TIY> VINDS  ¥ClL
®)
Sd dl €dd+dANd+¢Sd  oroueg - - 8S - ada a d aclszlvd vV <D8ELSD 026900 NN 719'8¥8'99 L -iyd VINDS  GlLlL
®)
Sd d CNd+CSd+ISAd  onouog - - s + d - - Bupids D <OL-6¥52 026900 WN [T6'058'99L—iyd YINDS 59
€dd + )
Sa d CNd+{Sd+1Sd  orou g - - 1¥S - a a a dogzmd D<18€82 026900 WN  [¢0L] ¢ SSE'806'99L-CiU2 VINDS 9§
LEEY68'99L
Sd d1 CNd + LSAd  umoudun - - - - - - - $45960'd  19P9T6TS68CO  £96591 1007 NN 90€%68'99 L -TIY2 VINDS €S
@)
sd d1 (Nd+¢Sd  onou g - - ¥SS - d d A Alzglod 1L yDD 026900 NN 12165899121y VINDS 8¢
887'006'991
sd d INd+CSd+ISAd  orou g - - - - - - - SISPOND  19PSEGLTHE6LD  €96591 100 AN /87'006'99 L -4y VINDS Ge
€dd + )
Sd dl dANd+1LANd+¢Sd  oroueg - - 8CS - ada a d dogzid D<1689€2  €96591100° WN 04704899 L-iy2 VINDS — 9C
CNd + [101] ¢ 099758991
Sa d ¢Sd+1Sd+1ISAd  oAou g - - - - - - - SrlId  epreey LEErD 026900 NN /59758991 -uyd VINDS €C
@)
Sa d1l CWNd+¢Sd+LSAd  orou eg - - /19 - v - - X506yd 1L <VELSLD 076900 WN 20/'106'99L-iy2 VINDS €l
Aid1usboyied uibuo oY OVX3 ++ Elelen)
sisobeig DNDV Buods HNDY ewdied -4vW -4V d¥43D 4SH LN 7dd 1dIS  9bueyd uisiold abueyd yNQ2 1dudsuel | UOI1BD0| SUID) EIEISIEN-)

ualp|iyo Asdajids Aioioeljai 7/ | Ul saullspinb HINDY 01 paJaype suolieinw dluaboyied A2yl pue djusboyied € ajqel



Page 7 of 18

Liu et al. Molecular Brain (2018) 11:48

€dd + CINd + @)
EE d LINd+¢Sd+1Sd  orou g - - PES HyLeyd YV <DLY9D 8p9/TLL00 WN  [CLL] ¢ SPO'60ELOL-GIUD  [vygyD 091
€dd + CINd + @)
EE d LINd+¢Sd+1Sd  orou g - - 909 1pszsd 1 <2197 TL6LZ0 WN - [LLL] . 208'TL89C-SLIUD  £g4gvD  /SL
7/8'155'66
33N d1 CNd + LSAd  umoudun - - - Bupids —<DLl-6¥872 088781100 WN €/8'15566-XI>  6IHODd 69
€dd + @) B
EE( d CNd+{Sd+1Sd  oAou g - - ey oleglyd V <D6FSD ¥86//1100WN  [OLL] ¢ $88'00C'CS—CLIY> Y8NDS 99
€dd +CNd + @) _
EE( d LWNd+¢Sd+1Sd  oAou g - - 10§ olot3d D<ODL0ED 1Z¢/TLLI00WN  [60L] ¢ 610°99S°EL=-61IYD  VIVNDYD €9
79'€9T'es
d INd+CSd+ISAd  oAou og - - - $LYLSd  OSUILLTH 9Fcyd SCLLLLLOO AN LT9'€9T'eS-XIY> 223501
@)
B dl €dd+IANd+1Sd  [euisied - - 89% NeryL3d YV <OPZEPD ¥86//1100 WN  [80L] ¢ 60T %81 TS~ LAY YENDS L
99¥'8E1'T
d1 CNd+ LSAd  [eulsied - - - sje691Ad 119p/£0S>  €81/£/0100 AN SOV'8EL'T-OLIYD S
(N)
oSL d1 CNd+ LSAd  [eulsied - - LEl0 X£691Ad 9 <D6£052 €81//0100 AN [9Y'8ELT-9LIYD 0S1 86
€dd + @) B
d CNd+{Sd+1Sd  onou g - 74 4 MOOZ LYd 1<D865€° 875000 WN [99] , 99€'0EL'C-OLIY> OS1
CNd + @) _
oSL d ¢Sd+ISd+ISAd  oAou g - R A4 Xg€llyd 1<DClyed 875000 WN [£01] , 08L'0ELT-9LIY> 0S1 6
®) -
oS dl €dd+CANd+1Sd  [euisied - - 60§ N688Yd 1<D999¢> 875000 WN [L16] ¢ S60'9CL'T-9LIY> 0S1 43
CANd + @)
RAEN] d (Sd+ISd+ISAd  oAou g - - §G¢ X/9¢dd 1<266/2 T6/0L1100° WN [€9] o OLG96T'ESL-XIU  ZdDIW  O¢
sd ®)
-LLNTo d1 (Nd+¢Sd  onou g - - 19S Y66 d 5 <196¢° 915900 WN L1S96E'Er—1IYD  IVZDTS  ¥9L
799'¢6E'cE
95007 d UNd+CSd+ISAd  onou g - - - syced [OPLLT ¥/T2 T//900 AN 6S9'€6E'CE-9IUD  IdYONAS  6C
®) _
SM d CNd+CSd+ISAd  oAou g - - S X05¢0d 1<D8vL> G91€00 WN 6CS'8CY0EL-6142  [d9XLS  LSL
€65'€65'81
SM d INd+CSd+ISAd  oAou o - - - ¢ 541684d 119ps9e™ 651€00 WN 765'€65'8L-X4Y2 SHIAD  ¥0lL
CNd + @) _
SM d LINd+¢Sd+1Sd  orou g - - S0S Sggrod YV <5982 78070 WN  [901] , TES'1S9'8EL-6IY2 LINDY 68
(N)
oNn CNd  [eulsled - - €510 redd 1<DLL9 920000 NN [8G] €€9'Cv/ ' Ob—CTIY>
@)
Aid1usboyied uibuo oM OVX3 ++ Elelen)
sisobeig DNDV Buods HNDY ewdied -4vW -4V d¥43D 4SH LN 7dd LdIS  9bueyd uisiold abueyd yNa2 1duosuel | UOI1BD0| SUID) EIEISIEN-)

(panuiiuo?) ualpliy> Asdajids Aioioeijai 7/ | Ul SauUllPpINb HIADY 01 paiaype suolieinwi dluaboyied A2y pue djusboyied € ajqel



Page 8 of 18

Liu et al. Molecular Brain (2018) 11:48

Asdaida Aio1oe44a4 P

aseqelep QWOH Ul pauodas usaq aAey suonenpy ,

ssejpun 3 ‘Ayredojeydadus dnndajida payissejpun 330 ‘x3jdwod SIS0IBIIS SNOIAGN] DS/ ‘DWIOIPUAS 119y 119y ‘DWOIPUAS

Kouapysp | 3dAy sauodsuel) 3s0dNn|6 SG-11N7D ‘DWOIPUAS 3500 300 ‘DWOIPUAS 1SOAN S ‘DWOIPUAS 1SOAN 01 SDAJOAS SWOIPUAS SO SM-SO ‘DWOIPUAS eleyelyo SO ‘dwolpuds 19Aeiq sg “dusboyied 4 “dlusboyied

K11 47 129foud sawousn 001 DY ‘(ParIdsuoduou ‘N paaiasuod ‘D) buijyoid a1es A1euonnjons diwouab ++4y30 ‘(buidijds buusyje ‘+) tapuly bul

ds uewny 4SH ‘(oeWwoINe Buisned aseasip ‘y ‘Buisned asessip ‘q)

J31sey uonewnw |y ‘(ubiuaq ‘g ‘buibewep ajqissod ‘d ‘buibewep ‘q) ga buidAlousyd wsiydiowA|od ‘z4d ‘(Quessjol ‘| ‘Buibewep ‘g) 1ULIS|01 WO JUBID|OIUI SLOS | /S ‘4eak A ‘YIuow W ‘Sjewy 4 ‘SjeW Jy [SUOIIDIAIGQY

9€€'080'S€E L

an d CNd+CSd+ISAd  onouog - - - - - - - S6LAd [9PS6S ¢8G2 £ESCY0L00 WN CCE080'SEL- XY 9v6D1S 6L

an d INd+CSd+ISAd  onou g - - - - - - - 97 SHreeTd  DSUIE9/7789/7 89€000 AN YS8'TLL'SEL-614D 1DS1 89
€dd + @)

an dl dANd+1LANd+¢Sd  oroueg - - XY - d a d A99eyd 1 <5601 ¢0£000 AN 129'860091-11Y>  cvidlY b
@)

an dl CNd + LSAd  umouyun - - 9s + a - - V<DL +957D2 €870EL100 WN 980'CL£'85—CIY> DIIN or

®) ~

EE( d INd+CSd+ISAd  oAou o - - ¥9S - v - - xvlelod 1 <5079¢2 1£2100 WN LET0VS'€6-G LAY CAHD %S

Aid1usboyied uibuo oM OVX3 ++ Elelen)

sisobeig DNDV Buods HNDY ewdied -4vW -4V d¥43D 4SH LN 7dd LdIS  9bueyd uisiold abueyd yNa2 1duosuel | UOI1BD0| SUID) EIEISIEN-)

(panuiiuo?) ualpliy> Asdajids Aioioeijai 7/ | Ul SauUllPpINb HIADY 01 paiaype suolieinwi dluaboyied A2y pue djusboyied € ajqel



Liu et al. Molecular Brain (2018) 11:48

Page 9 of 18

Extracellular

L180X

Voltage
sensor

Cytoplasmic

Sodium channel protein type 1 subunit alpha

Fig. 2 Schematic representation of the mutations in subunit alpha of sodium channel type 1 (SCN1A) in our study. SCN1A alpha unit has four
domains (I-IV), each domain includes 6 transmembrane segments (S1-56). Purple circle = mutation; AEDs, anti-epileptic drugs. The position of
mutations in SCN1A is approximate and is according to reference transcript NM_001165963.
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to adenylosuccinate lyase deficiency, which is an auto-
somal recessive defect of purine metabolism [59, 60]. The
patient presented with spasms 2 months after birth. Brain
MRI showed cerebral dysplasia and EEG showed hypsar-
rhythmia and multifocal discharges. The patient also had
developmental delay and lack of eye contact. A definitive
diagnosis can be made with high performance liquid chro-
matography examination of the urine to detect the ratio of
succinyladenosine and succinyl-aminoimidazole carboxi-
mide riboside, but this was not available for the patient in
question. Thus, this patient was diagnosed clinically as
having West syndrome.

A novel frame-shift mutation in SYNGAPS (c.274_277del,
p.G92fs) was detected in a patient with Doose syndrome.
This patient presented with myoclonic and myoclonic-
astatic seizures, as well as having atypical absence seizures.
SYNGAPS had been reported to be associated with Doose
syndrome and mental retardation, autosomal dominant 5
(MRD5) [51, 61, 62]. This mutation, which is very rare, was
de novo, and caused frameshift changes in Ras/Rap GTPase-
activating protein SynGAP, was therefore scored as patho-
genic (Table 5).

One glucose transporter type 1 deficiency syndrome
patient presented with seizures at age 28 months. The
patient has alopecia and was almost bald at 4 years old.
The child did not have other abnormalities in blood
tests, brain MRI, or neurological exam. Her cerebro-
spinal fluid glucose value was 2.04 mmol/L (blood glu-
cose value was 7.2 mmol/L before lumbar puncture;
fasting blood glucose value was 5.2 mmol/L). NGS iden-
tified a missense mutation in SLC241 (c.296T > G,
p-M99R). The mutation was de novo and novel. The

patient’s parents and sister were normal, which is con-
sistent with the sequencing results. Symptoms improved
with a ketogenic diet, with seizures controlled for more
than 6 months.

One MECP2 mutation (¢.799C > T, p.R267X) was de-
tected in a girl diagnosed as Rett syndrome. The girl de-
veloped normally for the first 18 months, gradually lost
speech ability while developing repetitive hand-wringing.
Seizures began at age 3 years. The MECP2 gene is lo-
cated on the X-chromosome, and Rett syndrome is
inherited through this gene in a dominant fashion [63].
This patient had a de novo MECP2 nonsense mutation,
consistent with her parents being unaffected.

40% (2/5) of tuberous sclerosis complex patients were
diagnosed with West syndrome associated with tuberous
sclerosis complex in our study. Tuberous sclerosis com-
plex is closely related to the TSC1/TSC2 genes [64—67].

In our study, all of the tuberous sclerosis complex pa-
tients’ initial presentations were seizures, of which 80%
(4/5) presented in the first year of life. 60% (3/5) had
hypomelanotic macules and 40% (2/5) had multi nod-
ules. One patient’s only clinical manifestation was sei-
zures and three (60%) patients with seizures had only
one major feature of tuberous sclerosis complex. After
sequencing, 60% (3/5) patients were found to have dele-
terious 7SCI or TSC2 mutations.

We identified more than one 7SCI/2 mutations in 2
patients. One patient has two TSC2 mutations inherited
from his affected father. Facial angiofibromas appeared
by age 3—4 years in 60% (3/5) patients in the follow-up
period. Gilboa et al. [68] reported four patients with the
same TSCI genomic deletion (9q34.13q34.2) in a family
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and none of them fulfilled the clinical criteria for tuber-
ous sclerosis complex. In our study, one patient with
pathogenic TSCI (c.2768_2769insC, p.L924Ffs*26) muta-
tion presented with focal seizures beginning at age four.
There were two hypopigmented macules on the patient’s
abdomen. The brain MRI results were normal and there
are no other features of tuberous sclerosis complex. This
de novo mutation causes a frame-shift in hamartin and
has not been reported previously. Thus, this patient was
considered to have unclassified refractory epilepsy.

One unclassified epileptic encephalopathy patient had
two deleterious mutations: SCN8A inherited from his af-
fected father (c.4324G > A, p.E1442K) and IQSEC2 (c.4246
_4247insG, p.S1416fs). Early-infantile epileptic encephal-
opathies (EIEE) caused by SCNS8A mutations are desig-
nated as EIEE13 (OMIM #614558) [69]. The missense
mutation in SCN8A is very rare in the general population,
and had been previously predicted to be damaging by
SIFT, MT and PP2. IQSEC2 is an X-linked gene that has
been reported to be related to intellectual disability and
epilepsy, and it encodes the IQ motif and SEC7
domain-containing protein 2 [70]. The identified novel
IQSEC2 mutation was de novo and was scored as being
pathogenic.

Other pathogenic or likely pathogenic mutations found
in patients with unclassified epileptic encephalopathy in-
cluded CACNAIA, GABRA1, GABRB3, PCDHI19, and
CHD?2. Epileptic encephalopathies with the above muta-
tions had been designated as EIEE42, EIEE19, EIEE43,
EIEE9 and EEOC (childhood-onset epileptic encephalop-
athy) according to Online Mendelian Inheritance in Man
(OMIM). Other deleterious variants found in patients with
unclassified refractory epilepsy were in VRK2, ATPIA2,
and SLC9A6. Taking these unclassified epileptic encephal-
opathies and unclassified refractory epilepsy patients’ clin-
ical manifestations into consideration, we found that all
patients with deleterious mutations in genes encoding ion
channels (SCN8A, CACNAIA, GABRB3, GABRAI) had
similar clinical symptoms: onset age of seizures within the
first year, epileptic encephalopathy and developmental
delay. In contrast, patients with mutations in VRK2,
ATPIA2, and SLC9A6, had relatively later onset age of
seizures.

We then assessed the clinical benefit of genetic testing in
those patients with identified deleterious variants. NGS
helped with the diagnosis (7 = 8), medication selection (1 =
18), reproductive planning (n =4), and treatment planning
(n =1). The finding of the SLC2A1 variant in Case 164
prompted other tests such as cerebrospinal fluid (CSF) glu-
cose that were clinically useful. Identification of deleterious
SCNIA mutations in five young infants with clinically sus-
pected Dravet syndrome helped early diagnosis (Case 13,
38, 65, 115, 140) and led to the discontinuation of oxcarba-
zepine (Case 13) that exacerbated seizures. Identification of
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SCNIA mutations in other Dravet syndrome patients
helped to avoid sodium channel blockers such as oxcarba-
zepine, carbamazepine and lamotrigine. Among the four
Dravet syndrome patients who responded to anticonvul-
sants (Case 13, 26, 149, 172), 75% (3/4) of them were pre-
scribed sodium valproate or clonazepam suggesting that
these medications may be effective in Dravet syndrome.
The finding of the TSC2 variants in Cases 94 and 98 helped
early diagnosis and Case 32 experienced remission with ad-
ministration of rapamune. Identification of 7SCI prompted
clinical surveillance for tuberous sclerosis complex in Case
68. The findings of patients with deleterious variants in
TSC2 (Case 32, 98), SCN8A (Case 7), SCNI1A (Case 149),
ADSL (Case 52) which were inherited, helped in prenatal
counselling (Table 6).

Discussion

Epilepsy is highly heterogeneous and can be primarily gen-
etic in origin, or be secondary to structural or metabolic
disorders of the central nervous system [71, 72]. To date,
over 500 genes have been implicated in epilepsy [73-76].
However, the overlapping clinical features of different epi-
lepsy syndromes and non-specific phenotypes can hamper
clinical and genetic diagnosis [53]. The correct genetic
diagnosis can help to guide treatment and prognosis. In
addition to genetic origins, pediatric epilepsy may also arise
from epigenetic mechanisms mediating gene-environment
interactions during neurodevelopment. In this study, we
used NGS to investigate 153 epilepsy related genes in a co-
hort of 172 refractory epilepsy children.

Approximately one quarter of genes identified in epi-
lepsy encode ion channel proteins, including voltage-gated
channels (Na¥, K*, Ca2" channels and hyperpolarization-
activated cyclic nucleotide-gated channels) and ligand-
gated ion channels (N-Methyl-D-Aspartate receptors,
Gamma-aminobutyric acid receptors and Nicotinic
Acetylcholine receptors) [77]. The genes that encode ion
channels and are relevant to epilepsy include SCNIA,
SCN1B, SCN2A, SCN8A, KCNAI, KCNA2, KCNBI,
KCNCI, KCNMA1, KCNQ2, KCNQ3, KCNTI, KCTD7,
HCNI, CACANIA, CACNAIH, GRIN1, GRIN2A,
GRIN2B, GRIN2D, GABRAI, GABRB3, GABRG2,
CHRNA2, CHRNA4, CHRNB2. In our study, 51.2% patho-
genic or likely pathogenic variants were found in
voltage-gated ion channels and 4.7% were found in
ligand-gated ion channels. Thus, we further confirmed
that ion channels play an important role in the pathogen-
esis of epilepsy.

An SCNIA mutation was first discovered in epilepsy in
2000 [72], and now hundreds of new SCNIA mutations
have been described in epilepsy patients, making it the
most common epilepsy-related gene [78]. In our study, we
found SCNIA mutations in 16/44 deleterious variants,
making it the most common gene to show variation in
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Table 6 Clinical benefits after molecular diagnosis
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Clinical benefits

Effects (Case details)

Diagnosis SLC2AT (GLUT1-DS)
SCNTA (DS)
T5C2 (TSO)
Management implications SLC2AT, using KD

SCN1A, stopping OXC

SCN1A, avoiding OXC, CBZ,

and LTG

TSC2, using rapamune

Long-term follow up TSCT (risk of TSC)

(
Definitive diagnosis (Case 164)
Definitive diagnosis (Case 13, 38, 65, 115, 140)
Definitive diagnosis (Case 94, 98)
Controlled (Case 164, KD)
Remitted (Case 13, VPA, TPM,10-20 / month)

Remitted (Case 23, VPA, TPM, seizure-free for
5 months; Case 26, LEV, TPM, CZP, seizure-free
for 6 months; Case 149, VPA, TPM, LEV, CZP,
seizure-free for 4 months; Case 172, VPA, TPM,
CZP, seizure-free for 1 year)

Uncontrolled (Case 35, 38, 53, 56, 65, 115, 124,
130, 140, 148, 162)

Remitted (Case 32, seizure-free for 7 months)

Case 68

Reproductive planning Suggesting the family conduct TSC2 (Case 32, 98), SCN8A (Case 7), SCNTA

genetic counseling

(Case 149), ADSL (Case 52)

Abbreviations: DS Dravet syndrome, GLUTT-DS glucose transporter type 1 deficiency syndrome, Rett Rett syndrome, TSC tuberous sclerosis complex, KD ketogenic
diet, OXC oxcarbazepine, CBZ carbamazepine, LTG lamotrigine, VPA sodium valproate, TPM topiramate, LEV levetiracetam, CZP clonazepam

our study. SCNIA encodes the Navl.l pore-forming
a-subunit, expressed mainly in inhibitory GABAergic neu-
rons. The a-subunit comprises four homologous domains
(I-1V), forming a tetrameric structure. Each domain is
composed of six transmembrane segments (S1-S6) [77].
The S4, voltage-sensing segment has multiple positively
charged amino acids. The intracellular loop between III
and IV domain functions as the inactivation gate. The
a-subunit is usually associated with two [B-subunits that
influence a-subunit localization and function [77]. Among
a-subunit of sodium channel genetic variants in our study,
43.8% (7/16) are within the intracellular loop, 31.3% (5/16)
in the extracellular loop, 18.8% (3/16) in the transmem-
brane area, and 6.25% (1/16) in the pore forming area. All
the extracellular mutations are between S5 and S6, which
is very close to the pore forming area. These variants may
influence the initiation and propagation of action poten-
tials, making these inhibitory GABAergic neurons less ex-
citable. Some antiepileptic drugs (AEDs) bind to the inner
cavity of the pore of the sodium channel (IS6, IIIS6 and
IVS6) [77, 79]. The pore forming area or internal/external
loop could be promising targets for new seizure prophy-
laxis medications.

Patients harboring SCNIA mutations can have with Dravet
syndrome or generalized epilepsy with febrile seizures plus.
One Dravet syndrome patient inherited the SCNIA muta-
tions from his father only had febrile seizures. This could be
due to somatic mosaicism [72, 80, 81]. A Dravet syndrome
mouse model (Navl.l knockout-based) responded well to
stiripentol and clobazam, which are commonly used to treat
Dravet syndrome [82—85]. One of the patients in our study
was treated with oxcarbazepine, which blocks sodium chan-
nels and worsened seizures, before the diagnosis of Dravet

syndrome was made. This case illustrates the importance of
correct molecular diagnosis in selecting the best
anticonvulsant.

Approximately half of Ohtahara syndrome patients
with STXBPI mutations evolve to West syndrome [86].
In our study, there was one such patient with a nonsense
mutation in STXBPI, suggesting that this gene could
play a role in the etiology of West syndrome. Our find-
ings also suggest that STXBPI is related to both Ohta-
hara syndrome and West syndrome.

KCNT1 is associated with epilepsy of infancy with migrat-
ing focal seizures, autosomal dominant nocturnal frontal
lobe epilepsy, and other types of early onset epileptic en-
cephalopathies [87—89]. Ohba et al. [88] found 11 KCNT1
mutations in a total of 362 epilepsy patients: 9/18 epilepsy
of infancy with migrating focal seizures cases (50%), 1/180
West syndrome cases (0.56%), and 1/66 unclassified early
onset epileptic encephalopathy cases (1.52%), suggesting
that KCNT1 may be a causal gene for West syndrome. In
our study, one KCNT1 (c.862G > A, p.G288S) mutation
was found in a patient diagnosed as West syndrome.

Genetic studies of neuropsychiatric disease have led to
the discovery of molecular etiology and pathophysiology.
For example, most cases of Rett syndrome are now
known to arise from mutations in the MECP2 gene,
which codes for a methyl-CpG-binding protein 2 [90].
Another example is glucose transporter type 1 deficiency
syndrome, which has been attributed to variants in
SLC2A1, SLC2A2, and GLUT1I. In our study, the glucose
transporter type 1 deficiency syndrome patient did not
have cerebrospinal fluid analysis as part of their diagnos-
tic work-up until the genetic data suggested the diagno-
sis. This example illustrates the utility of NGS in clinical
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scenarios, and in time this may become an important
part of the evaluation of pediatric patients with epilepsy.
In some epilepsy syndromes, crucial interventions such
as diet modification can have dramatic beneficial effects,
so early diagnosis is vital [91, 92].

In our study, SCNIA was the main deleterious variant
in Dravet syndrome and KCNQ2, STXBP1, SCN2A were
found in Ohtahara syndrome. Deleterious variants in
STXBPI, KCNTI1, CDKL5, ADSL genes were found in
West syndrome. Novel mutations in SYNGAPI were
found in Doose syndrome, a SLC2AI mutation was
found in GLUT1-DS and a de novo MECP2 mutation
were found in Rett syndrome. TSCI/TSC2 variants were
found in 60% of patients with tuberous sclerosis com-
plex. Mutations found in unclassified epileptic encephal-
opathy were mainly in ion-channel genes. Thus, our
study reinforces previous observations that the clinical
syndrome and genetic etiology do not always match.

We tested 153 epilepsy genes and found 43 pathogenic
and likely pathogenic variants in this study. Considering
that over 500 epilepsy genes have been reported [73-76],
our work was not comprehensive, which is a limitation of
this study. With the decreasing cost of whole genome se-
quencing, the interrogation of the entire genome is now
feasible for larger samples of epilepsy patients, and this ap-
proach has already been fruitful in other neuropsychiatric
disorders such as autism, Kabuki syndrome, Bohring-Opitz
syndrome and others [93, 94].

For genetic testing, it is proposed to conduct the strong
candidate gene sequencing first (SCNIA for Dravet syn-
drome, MECP2 for Rett syndrome and TSC1/2 for tuber-
ous sclerosis complex) before a NGS multi-gene panel
testing [95-97]. In our study, we conducted targeted panel
sequencing on Dravet syndrome and Rett syndrome pa-
tients before screening the strongest candidate gene for
the following reasons. First, the correct clinical diagnosis
of these syndromes can be difficult, especially in some of
the younger patients in our sample, and often requires
longitudinal assessment, which delays the correct diagno-
sis. Thus, we elected to perform NGS on our subjects be-
fore knowing the clinical diagnosis in some cases, such as
these syndromes. Since our NGS panel that contains 153
epilepsy genes, our approach could facilitate the correct
diagnosis in some cases. Second, it is now apparent that
while 70-80% Dravet syndrome patients have SCNIA mu-
tations, mutations in other genes such as SCNIB, SCN2A,
SCN8A, PCDH19, GABRA1, GABRG2, STXBP1, CHD2
genes can cause Dravet syndrome like phenotypes [98],
which would be missed if only SCNIA was sequenced.
Similarly, CDKL5 and FOXGI have been associated with
atypical Rett syndrome [99], in addition to MECP2.

In tuberous sclerosis complex patients, we have a simi-
lar clinical scenario in which most features of tuberous
sclerosis complex become evident only after 3 years of
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age, limiting their usefulness for early diagnosis [100]. In
our study, all of the tuberous sclerosis complex patients’
initial presentations were seizures, of which 80% pre-
sented in the first year of life. 60% had hypomelanotic
macules and 40% had multi nodules. 20% patient’s only
clinical manifestation was seizures and 60% patients with
seizures had only one major feature of tuberous sclerosis
complex. 60% patients were found to have deleterious
TSCI or TSC2 mutations by NGS sequencing. Facial
angiofibromas appeared by age 3—4 years in 60% pa-
tients in the follow-up period.

In summary, we identified 43 pathogenic or likely patho-
genic variants, of which 26 mutations were novel and 32
were de novo. Variants in ion channel genes accounted for
the largest category of gene in children with refractory epi-
lepsy. Dravet syndrome is closely related to the SCNIA
gene, which was the most frequently-appearing gene show-
ing variants in our study. Novel and de novo mutations
were found in Ohtahara syndrome, West syndrome, Doose
syndrome and tuberous sclerosis complex pediatric
patients. We also found a novel mutation in glucose trans-
porter type 1 deficiency. Our results reinforce the import-
ance and feasibility of precise genetic diagnosis for epilepsy,
with the hope that in future, this will both aid in under-
standing the molecular pathophysiology and lead to new
treatment targets.
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of targeted sequencing. Table S3. The frequencies of different mutation
locations in SCNTA gene and their corresponding phenotypes in Dravet
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