RESEARCH ARTICLE

Brain Pathology ISSN 1015-6305

Epilepsy-related sudden unexpected death: targeted
molecular analysis of inherited heart disease genes using
next-generation DNA sequencing

Yukiko Hata; Koji Yoshida2; Koshi Kinoshita’; Naoki Nishida'*

T Department of Legal Medicine, Graduate School of Medicine and Pharmaceutical Sciences, University of Toyama, Toyama, Japan.
2 Department of Neurology, Toyama University Hospital, Toyama, Japan.

Keywords

autopsy, drowning, epilepsy, inherited heart
disease, next-generation sequencing,
pathology, sudden death.

Corresponding author: Naoki Nishida,
Department of Legal Medicine, Graduate
School of Medicine and Pharmaceutical
Sciences, University of Toyama, 2630
Sugitani, Toyama-shi, Toyama 930-0194,
Japan (E-mail: nishida@med.u-toyama.ac.jp)

Received 08 January 2016
Accepted 21 April 2016

Published Online Article Accepted
2 May 2016

doi:10.1111/bpa.12390

INTRODUCTION

Abstract

Inherited heart disease causing electric instability in the heart has been suggested to be a risk
factor for sudden unexpected death in epilepsy (SUDEP). The purpose of this study was to
reveal the correlation between epilepsy-related sudden unexpected death (SUD) and inherited
heart disease. Twelve epilepsy-related SUD cases (seven males and five females, aged 11-78
years) were examined. Nine cases fulfilled the criteria of SUDEP, and three cases died by
drowning. In addition to examining three major epilepsy-related genes, we used next-
generation sequencing (NGS) to examine 73 inherited heart disease-related genes. We
detected both known pathogenic variants and rare variants with minor allele frequencies of
<0.5%. The pathogenicity of these variants was evaluated and graded by eight in silico
predictive algorithms. Six known and six potential rare variants were detected. Among these,
three known variants of LDB3, DSC2 and KCNE1 and three potential rare variants of MYH6,
DSP and DSG?2 were predicted by in silico analysis as possibly highly pathogenic in three of
the nine SUDEP cases. Two of three cases with desmosome-related variants showed mild
but possible significant right ventricular dysplasia-like pathology. A case with LDB3 and
MYHG6 variants showed hypertrabeculation of the left ventricle and severe fibrosis of the
cardiac conduction system. In the three drowning death cases, one case with mild prolonged
QT interval had two variants in ANK?2. This study shows that inherited heart disease may be
a significant risk factor for SUD in some epilepsy cases, even if pathological findings of the
heart had not progressed to an advanced stage of the disease. A combination of detailed
pathological examination of the heart and gene analysis using NGS may be useful for
evaluating arrhythmogenic potential of epilepsy-related SUD.

and Nishida et al (13) considered bathing-related death in the gen-
eral population and showed that asymptomatic ventricular tachycar-

People with epilepsy have an increased risk of premature death
compared with the general population and the risk of sudden unex-
pected death (SUD) is approximately 24 times higher (20). The
term “sudden unexpected death in epilepsy” (SUDEP) has been
defined as sudden unexpected, witnessed or unwitnessed, non-
traumatic and non-drowning death in patients with epilepsy, with
or without evidence of seizure and excluding documented status
epilepticus, where postmortem examination does not reveal an ana-
tomical or toxicological cause of death (40). The mechanism of
SUDEP remains undetermined. Although apnea during seizure or
cardiac arrthythmogenic events are frequently noted, it has been
proposed that multifactorial processes other than respiratory and/or
cardiac factors, such as drug, metabolic or environmental factors,
may contribute to SUDEP (17, 27). In addition, accidental events,
such as trauma and drowning are significant complications of epi-
lepsy (8, 55). The mechanism of such death has been considered to
be epilepsy attack-related but has not been fully explored. Chiba
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dia occurred in older people while sitting in hot water; this
arrthythmia developed within 5 minutes after immersion. Therefore,
we suggest that some epilepsy-related drowning deaths can occur
after an arrhythmogenic event. In the general population, it can be
difficult to diagnose arrhythmogenic SUD by routine autopsy
examination, because some cases do not show any significant path-
ological change (62). Recently, arrhythmogenic events due to
inherited heart disease have been considered a significant cause of
SUD and molecular analyses at autopsy of ‘“negative” or
“unexplained” SUD cases, termed “molecular autopsy”, have been
performed (3, 26). These examinations, mainly targeting cardiac
channel-related genes, detected several gene variants (24, 61, 62).
Many ion channel genes regulating the central control of cardiac
function are also expressed in the brain and some epilepsy candi-
date genes that are correlated with the occurrence of epilepsy and
SUDEP encode ion channels (14, 48-50, 60). Next-generation
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DNA sequencing (NGS) is an exciting advance in the technologies
available to the life sciences (38) and allows the examination of
large numbers of study samples on a massive scale. NGS can be
applied to targeted panels containing 20—80 genes for comprehen-
sive testing of inherited arrhythmia or cardiomyopathy (36).
Although few molecular autopsy reports for SUD using NGS have
been published (4, 14), the procedure may be useful for postmor-
tem examination of epilepsy-related SUD. Coll ef al (14) showed
the significance of using NGS for genetic analysis of SUDEP cases.
We recently reported that the combination of careful pathological
examination and molecular autopsy using NGS is useful for detect-
ing subclinical or early clinical signs of non-channelopathy inher-
ited heart disease in cases of sudden unexplained death syndrome
(SUDS) (26). Here, we attempted detailed pathological examina-
tion of the heart and genetic screening using NGS to detect arrhyth-
mogenic potential in the victims of epilepsy-related SUD.

METHODS

Subjects

Our department performed 1241 full autopsies from 2008 to 2014.
Seventeen of these autopsy cases had been diagnosed before
autopsy with epilepsy by a neurologist or psychologist. Clinical
records, including electrocardiograms (ECG) of each victim while
alive, were obtained. Other disease condition could cause epilepsy-
like symptoms were excluded in the clinical record. SUDEP cases
were classified as definite SUDEP, definite SUDEP plus or possible
SUDEP (41). The ethical committee of Toyama University
approved this study, which was performed in accordance with the
ethical standards established in the 1964 Declaration of Helsinki.
The cause of death in five cases was explained: death due to a
house fire, aortic dissection, bronchopneumonia, suicide by jump-
ing from a height and drug intoxication. These cases were excluded
from the study. The remaining 12 cases were considered to be
epilepsy-related SUD (seven were male and five were female, aged
11-78, mean age 50.5 = 22.5 years) (Table 1). All 12 cases were
unwitnessed at the time of collapse, and did not receive intensive
resuscitation. Also, all cases did not have an individual or family
history of status epilepticus. Nine cases (52.9%) (cases 1-9) ful-
filled the criteria of SUDEP. The age of subjects ranged from 20 to
78 years, and three were female. Mean age was 52.6 = 20.0 years.
The range of the age of the first visit to hospital owing to epilepsy
was 3-49 years. In all nine cases, there was no history of status epi-
lepticus. Six of nine cases were diagnosed as focal seizures, and the
other three cases were generalized seizure. Five of the nine SUDEP
cases were found dead in bed, and their deaths were likely to have
occurred during sleep. One case was found in her home, and the
other three cases were found dead outside their homes. The posture
at death was prone in six cases, and supine in three cases. Five of
the nine cases regularly attended hospital for follow-up visits and
were medicated with anti-epileptic drugs (cases 2, 4, 6, 7 and 8),
and the remaining four cases did not have a history of visiting hos-
pital in the year before death. In addition to epilepsy, cases 2 and 5
had a history of obesity, hypertension and hyperlipidemia, but case
5 was uncooperative in taking medication. Case 7 had a history of
hypertension, and was medicated with a (3-blocker. Case 9 had a
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history of traumatic brain injury following a fall from height about
25 years before death.

The three cases not categorized as SUDEP (Cases 10-12) died
by drowning. The ages of these subjects were 11, 69 and 37,
respectively. The age of the first visit to hospital owing to epilepsy
was 3, 56 and 7 years. All cases showed classical drowning signs
at the scene of death. All cases regularly attended follow-up visits
to the hospital and were medicated with anti-epileptic drugs. Case
11 was found dead in a swimming pool, and cases 10 and 12 were
found dead in hot bathwater. Case 12 was diagnosed as generalized
seizure, and the other two cases were focal seizure. The epilepsy of
case 11 was considered to result from stroke. No individual or fam-
ily history of status epilepticus was found in all three cases. In addi-
tion to epilepsy, cases 11 and 12 had a history of hypertension, and
case 11 also had diabetes mellitus. Case 11 was prescribed a Ca-
blocker and anti-diabetic drugs, and case 12 was prescribed a {3-
blocker.

ECGs of six SUDEP cases and two drowning cases were avail-
able. The QT interval was measured in II and V5 or V6, and was
corrected by Bazzet’s formula (QTc-QT/RR®®). The definition of
long QT interval was >450 ms in men and >460 ms in women, in
accordance with ANA/ACCF/HRS recommendations (53). A mild
prolonged QT interval was found in cases 4, 6 and 11, and their
QTcs were 0.470, 0.469 and 0.475, respectively.

Ethanol was not detected in the blood of any case. Anti-epileptic
drugs were detected in five SUDEP and two drowning cases. The
blood content of all prescribed anti-epileptic drugs was examined
and related to generally used guidelines for the therapeutic and
toxic levels of drugs (51). In cases 4, 8 and 10, the blood content of
drugs was under therapeutic levels. In the other cases, the content
was within the therapeutic level of each drug.

Pathological examination of the brain and heart

Pathological examination of the brain and heart was performed
according to previously reported methods (25, 43).

Brain

All brains were fixed in 20% buffered formalin for at least 2 weeks
prior to sampling. Specimens of frontal, parietal, temporal and occi-
pital neocortex, amygdala, hippocampus, basal ganglia, hypothala-
mus, thalamus, midbrain, pons, medulla, cerebellar cortex and
dentate nucleus were sampled. All sections were cut and stained
with Luxol fast blue hematoxylin eosin. Gallyas-Braak and Holzer
stainings were also performed (43).

Heart

The heart was excised and dissected free from the great vessels. All
epicardial coronary arteries were cut transversely at 5 mm intervals
and decalcified as required. The right and left ventricles were cut at
1 cm intervals parallel to the levels of the papillary muscle from the
apex. Sections at the level of the papillary muscle and the apex of
heart muscle were examined in detail histologically. Blocks con-
taining the sinoatrial node and atrioventricular conduction system
were excised. These blocks were processed and embedded in paraf-
fin, and 3 pm-thick sections (at 30 pum intervals) were obtained
from each block. Histological sections were stained with hematoxy-
lin and eosin or Elastica-Masson stains (25). Evaluation and
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Table 1. Summary of clinical and toxicological data of epilepsy-related sudden unexpected death cases. Abbreviations: SUDEP, sudden unex-
pected death in epilepsy; ECG, electrocardiogram; NA, not applicable; ND, not detected; RVH, right ventricular hypertrophy; CM, carbamazepine
(Reference range; 4-12 ug/mL); VPA, sodium valproate (Reference range; 50-100 ug/mL); PHT, phenytoin (Reference range; 10-20 ug/mL); HT,
hypertension; HL, hyperlipidemia; LQT. long QT interval; PB, phenobarbital (Reference range; 10- 40 ug/mL); ST, sinus tachycardia. DM, diabetes

mellitus.

Clinical
Case Age Sex Onsetl(y.o) Scene posture ECG Anti-epileptic drug (mg/L) Other past history
SUDEP
1 72 F 12 In home prone NA ND None
2 53 M 8 Out door prone RVH CM; 6, VPA; 70.2, PHT; 15 Obesity, HT, HL
3 26 M 13 In bed spine NA ND None
4 70 F 10 QOut door prone LQT PHT; 2, PB; 6.5 None
5 48 M 23 In bed prone ST ND Obesity, HT, HL
6 68 F 15 In bed prone LQT PHT: 10.5 None
7 78 M 10 Out door prone Normal VPA; 62 HT
8 20 M 3 In bed spine NA CM; 2.6 None
9 54 M 49 In bed spine ST ND Trauma
Drowning
10 I F 3 In bath Normal CM; 1.1, PHT; 7.6 None
(N 69 F 56 In pool LQT VPA; 78.2, PB; 20.2 Stroke, HT, DM
12 37 M 7 In bath NA ND HT

diagnosis of heart disease were conducted according to standar-
dized protocols (6, 24).

Molecular testing

Genomic DNA was extracted directly from whole blood using a
QlAamp DNA Mini Kit (Qiagen Science, Germantown, MD,
USA). We designed a custom AmpliSeq panel of PCR primers
(Life Technologies, Carlsbad, CA, USA) using lon AmpliSeq
designer software (www.ampliseq.com) to target all exons of 73
genes associated with cardiac disorders, including cardiomyopathies
and channelopathies (Table 2). This custom panel, which consisted
of two separate PCR primer pools and produced a total of 1870
amplicons, was used to generate target amplicon libraries. Genomic
DNA samples were each PCR-amplified using the custom-designed
panel and Ion AmpliSeq Library Kit v2.0 (Life Technologies) in
accordance with the manufacturer’s instructions. Various samples
were distinguished using an lon Xpress Barcode Adapters Kit (Life
Technologies) and then pooled in equimolar concentrations. Emul-
sion PCR and Ion Sphere Particle (ISP) enrichment were performed
with an Ion PGM Template OT2 200 Kit (Life Technologies) in
accordance with the manufacturer’s instructions. ISPs were loaded

Table 2. List of the 73 genes analyzed that are associated with
inherited cardiac disease.

ABCC9, ACTC1, ACTN2 AKAP9, ANK2, BAG3, BMPR1A, CAC-
NA1C, CACNB2, CALR3, CAPN3, CAV3, COL4A1, DES, DMD,
DSC2, DSG2, DSP, ELN, EMD, GAA, GATA4, GLA, GPD1L, HCN4,
JUP, KCNE1, KCNEZ2, KCNE3, KCNH2, KCNJ2, KCNQ1, KRAS,
LAMPZ2, LDB3, LMNA, MYBPC3, MYH11, MYH6, MYH7, MYL2,
MYL3, MYLK, MYOZ2, NKX2-5, NRAS, PKP2, PLN, PRKAGZ,
PTPN11, RAF1, RPS7, RYR2, SCN1B, SCN3B, SCN4B, SCN5A,
SGCD, SLC25A4, SMAD3, SNTA1, SOS1, STARD3, TAZ, TBX5,
TGFBR1, TGFBR2, TMEMA43, TNNC1, TNNI3, TNNT2, TPM1, VCL

294

on an Ion 316 Chip v2 and sequenced with an lon PGM Sequencing
200 Kit (Life Technologies). All variants derived from PGM
sequencing were prioritized and then confirmed by Sanger sequenc-
ing to validate the NGS results. Additionally, we examined three
genes (SCNI14, SCN2A and KCNAI) known to correlate with
SUDEP because of expression in both brain and heart by Sanger
sequencing (37, 63). For Sanger sequencing, the nucleotide sequen-
ces of the amplified fragments were analyzed by direct sequencing
in both directions using a BigDye Terminator v3.1 Cycle Sequenc-
ing Kit (Applied Biosystems, Foster City, CA, USA) and an ABI
3130xl automated sequencer (Applied Biosystems).

Data analysis

Torrent Suite software and Ion Reporter Software 5.0 (Life Tech-
nologies) were used to perform primary to tertiary analyses, includ-
ing optimized signal processing, base calling, sequence alignment,
and variant analysis. We then obtained functional and/or segrega-
tion data on previously reported variants from the Human Gene
Mutation Database (BIOBASE, Wolfenbiittel, Germany) and Clin-
Var (http://www.ncbi.nlm.nih.gov/clinvar). We identified known
disease-causing variants (known variants) when there was at least
one study that evaluated the variant as pathogenic in both data-
bases. Then, the allelic frequency of all detected variants was deter-
mined across the East Asian (EAS) population database of 4327
individuals in the Exome Aggregation Consortium (ExAC). The
known variants were divided into common known variants with a
minor allele frequency (MAF) of >0.5% and other rare known var-
iants (31, 46).

In the next step, all variants with a MAF of >0.5% among the
ExXAC (EAS) population were filtered out. Variants for which the
MAF had not yet been determined were also defined as rare
variants.

We then assessed all the detected variants with eight in silico
predictive algorithms [Functional Analysis through Hidden Markov

Brain Pathology 27 (2017) 292-304
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Table 3. /n silico algorithms used to predict variant pathogenicity. Abbreviations: FATHMM, Functional Analysis through Hidden Markov Models;
SIFT, SIFT Sequence; PROVEAN, Protein Variation Effect Analyzer; CADD, Combined Annotation-Dependent Depletion.

Name Website Indication of pathogenicity

FATHMM http://fathmm.biocompute.org.uk Damaging

MutationAssessor http://mutationassessor.org Medium, high

SIFT http://sift.jcvi.org Damaging

Aligh GVGD http://agvgd.iarc.fr/index.php >C15

Mutation taster http://www.mutationtaster.org Disease causing

PolyPhen-2 http://genetics.bwh.harvard.edu/pph2 Probably damaging, possibly damaging
PROVEAN http://provean.jcvi.org/index.php Deleterious

CADD http://cadd.gs.washington.edu Score > 10

Models Ver.2.3 (FATHMM), MutationAssessor, SIFT Sequence
(SIFT), Align GVGD, MutationTaster, PolyPhen-2, Protein Varia-
tion Effect Analyzer (PROVEAN), and Combined Annotation-
Dependent Depletion (CADD)] to evaluate their pathogenicity. The
URL for each algorithm and the conditions used to evaluate patho-
genicity are listed in Table 3. Subsequently, we assessed the possi-
ble pathogenicity of each variant by the algorithm rating of
“pathogenicity”: 0-2, low; 3-5, intermediate; and 6-8, high.
Finally, with regard to rare variants, only variants with intermediate
and high levels of possible pathogenicity were classified as
“potential rare variants.”

Analysis of rare variants using controls

Differences in proportions of known and potential rare variants vs.
controls from the EXAC (EAS) were assessed using Fisher’s exact
test with P < 0.05 considered statistically significant. Genotype
data were used in a case—control analysis of known and candidate
potential variants identified in this study. Potential pathogenicity

of the variants was evaluated based on allele frequency, as recom-
mended by recent guidelines for interpreting sequence variants
(54).

RESULTS

Summary of pathological findings

Summary of pathologic and genetic analysis results are listed in
Table 4. Five of the nine SUDEP cases showed structural disorder
in the brain associated with epilepsy. Hippocampal sclerosis was
found in four cases (Figure 1A,B), and an old cerebral contusion
was present in case 9 (Figure 1C). Among the three drowning
cases, case 10 showed hippocampal sclerosis and Case 11 showed
an old cerebral infarction of the left putamen (Figure 1D).

Gross examination of the heart showed cases 2, 5 and 6 to have
fatty replacement of the right ventricle (Figure 2A). Case 3 showed
both mild hypertrabeculation of the left ventricle and dilatation of

Table 4. Summary of pathological and genetic data of epilepsy-related sudden unexpected death cases. Abbreviations: BW, brain weight; HW,
heart weight; LQT, long QT interval, SUDEP, sudden unexpected death in epilepsy; ND, not detected; F, focal epilepsy; HS, hippocampal sclero-
sis; FaRV, fatty replacement of right ventricle; G, generalized epilepsy; del, deletion; H-Tb, hypertrabeculation; f-CS, fibrosis of conduction system;
ASD, atrial septal defect; RVH, right ventricular hypertrophy; LVH, left ventricular hypertrophy; OCI, old cerebral infarction. Genes in bold-type indi-

cate high possible pathogenicity.

Neuropathology Cardiac pathology Genetic
Known o

BW HW Classification
Case (9) Findings (@ Findings Lar Common Rare Potential (seizure/cause)
SUDEP
1 1180 HS 300 ND F/HS
2 1208 HS 410 FaRV SCNBA, DSC2 (del)* F/HS
3 1429 ND 250 H-Th, f-CS LDB3 MYH6 G/unknown
4 1260 ND 288 ASD, RVH + F/unknown
5 1592 ND 525 LVH, FaRV DSC2 (del)* DSP G/unknown
6 1148 HS 325 FaRV + KCNE1 Dsc2 DSG2 F/HS
7 1272 HS 439 LVH SCN5A MYBPC3 F/HS
8 1576 ND 344 ND G/unknown
9 1506 Old injury 287 ND DMD F/trauma
Drowning
10 1216 HS 176 ND F/HS
M 1329 OCl 419 LVH + ANK2x2 F/stroke
12 1600 ND 425 LVH SCNBA G/unknown

*The pathogenicity of DSC2 (del) could not be estimated.
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Figure 1. Neuropathology of the epilepsy-related sudden unexpected death cases. A. Atrophy of the left hippocampus was found in case 1. B.
Marked neuronal loss in left-side CA1 in case 1 (Luxol fast blue/hematoxylin eosin). €. Old contusion injury of the base of the frontal lobe (case

9). D. Old infarction of the left putamen (case 11). Scale bar =100 pm (B).

the right ventricle (Figure 2B). Case 4 showed an atrioseptal defect
of the secundum type, and the diameter of the defect was about
1 cm. Mild right ventricular hypertrophy and fatty replacement was
also seen (Figure 2C,D). Microscopically, ischemic necrosis of
myocytes and significant atherosclerosis of the coronary artery with
narrowing >50% was not found in any case. Fibrofatty replace-
ment of the right ventricle was found in cases 2, 5 and 6 (Figure
2E), and interstitial fibrosis of left ventricle was found in case 3
(Figure 2F). A few small inflammatory foci were found in the right
ventricle of cases 5 and 6 (Figure 2G,H). Mild hypertrophy of myo-
cytes without myocardial disarray was found in the left ventricle of
cases 5, 7 and two drowning cases (cases 11 and 12). Severe inter-
stitial fibrosis of the sinoatrial node and atrioventricular conduction
system were found in the heart of case 3, compared with an age
matched control case, other SUDEP and drowning cases (Figure
3A,B).

Classification of the nine SUDEP cases, defined cases 1,8 and 9
without preexisting clinical conditions and pathological findings as
Definite SUDEP, while the other six cases with minor but possible
significant lesion in the heart were defined as Definite SUDEP
plus.

NGS

The gene analysis results are shown in Tables (4-7). The in silico
analysis results for all variants detected are shown in Table 7.
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Six known variants were found in five of the nine SUDEP cases
and in one of the three drowning cases (Table 4, 5) (1, 2, 21, 29,
42, 65-67). Among known variants, the MAFs of SCN5A_-
p-Argl193GIn, DSC2_p.Gly790del and KCNEI1_p.Asp85Asn
were 7.09%, 1.77% and 0.56%, respectively, and those of the other
three known variants were under 0.5%. Two in silico tools (PRO-
VEAN and CADD) evaluated DSC2_p.Gly790del as pathogenic.
The other six algorithms could not evaluate deletion variants.
Therefore, the evaluation of pathogenicity of this variant by in sil-
ico analysis was reserved. In silico analysis of the other variants
showed that the possibility of pathogenicity was high for LDB3 in
case 3 and DSC2 and KCNE] in case 6, intermediate for SCN5A4,
and low for MYBPC3.

Nine variants were identified as rare variants, and three of the
nine were filtered out because in silico analysis indicated low possi-
ble pathogenicity (Table 7). Among the SUDEP cases, four poten-
tial rare variants were found, and two ANK2 variants were present
in one death by drowning case (case 11). Among the six variants,
two ANK?2 variants were channelopathy-related, and four (MYHG6,
DSP, DSG2 and DMD) were cardiomyopathy-related. The possible
pathogenicity was intermediate for three variants (in DMD and two
in ANK?), and high for three (in DSP, MYH6 and DSG). Cases 2,
3,5,6,7and 11 had multiple variants (Table 4), and cases 3 and 6
had two or three variants with high possible pathogenicity. The
sequence data of all variants with high possible pathogenicity are
shown in Supporting Information Figure S1.

Brain Pathology 27 (2017) 292-304
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sudden
unexpected cases. A. Fatty replacement of both ventricles in case 6.
B. Hypertrabeculation of the left ventricle and dilatation of the right
ventricular cavity in case 3. C. Atrioseptal defect in case 4. D. Mild
right ventricular hypertrophy and fatty replacement in case 4. E.

Figure 2. Heart pathology of the epilepsy-related

Brain Pathology 27 (2017) 292-304
© 2016 International Society of Neuropathology

Fibrofatty replacement of the right ventricle of case 2 (Elastica-
Masson). F. Interstitial fibrosis of the left ventricle in case 3. G,H:
Small inflammatory focus in the right ventricle of case 5 (G) and
6 (H) (Hematoxylin eosin). Scale bar =200 um (E), 100 um (F), 50 um
(G,H).

297



Next-Generation DNA Sequencing

Hata et al

e

B Yo

Figure 3. Sinoatrial node of case 3(A) and the control subject (B). Decreased numbers of conduction fibers in the node of case 3 compared with

the control case (Elastica-Masson), Scale bar =200 pm.

The prevalence of the 12 detected variants in the epilepsy-
related SUD cases and the EXAC EAS (East Asian subpopula-
tion) was compared: ANK2_p.Serl05Thr was not found in
ExAC, and the prevalence of three known variants (LDB3_p.As-
p673Asn, DSC2_ p.Thr275Met and MYBPC3_p.Thr1046Met)
and of three potential rare variants (DSP_p.Leu2628Pro,
DMD_p.Arg395Gly and ANK2_p.Glul934Val) was signifi-

cantly higher in epilepsy-related SUD cases than control cases
(Table 8).

The known or potential rare variants that fulfill the criteria of the
present study were not found in SCN14, SCN24 and KCNAI. Final
assessment of the classification of seizures and possible cause of
epilepsy by reference to the recent report of the International
League Against Epilepsy is summarized in Table 4 (10).

Table 5. Known variants in the epilepsy-related sudden unexpected death cases. Abbreviations: MAF, minor allele frequency; ExAC, Exome
Aggregation Consortium database; AFR, African/African American; AMR, Latino; EAS, East Asian; FIN, Finnish; NFE, Non-Finnish European; SAS,
South Asian; OTH, Other; Path, possible pathogenicity; Ref, references; LQTS, long QT syndrome; BrS, Brugada syndrome; SSS, sick sinus syn-
drome; Int, intermediate; DCM, dilated cardiomyopathy; LVNC, left ventricular non-compaction; ARVC, arrythmogenic right ventricular cardiomyop-
athy; HCM, hypertrophic cardiomyopathy; ND, not described. Bold shows a MAF of the variants in EAS cohort in EXAC.

Gene Case Transcript Protein dbSNP

Disease MAF Path  Ref

EXAC

SCN5A 2,7,12 NM_198056.2 p.Arg1193GIn  rs41261344

DSC2 2,4 NM_024422.3 p.Gly790del

LDB3 3 NM_007078.2 p.Asp673Asn rs45514002

DSC2 6 NM_024422.3 p.Thr2756Met ND

KCNE1 6 NM_001127670.2  p.Asp8bAsn rs1805128

MYBPC3 7 NM_000256.3 p.Thr1046Met

rs377272752

rs371061770

ALL:A=0.62% — AFR:0% — Int
AMR:0.069% — EAS:7.09%

— SAS:0.049% — NFE:0.13%
—FIN:0.13% — OTH:0.32%
ALL:0.14% — AFR:0% ND (42)
—AMR:0% — EAS:1.77%

— SAS:0.067% — NFE:0%
—FIN:0.015% — OTH:0.22%
ALL:A=0.017% — AFR:0.0096 %
—AMR:0% — EAS:0.16%

— SAS:0% — NFE:0.0090%
—FIN:0% — OTH:0%
ALL:T=0.0025% — AFR:0%
—AMR:0% — EAS:0%

— SAS:0.012% — NFE:0.0015%
—FIN:0% — OTH:0%
ALL:A=0.92% — AFR:0.18%
—AMR:0.19% — EAS:0.56%
— SAS:0.14% — NFE:1.32%
—FIN:1.65% — OTH:0.77%
ALL:T=0.0058% — AFR:0%
—AMR:0% — EAS:0.058%

— SAS:0% — NFE:0.0030%
—FIN:0% — OTH:0%

LQTS, BrS, SSS (29.65)

ARVC

DCM, LVNC

High (2.67)

ARVC

High  (21)

LQTS

High  (66)

HCM Low (1)
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Table 6. Potential rare variants in the epilepsy-related sudden unexpected death cases. Abbreviations: MAF, minor allele frequency; EXAC,
Exome Aggregation Consortium database; AFR, African/African American; AMR, Latino; EAS, East Asian; FIN, Finnish; NFE, Non-Finnish Euro-
pean; SAS, South Asian; OTH, Other; Path, possible pathogenicity; LQTS, long QT syndrome; DCM, dilated cardiomyopathy; ARVC, arrhythmo-
genic right ventricular cardiomyopathy; SVAS, supravalvular aortic stenosis; HCM, hypertrophic cardiomyopathy; ND, not described. Bold shows a

MAF of the variants in EAS cohort in EXAC.

Gene Case Transcript Protein dbSNP Disease MAF Path
ExAC
MYH6 3 NM_002471.3 p.Ala822Thr rs138419275 DCM, HCM ALL:A=0.015% - AFR:0% High
—AMR:0% — EAS:0.21%
— SAS:0% — NFE:0%
—FIN:0% — OTH:0%
DSP 5 NM.004415.2 p.Leu2628Pro rs147484870 ARVC ALL:C =0.013% — AFR:0% High
—AMR:0% — EAS:0.19%
— SAS:0% — NFE:0%
—FIN:0% — OTH:0%
DSG2 6 NM_001943.3 p.Pro927Leu rs146402368 ARVC ALL:T =0.027% — AFR:0% High
—AMR:0% — EAS:0.37%
— SAS:0% — NFE:0%
—FIN:0% — OTH:0%
DMD 9 NM_004006.2 p.Arg395Gly rs148511512 DCM ALL:A=0.018% — AFR:0% Int
—AMR:0% — EAS:0.24%
— SAS:0% — NFE:0%
—FIN:0% — OTH:0%
ANK2 11 NM_001148.4 p.Ser105Thr ND LQTS - Int
ANK2 11 NM_001148.4 p.Glu1934Val ND LQTS ALL:T =0.00082% — AFR:0% Int
— AMR:0.0086% — EAS:0%
— SAS:0% — NFE:0%
—FIN:0% — OTH:0%
DISCUSSION Advantages and limitations of gene analysis by

Diagnosis and classification of SUDEP

The definition and classification of SUDEP by Nashef et al
(41) is considered to provide reliable ascertainment of incidence,
monitoring of trends and comparison between studies. Among
candidate SUDEP cases, some had preexisting physiological
conditions and/or pathological conditions that may have caused
sudden death, or were not clearly determined as the cause of
death. Therefore, they additionally proposed to differentiate such
cases into a new category “Definite SUDEP plus” to avoid dif-
ferentiating such cases into “Possible SUDEP”; these cases
tended to be excluded from some research studies of epilepsy-
related sudden death. Nashef et al (41) noted that this new cate-
gory provides the opportunity to investigate the preexisting
condition of undetermined significance. Although the evaluation
of preexisting physiological conditions or pathological lesions
must be subjective to some extent, in addition adequate or satis-
factory anatomical, histopathological and toxicological examina-
tion, our study aims to show the significance of detailed genetic
examination targeting inherited heart disease.

A large cohort study showed that about 40% of epilepsy cases
fulfill the criteria for SUDEP. Many autopsied cases in our forensic
autopsy unit have had an unusual death or the cause of death is
undetermined before autopsy. The relatively high incidence of
SUDEP in our study may be caused by differences in the autopsied
population compared with other studies.

Brain Pathology 27 (2017) 292-304
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NGS for epilepsy-related SUD

Tu et al (64) examined three long QT syndrome-related genes in
68 SUDEP cases and revealed 6 (13%) non-synonymous (amino
acid changing) variants in KCNH2 (n=2) and SCN5A (n=4).
The recent study by Bagnall et al (4) showed more cases than
expected had clinically relevant channelopathy-related gene var-
iants for cardiac arrhythmia. Four of 61 SUDEP cases had variants
in common genes, and nine cases had variants with possible patho-
genic potential. The detected variants in our study were not only
channelopathy-related genes, but also cardiomyopathy-related gene
variants with high possible pathogenicity in both SUDEP and
epilepsy-related drowning cases. This is a notable result of the pres-
ent study. Death by drowning is excluded from the recent SUDEP
criteria; however, it is not known whether the mechanism of
epilepsy-related drowning is the same as that of SUDEP. The
pathogenesis in postictal drowning death cases might be identical
to that of SUDEP, at least in some cases.

Recent studies show NGS to be useful for considering the mech-
anism of SUD or severe arrhythmogenic events (3, 26); however,
population database and/or in silico predictive tools are frequently
needed to evaluate the pathogenicity of candidate variants without
confirmation of a positive relationship between clinical presentation
and genetic variation. Further, Le Scouarnec (34) and Kapplinger
(33) recently reported that many of the same variants were identi-
fied in Brugada syndrome patients and controls, indicating that
identification of a variant does not demonstrate the presence of
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Table 8. Assessment of the frequency of the identified candidate variants in control population data. Abbreviations: Alt; Alternative; HGVD,
Human Genetic Variation Database; EXAC (EAS), East Asian (EAS) population database in the Exome Aggregation Consortium (ExAC) Database.
Bold text indicates a significant difference between cases and controls from the EXAC (EAS).

Cases n=12

ExAC (EAS) n=4327

Alt Hemizygote  Allele Homozygote  Alt Hemizygote  Allele Homozygote  Fisher's exact
Identified variants Number ~ Number Number  Number Number  Number Number  Number test p-value
Known variants
LDB3 p.Asp673Asn 1 — 24 0 14 — 8654 0 0.0407
DSC2 p.Thr275Met 1 — 24 0 0 — 8638 0 0.0028
KCNE1 p.Asp85Asn 1 — 24 0 48 — 8636 0 0.1275
SCNBA p.Arg1193GIn 3 — 24 0 461 — 6498 17 0.2415
MYBPC3 p.Thr1046Met 1 — 24 0 5 — 8584 0 0.0166
DSC2 p.Gly790del 2 — 24 0 153 — 8642 1 0.0679
Potential rare variants
MYH6 p.Ala822Thr 1 — 24 0 18 — 8648 0 0.0513
DSP p.Leu2628Pro 1 — 24 0 16 — 8634 0 0.0461
DSG2 p.Pro927Leu 1 — 24 0 32 — 8624 0 0.0878
DMD p.Arg395Gly 1 1 17 0 16 5 6632 0 0.0426
ANK2 p.Ser105Thr 1 — 24 0 — — — —
ANK2 p.Glu1934Val 1 — 24 0 0 — 8608 0 0.0028

ARVC genetic variants before morphological changes in the heart
are apparent (7, 26). Furthermore, some investigators propose that
Brugada syndrome shares features with ARVC, thus opening the
possibility that they represent two poles of the same disease spec-
trum, ultimately leading to increased risk of sudden death (15).
Brugada syndrome patients show minor right ventricle structural
abnormalities (12), and desmosomal mutation carriers can experi-
ence ventricular fibrillation and SUD without overt structural dis-
case (16). Possible high risk genetic variants with the mild but
uncommon right ventricular pathology seen in cases 5 and 6 may
indicate considerable risk for an arrhythmogenic event.

The heart of case 3 with MYH6 and LDB3 variants showed
hypertrabeculation of the left ventricle, suggesting mild left ventric-
ular non-compaction, and severe interstitial fibrosis of the sinoatrial
node. LDB3 is a disease-causing gene of dilated cardiomyopa-
thy and left ventricular non-compaction (67). On the other
hand, MYH6 is a possible disease-causing gene of sick sinus
syndrome (28). Few studies have reported pathological analysis
of the heart in SUDEP; however, Opeskin et al (47) proposed
that microscopic conduction system abnormalities may contrib-
ute to the occurrence of SUDEP. Both hypertrabeculation sug-
gestive mild left ventricular non-compaction and conduction
system abnormality may have increased the potential of SUD
in case 3.

The interpretation of pathogenicity of the three known but not
rare variants found in the present SUDEP cases may be difficult to
conclude. Mutation in KCNQ1 or KCNEI subunits can cause con-
genital channelopathy leading to deafness, cardiac arrhythmia and
epilepsy (5). KCNE1_p.Asp85Asn, found in case 6 has been
shown in several studies to be a common variant or associated with
an acquired prolonged QT interval (30, 52); however, two recent
clinical and physiological studies showed the variant is functional
and may be clinically important (44, 45). The variant may cause
prolonged QT interval in case 6, and may have the potential to
cause SUD because in silico analysis predicted high possible patho-
genicity. Epilepsy attack can prolong the QT interval directly, espe-
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cially if hypercapnia, hypoxia or catecholamine release occur.
Therefore, genetic prolonged QT interval may be associated with
SUDEP because of increased risk of torsade de pointes (58). In a
similar  fashion, although some studies conclude that
SCN5A_p.Argl193Gln is not pathogenic owing to high incidence
(22, 31), it may be difficult to conclude that the variant is “benign”
because it was demonstrated to cause loss of function by electro-
physiological analysis (29). The pathogenicity of these single var-
iants of KCNE1 or SCN5A may not be high, and these variants may
not be a major causative factor for SUDEP. We assume that these
variants might synergistically increase the risk of arrhythmogenic
events in combination with other risk factors in epilepsy patients.
An in-frame deletion variant of DSC2 has already been evaluated
as pathogenic by a family study (42), despite its high MAF and a
single amino-acid deletion. Further case studies might be useful to
reexamine the significance of these “common” known variants.
Furthermore, as shown in Table 5, it is interesting that
SCNS5A_p.Argl1193GIn and DSC2_p.Gly790del had a higher inci-
dence in the east Asian population compared with other
populations.

The significance of multiple variants with possible pathogenicity
by for sudden death or a serious arrhythmogenic event, as seen in
Cases 2, 3, 5, 6, 7 and 11 has not yet been explored. We assume
that dual pathogenic mutations may increase the risk of SUDEP;
however, further case studies are needed.

Evaluation of gene variants in drowning cases

Although the number of cases was limited, cases 11 and 12 showed
possible significant findings. Case 11 showed two mutations in
ANK?2. These variants may have caused prolonged QT when case
11 was alive, and may have contributed to their SUD. This case
possibly experienced arrhythmogenic events that caused their
drowning. Analysis of genes involved in inherited heart disease
may be useful for considering the pathogenesis of both SUDEP
and epilepsy-related drowning cases.
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Other factors relevant to epilepsy-related SUD

Although overdose of administered drugs was not evident in the
present study, we should note that a few case studies showed some
anti-epileptic drugs, such as phenytoin or carbamazepine, might
induce QT prolongation or other arrhythmia (19, 59). Autopsies of
epilepsy-related SUD should carefully evaluate the effect of
anti-epileptic drugs and all drugs that have a possible effect on
the cardiovascular system. On the other hand, six SUDEP
cases and one drowning case did not take adequate doses of
prescribed drugs; therefore, low levels of anti-epileptic drug
may be a risk factor in epilepsy-related death, as shown in a
previous study (39). In case 4, Atrioseptal defect with mild
right ventricular hypertrophy were incidental findings and both
cardiac pathology and poor intake of anti-epileptic drugs may
have contributed to SUD.

The present study could not find an obvious correlation between
epilepsy-related SUD and factors other than cardiac factors, such as
neuropathology, scene of death, type of seizure or estimated cause
of epilepsy. Many incidences of arrhythmogenic SUD in the gen-
eral population may require both a permissive myocardial substrate
and an inciting trigger for its occurrence (24, 25). In addition to
exercise, sleeping, effect of administered drugs as discussed, emo-
tional stress such as extreme anger or sadness, seizure and related
respiratory dysfunction may be strong inciting factors for a serious
arrthythmogenic event (18, 37, 60). Seizure attack can also induce
arrhythmia in humans (68) and in an animal model (57). The Mor-
temus study (56) identified that respiratory dysfunction frequently
occurs preceding SUDEP. Beside channelopathies, other inherited
heart diseases might contribute to death triggered by respiratory
failure due to an epilepsy attack. The present study may show that
multi-faceted examination, including genetic analysis of inherited
heart disease-related genes, may be useful for the diagnosis and
risk evaluation of epilepsy-related SUD. In the classification of
SUDEP cases, genetic analysis has not yet been extensively
applied, but this may prove useful in the future.

The complex genetics of SUDEP parallels that of sudden cardiac
death (23). However, molecular autopsy for sudden cardiac death
or SUDEP will contribute to the early detection of relevant disease
and may help to identify risk for arrhythmogenic and/or epileptic
events. Careful counseling of family members by appropriate medi-
cal personnel, including neurologists, cardiologists, medical geneti-
cists, paramedics and pathologists will contribute to the prevention
of SUDEP or sudden cardiac death of family members (14).

CONCLUSIONS

The present study used NGS to identify highly probable pathogenic
desmosome-, dilated cardiomyopathy- and conduction disease-
related gene variants associated with mild but highly probable
pathology in three SUDEP cases. A death by drowning case with a
double ANK?2 variant is also significant. Careful evaluation of the
pathogenicity of detected gene variants is essential, and the combi-
nation of referring to clinical information, detail pathological exam-
ination and adequate molecular analysis of inherited heart disease-
related genes by NGS can become a valid approach for correctly
diagnosing epilepsy-related SUD, even in the absence of the clini-
cal appearance or typical gross pathology suggesting advanced
inherited heart disease.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

Figure S1. Variants with high possible pathogenicity in
epilepsy-related sudden unexpected death cases. A: In-frame
deletion variant of DSC2 in cases 2 and 5. B, C: MYH6 (B) and
LDB3 (C) variants in case 3. D: DSP variant in case 5. E-G:
KCNEI (E), DSC2 (F) and DSG2 (G) variants in case 0.
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