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Introduction: Sudden Unexpected Death in Epilepsy (SUDEP) is the leading
epilepsy-related cause of death, affecting approximately 1 per 1,000 individuals
with epilepsy per year. Genetic variants that affect autonomic function, such as
genes associated with cardiac arrhythmias, may predispose people with epilepsy to
greater risk of both sudden cardiac death and SUDEP. Advances in next generation
sequencing allow for the exploration of gene variants as potential biomarkers.

Methods: Genetic testing for the presence of cardiac arrhythmia and epilepsy
gene variants was performed via genetic panels in 39 cases of SUDEP
identified via autopsy by the Ontario Forensic Pathology Service. Variants were
summarized by in-silico evidence for pathogenicity from 4 algorithms (SIFT,
PolyPhen-2, PROVEAN, Mutation Taster) and allele frequencies in the general
population (GnomAD). A maximum credible population allele frequency of
0.00004 was calculated based on epilepsy prevalence and SUDEP incidence to
assess whether a variant was compatible with a pathogenic interpretation.

Results: Median age at the time of death was 33.3 years (range: 2, 60). Fifty-nine
percent (n=23) were male. Gene panels detected 62 unique variants in 45 genes:
19 on the arrhythmia panel and 26 on the epilepsy panel. At least one variant was
identified in 28 (72%) of decedents. Missense mutations comprised 57 (92%) of
the observed variants. At least three in silico models predicted 12 (46%) cardiac
arrhythmia panel missense variants and 20 (65%) epilepsy panel missense
variants were pathogenic. Population allele frequencies were <0.00004 for 11
(42%) of the cardiac variants and 10 (32%) of the epilepsy variants. Together,
these metrics identified 13 SUDEP variants of interest.

Discussion: Nearly three-quarters of decedents in this SUDEP cohort carried
variants in comprehensive epilepsy or cardiac arrhythmia gene panels, with
more than a third having variants in both panels. The proportion of decedents
with cardiac variants aligns with recent studies of the disproportionate cardiac
burden the epilepsy community faces compared to the general population and
suggests a possible cardiac contribution to epilepsy mortality. These results
identified 13 priority targets for future functional studies of these genes potential
role in sudden death and demonstrates the necessity for further exploration of
potential genetic contributions to SUDEP.

KEYWORDS
SUDEP (sudden unexpected death in epilepsy), cardiac arrhythmias, biomarker,
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Introduction

Sudden death affects the epilepsy population at a rate 24 times the
general population (1, 2), and sudden unexpected death in epilepsy
(SUDEDP) is the leading epilepsy-related cause of death, affecting
approximately 1 per 1,000 individuals with epilepsy each year (3-5).
SUDERP refers to deaths in people with epilepsy (PwE) without a
known cause and is usually accompanied by an autopsy that identifies
no anatomical or toxicological cause of death (6). SUDEP rates are
higher in certain epilepsy groups, including those with poorly
controlled seizures, epilepsy surgery candidates, and some genetic
epilepsies, such as Dravet Syndrome (DS) (7, 8).

Understanding the pathophysiology of SUDEP is a top priority
among people living with epilepsy, caregivers, and researchers. The
United States National Institute of Neurological Disorders and Stroke
(NINDS) released epilepsy research guidelines in 2007 which included
the goals of identification of biomarkers for epileptogenesis for risk
stratification, and identification of the mechanisms responsible for
SUDEP (9). In 2022, the Ontario Brain Institute (OBI), in partnership
with the Epilepsy Research Program (EpLink), published the top 10
unanswered questions in epilepsy according to patients, caregivers,
and healthcare providers across Canada. The top priority related to the
identification of genetic biomarkers to diagnose and treat epilepsy, and
the fourth pertained to risk factors for SUDEP.! The identification of
biomarkers and risk factors for SUDEP is critical to providing
appropriate care, as well as understanding how SUDEP risk can
be mitigated.

Growing evidence implicates autonomic dysregulation (10, 11),
especially cardiorespiratory dysfunction (12-14) in the mechanism of
SUDEP, however, risk factors usually associated with these events have
not been definitively linked to SUDEP. Despite this, several clinical
risk factors for SUDEP have been identified, with the presence and
frequency of bilateral tonic—clonic seizures (BTC) being the most
robust (15-18). Other risk factors include nocturnal seizures, living
alone or not sharing a bedroom, and failure to optimize treatment
with anti-seizure medications (18-20). Despite best efforts to identify
those at high risk of SUDEDP, it is still not understood why many people
at high risk will live for years with frequent BTC while others may die
after just one or two seizures. The insufficiency of clinical risk factors
emphasizes the need for the identification of different biomarkers to
identify PwE at the greatest risk for SUDEP. Reliable biomarkers may
inform future studies and effective SUDEP prevention strategies.

Cardiac arrhythmia genes are of particular interest as potential
biomarkers given growing evidence for heart-brain interactions (21,
22) and similarities in the characteristics of SUDEP and sudden
cardiac death (23, 24). Multiple genes have been identified that are
associated with arrhythmogenic epilepsy; single gene variants that
produce both epilepsy and cardiac arrhythmias (21, 25, 26). Many
genes that produce epilepsy and cardiac phenotypes encode ion
channels which are often expressed in both heart and brain tissue.
Genetic epilepsies associated with channelopathies often have higher
SUDERP rates (27), which suggests factors specific to channel disorders
may have a role in SUDEP pathogenesis (28). Even when variants in
cardiac genes are not associated with epilepsy or produce a cardiac

1 https://braininstitute.ca/epilepsy-psp
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phenotype in isolation, there is the possibility of polygenic risk
whereby the presence of multiple gene variants in an individual
confers an additive or multiplicative effect on SUDEP risk compared
to one gene alone.

In humans, sudden cardiac death occurs 2.8 times more frequently
in PwE compared to the general population (29), and a
disproportionate number of PWE and individuals from SUDEP
cohorts were found to have pathogenic variants in cardiac genes (30-
34). Altered cardiac function has been observed in animal models of
DS (35, 36) and SCN8A-related developmental and epileptic
encephalography (DEE) (37) with cardiac arrhythmias often preceding
SUDEP in these models. Likewise, seizures and epilepsy phenotypes
have been observed in conjunction with sudden cardiac death in
mouse models of Long QT Syndrome (38) and Catecholaminergic
Polyventricular Tachycardia (39, 40).

Given the evidence of cardiac comorbidities among PwE and
previous SUDEP cohorts, damaging cardiac gene variants are
promising potential SUDEP biomarkers. We investigated the yield of
cardiac- and epilepsy-related gene panels in a series of 39 SUDEP
cases to explore whether those who die of SUDEP may be predisposed
to sudden death by underlying genetic variants.

Methods

This study was approved by the Hospital for Sick Children
Research Ethics Board.

Study cohort

The Ontario Forensic Pathology Service (OFPS) is tasked with
investigation of all sudden or unexpected deaths in Ontario, Canada,
which typically includes autopsy, toxicology investigation, and when
appropriate genetic testing. This study retrospectively reviewed reports
of SUDEP identified by the OFPS between January 2014 - June 2016.
The OFPS shared the case descriptions of 83 decedents. Two
neurologists with epilepsy subspecialty training and SUDEP research
expertise reviewed the cases for SUDEP criteria and identified 39 cases
with Definite or Definite Plus SUDEP classifications (6).

Data collected included case details, toxicology report, and genetic
testing findings. Where available from the coroner’s warrant, a
summary of the decedent’s medical history, medications, and
circumstances surrounding the death were extracted from the
autopsy reports.

Genetic analysis

DNA samples were extracted post-mortem from blood or frozen
tissue. No samples from family members were provided. Next
generation sequencing was performed by GeneDx and included the
Comprehensive Arrhythmia Panel and the Comprehensive Epilepsy
Panel including deletion/duplication analysis. At time of sequencing,
the epilepsy and arrhythmia panels included 87 and 46 genes,
respectively.

Complete coding regions and splice site junctions of the genes
tested were enriched using a proprietary targeted capture system

frontiersin.org


https://doi.org/10.3389/fneur.2024.1386730
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://braininstitute.ca/epilepsy-psp

Aschner et al.

developed by GeneDx. Enriched targets were sequenced with
paired-end reads on an Illumina platform. Bi-directional sequence
reads were assembled and aligned to reference sequences based on
NCBI RefSeq transcripts and human genome build GRCh37/UCSC
hgl19. After gene-specific filtering, data were analyzed to identify
sequence variants and most deletions and duplications involving
coding exons; however, technical limitations and inherent sequence
properties effectively reduce this resolution for some genes. Alternative
sequencing or copy number detection methods were used to analyze
or confirm regions with inadequate sequence or copy number data by
next generation sequencing.

Identified variants were classified according to American College
of Medical Genetics and Genomics and the Association for Molecular
Pathology (ACMG/AMP) guidelines (41), as well as by ClinVar?
interpretation, by pathogenicity predictions from four in-silico
algorithms [SIFT® (42), PROVEAN v1.1.3* (43), PolyPhen-2° (44), and
MutationTaster® (45)], and by population allele frequencies in the
general population. Allele frequencies were calculated as the total
group maximum filtering allele frequency in exomes and genomes
reported by GnomAD v4.0.0.” All data were retrieved January
10, 2024.

We used the frequency-based framework outlined by (46) to
assess whether a variant was “too common” to be considered
pathogenic; Assuming an epilepsy prevalence of 5/1000 (47) and a
SUDEP incidence of 1/1000 per year (4, 5) we calculated a maximum
credible population allele frequency of 0.00004. Variants that were
predicted to be pathogenic by at least three in-silico algorithms and
occurred below the population allele frequency threshold were
classified as SUDEP variants of interest (VoI).

Statistical analyses

Continuous variables were compared between groups using
Wilcoxon ranked sum test with continuity correction. Categorical
variables were compared with Fisher’s exact test. All statistical analyses
were performed using R (version 3.2.1.), and a p <0.05 was used to
indicate statistical significance. Percentages reported for clinical
parameters are based on non-missing data.

Results
Cohort characteristics

The SUDEP cohort consisted of 39 decedents. These SUDEP cases
were included in a previous report on cause of death in PwE (48). All
cases were classified as Definite or Definite Plus SUDEP. Median age
at time of death was 33years (IQR:18-49) and ranged from 2 to

https://www.ncbi.nlm.nih.gov/clinvar/
http://sift jcvi.org/

https://www.jcvi.org/research/provean
http://genetics.bwh.harvard.edu/pph2/

https://www.mutationtaster.org/
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60 years. Males accounted for 59% (n=23). A qualitative summary of
the cohort is presented in Table 1.

Seizure frequency data were available for 17 cases and reported as
well-controlled (i.e., seizure free or infrequent) in 7 cases (41%) and
poorly controlled (i.e., multiple per month) in 10 cases (59%). Data
for anti-seizure medications (ASM) were available in 31 cases, with
zero ASM reported actively taken in five cases (16%), a single ASM in
13 cases (42%), and two or more ASM in 13 cases (42%). The most
frequently reported ASM were phenytoin (n=8), valproate (n=8), and
carbamazepine (n=5). Seizure status had recently changed for five
(13%) cases, including one increase in seizure frequency and four who
had weaned or changed their ASM. Toxicology and post-mortem
reports indicated that three decedents were potentially non-adherent
with ASM treatment.

Comorbidities were present in at least 29 cases (74%). The most
common categories of comorbidities reported were neurologic (e.g.,
cerebral palsy), substance misuse, and acute (e.g., recent illness).
Other comorbidities fell under cardiac, mental health, metabolic,
pulmonary, and trauma categories (Table 1). Additional relevant
medical history was limited; however, autopsy reports noted the
following pertinent to cardiac history: one decedent experienced
cardiac arrest after a seizure earlier in the year, and one decedent had
a father who died of myocardial infarct. Lastly, one case experienced
respiratory arrest after a seizure earlier in the year. All autopsy reports
detailed unremarkable cardiac findings.

Sudden unexpected death in epilepsy
characteristics

Circumstances of death are presented in Table 2. The location
where the deceased was found was reported for 38 cases (97%). Most
individuals (n=27, 71%) were found in a bed - their own, a caregivers,
or otherwise. Others were found in a bathroom (17 =3, 8%), elsewhere
in their home (n=7, 18%), or outside (n=1, 3%). Body position was
reported for 21 cases: 12 prone (57%), seven supine (33%), and two
side-lying (10%). Evidence of a seizure immediately preceding SUDEP
was reported for 25 cases. Examples of accepted evidence included a
witnessed seizure, tongue bites, vomit, frothy fluid at the mouth, and
found in an awkward position suggestive of recent convulsion. Only
one case explicitly reported there was no evidence of a seizure; the
remainder were unknown (n=13). Only two deaths were witnessed,
while 37 (95%) were unwitnessed.

Data on epilepsy diagnosis, etiology, and years lived with epilepsy
were not available from autopsy reports. Limited data was available
regarding seizure semiology and prescription drug use.

Gene panel findings

Genetic testing revealed 62 unique variants detected in 45 genes: 19
genes from the arrhythmia panel and 26 from the epilepsy panel. A full
list of both panel’s genes tested is available in Supplemental Table S1. At
least one variant was identified on either the epilepsy or cardiac panel in
28 (72%) decedents. Among those with at least one variant, 21 (54%) had
variants in genes listed on the epilepsy panel and 21 had genes listed on
the cardiac panel. A single variant was identified in 10 (36%) cases, while
two or more variants were found in 18 (64%) cases. Among those with
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TABLE 1 Demographic and clinical characteristics of the DS cohort.

Variable All cases With Variants of Without Variants of Comparison
(N=39) Interest (n=11) Interest (n=28)
Age at death p=0.89
Median (IQR); Range 37 (18-49); 2-60 38 (18-49); 4-60 35.5 (18.5-48.25); 2-60
Male sex, no. (%) 23 (59%) 4 (36%) 19 (68%) p=0.14
Seizure frequency in preceding p=0.60
month(s)
Well-controlled 7 (41%) 1(25%) 6 (46%)
Poorly controlled 10 (59%) 3(75%) 7 (54%)
Unknown 22 7 15
Anti-Seizure Medications p=0.88
None 5 (16%) 1(10%) 4 (19%)
Single 13 (42%) 5 (50%) 8 (38%)
Multiple 13 (42%) 4 (40%) 9 (43%)
Unknown 8 1 7
Recent change in epilepsy status
Yes 5(13%)
No 34 (87%)

Comorbidities*

sclerosis, Parkinson’s disease, Stroke
Non-medical drug use

Pulmonary

Trauma History of head injury (n=3)

Acute Recent illness (n=13)

Cardiac Atherosclerosis (n=3), High blood pressure/cholesterol, Hypertension
Mental health Depression (n=4), Schizoaffective disorder, Schizophrenia (n=2)
Metabolic Diabetes (n=2), Hypothyroidism, Obesity (n=4)

Neurologic

Angelman Syndrome, Autism, Cerebral palsy (n=4), Cortical dysplasia, Dementia, Developmental delay (n=4), Fibromyalgia, Multiple

Alcohol (n=3), Cannabis (n=3), Cigarettes (n=3), Other (n=2)

Asthma (n=2), Chronic obstructive pulmonary disease, Recurrent aspiration pneumonia, Chronic bronchitis

*n=1 unless otherwise stated; Counts within categories are not necessarily mutually exclusive.

multiple variants, eight (21%) had multiple cardiac variants, six (15%)
had multiple epilepsy variants, and 14 (36%) had at least one variant in
both panels (Table 3). Missense variants comprised 57 (92%) of the
observed variants. Other variant types included duplication of an exon
(n=1), deletion of an exon (n=1), intronic variants (n=2), and variants
in untranslated regions (n=1).

According to the ACMG/AMP guidelines 1 (2%) variant was
classified as pathogenic - DSG2 ¢.2434G>T (p.Gly812Cys) - 4 (7%) as
likely pathogenic, 5 (9%) as likely benign, and 47 (82%) as uncertain
significance. Interpretations of the pathogenicity of the 57 missense
variants by ClinVar were Benign or Likely Benign for five (9%), Variant of
Uncertain Significance (VUS) for 27 (47%) and Conflicting Evidence for
25 (44%). Among the variants with Conflicting Evidence, 14 (56%) were
predominantly Benign or Likely Benign. One likely pathogenic EPM2A
variant associated with Lafora disease, and one likely pathogenic SCN1A
variant associated with DS were identified on the epilepsy panel (Table 4).

The functional impact of each missense variant was predicted by
four in-silico algorithms: PROVEAN, SIFT, PolyPhen-2, and
MutationTaster (Table 4). These tools were selected as they are
commonly used to interpret missense variants in clinical settings (41).
Analysis of the cardiac arrhythmia panel variants identified 12 of 26
(46%) predicted to be pathogenic by at least three models (i.e.,
Damaging, Probably damaging, Possibly damaging, Deleterious, or
Disease causing). Analysis of the epilepsy panel variants identified 20
of 31 (65%) predicted to be pathogenic by at least three models.

Frontiers in Neurology

A population allele frequency of any gene that was less than our
calculated threshold (<0.00004), suggests they are less frequent than
expected if the variants were benign. We identified 11 of 26 (42%)
cardiac variants and 10 of 31 (32%) epilepsy variants with population
allele frequencies below threshold. Of these variants, six cardiac
variants and seven epilepsy variants were also predicted to
be pathogenic by at least three in silico models. These 13 variants,
identified across 11 individuals, were categorized as SUDEP variants
of interest (VoI; Figure 1). Phenotypes commonly associated with
each of the genes included among the 13 Vol are presented in
Table 5; Protein expression profiles are provided in Supplemental
Table S2.

We compared demographic and clinical factors between decedents
with SUDEP Vol to everyone else. Age, sex, seizure frequency, and
number of ASM were not significantly different between those with
VoI (n=14) and those without (n=25) (Age: W=159, p=0.89; Sex:
Fisher’s exact test p=0.14; Seizure frequency: Fisher’s exact test
p=0.60; ASM: Fisher’s exact test p=0.88).

This cohort contained novel variants with no corresponding
ClinVar entry. From the cardiac panel, two variants were identified -
SCNIOA ¢.5339C>T (p.Prol780Leu), and SCN5A ¢.5286C>G,
(p.Ile1762Met); Both were classified as SUDEP genes of interest. From
the epilepsy panel one novel variant was identified - GRIN2B
€.3994G>T (p.Asp132Tyr). The GRIN2B variant met our criteria for
a SUDEP Vol.
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TABLE 2 SUDEP characteristics of the DS cohort.

Variable ‘ n (%)
Location
Bed/bedroom 27 (71%)
Bathroom/sauna 3(8%)
Home, other 7 (18%)
Outside 1(3%)
Unknown 1
Position
Prone 12 (57%)
Supine 7 (33%)
Side lying 2 (10%)
Unknown 18
Evidence of a seizure
Yes 25 (96%)
No 1 (4%)
Unknown 13
Witnessed
Yes 2 (5%)
No 37 (95%)

An SCNI0A variant c.3803G> A (p.Argl268Gln) was the only
identical variant documented in multiple SUDEP cases in our cohort
(n=3). Two additional SCN10A variants were identified in the cohort,
making SCNI0A the most frequent gene finding. Multiple variants
were also reported in more than one decedent for RYR2 (n=4), as well
as DSG2, LMNA, PIGA, PIGO, PNKP, SCN5A, SNTAI, and TTN
variants (n=2). All other genes were observed in single cases.

Discussion

More than half of the decedents in this SUDEP cohort (21/39;
54%) had genetic variants in both epilepsy and cardiac gene panels.
Over half of the missense variants identified on either panel were
predicted to be pathogenic by three or more i silico algorithms, and
over a third of the variants were compatible with pathogenicity based
on population allele frequency (46). Together, these metrics identified
13 SUDEP Variants of Interest (VoI), 23% of all missense variants in
this cohort. Our results contribute to a growing literature on the
possible contribution of cardiac genetic variants to epilepsy mortality,
and SUDERP, specifically.

The circumstances surrounding death in this cohort were typical
of SUDEP characteristics; death was most frequently reported during
the night, the deceased were found in bed, death was unwitnessed, and
there was evidence of a preceding seizure. Interestingly, many of the
typical features of sudden cardiac death are similar to those of SUDEP,
including occurring during the night, the deceased is found in bed in
a prone position, the death is unwitnessed, and post-mortem
investigation fails to identify a cause of death (49-51).

It is well-established that epilepsy negatively affects heart health,
independent of any present gene variants. Epidemiological studies
have found increased rates of heart disease and sudden cardiac death
in adults diagnosed with epilepsy compared to the general population
(21). Post-mortem findings of PWE have identified myocardial
structural changes such as fibrosis, myocyte vacuolization (52-54).
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These findings have led to the hypothesis that surges in catecholamines
and hypoxemia due to repeated seizures lead to electrical and
mechanical heart dysfunction (22, 55-58). In addition, while no single
ASM, nor the presence of polytherapy or monotherapy have been
reliably associated with SUDEP (59, 60), it should be noted that some
ASM have been shown to modulate cardiac activity. For example,
therapeutic doses of carbamazepine may induce bradyarrhythmia in
some patients (61, 62) and both ASM use and sudden withdrawal of
ASM have been shown to reduce heart-rate variability (63, 64) which
has been associated with an increase in sudden cardiac death (65).
These effects could be relevant in genetically susceptible individuals.
Two of the most common ASMs reported in this cohort included
phenytoin and carbamazepine, which in the setting of certain cardiac
conditions (e.g., Brugada syndrome) should be avoided. Notably, at
least three decedents in this cohort with either SCN5A or SCNI10A
variants reported using one of these two ASMs (cases: 03, 04, 32).

In part because of these heart-brain interactions, proving a cardiac
genetic contribution to SUDEP is difficult. If such a relationship exists,
a cardiac-related genetic contribution to SUDEP could take multiple
forms: (1) a subclinical arrhythmogenic variant that increases the
susceptibility to SUDEP (66); (2) a genetic variant that confers both a
risk of epilepsy and a risk of sudden cardiac death (i.e., monogenic/
arrhythmogenic epilepsy) (66); (3) the co-occurrence of different
epilepsy-causing and arrhythmia-causing genes that independently
increase the risk for sudden death (i.e., polygenic) (25). Polygenic risk
for SUDEP may overlap with polygenic risk for sudden cardiac death
and the proportion of SUDEP deaths that may be poly- or oligemic
compared to monogenic is not known.

Sudden unexpected death in epilepsy
variants of interest

At least three in silico algorithms classified 13 variants in the
cardiac panel and 19 variants in the epilepsy panel as pathogenic,
totaling 32 (56%). Based on population allele frequency, 12 variants in
the cardiac panel and nine in the epilepsy panel were less than the
threshold 0.00004, totaling 21 (37%). Together, these metrics identified
atotal of 13 (23%) of the 57 missense variants in this cohort as SUDEP
Vol. The 13 Vol were identified in 11 decedents (two individuals had
two: cases 03 and 46).

In both epilepsy and cardiac gene panels, ion channels were the
most common protein types encoded by the in silico-predicted
pathogenic genes, including sodium, calcium, potassium, and chloride
channels. Other groups of proteins identified in this cohort included
cell adhesion proteins & ion channel regulators, protein & solute
transports, cell signaling molecules, cell replication & DNA repair
proteins, and proteins regulating metabolism.

Among the 13 SUDEP VoI, nine of the genes encode ion channel
subunits (five of the nine were from the cardiac panel), one encodes a
cell signaling molecule (epilepsy panel), one encodes a cell adhesion
protein (cardiac panel), one phosphatase (epilepsy panel), and one a
protein/solute transport (epilepsy panel). Most of the genes with
identified VoI are autosomal dominant inheritance, excepting MFSD8
(recessive), EPM2A (recessive), and CDKL5 (x-linked).

The exact mechanisms of disease are not known for some of the
cardiac phenotypes associated with the genes in this panel. However,
there are many ways that proteins linked to cardiac phenotypes could

frontiersin.org


https://doi.org/10.3389/fneur.2024.1386730
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Aschner et al. 10.3389/fneur.2024.1386730

TABLE 3 Overview of genetic findings by decedent.

Subject  Age Arrhythmia Panel Epilepsy Panel
e Nucleotide Amino Acid Nucleotide Amino Acid
Change Change Change Change
01 40 SNTAI c.1517_*2dupAGAA N/A PNKP €.650C>G (p.Thr217Ser)
03 38 SCN5A ¢.5286C>G (p.Ile1762Met) CACNAIA €.2407C>A (p.Arg803Ser)
CHRNA4 c.1531G>T (p.Ala511Ser)
CHRNA4 c.1421C>G (p.Pro474Arg)
CHRNA4 ¢1012C>G (p.His338Asp)
CHRNA4 c.560C>G (p.Ala187Gly)
04 49 SCNI10A c.1489C>T (p-Arg497Cys) Negative
KCNEI c.193T>C (p.Tyr65His)
ANK2 c11716C>T (p.Arg3906Trp)
07 34 Negative PIGO c.253C>A (p.Pro85Thr)
08 54 SNTAI c.1015C>T (p-Arg339Cys) Negative
09 57 RYR2 c.2402G>T (p.Arg801Leu) WWOX c.1044C>A (p.Phe348.Leu)
TRPM4 Deletion of exon 20
41 TRDN c.1367A>G (p.GIn456Arg) GOSR2 c.509A>G (p.Asn170Ser)
KCNJ8 c.1055G>A (p.Arg352Gln) PIGV ¢.348_349delGAinsAG (p.Jle117Val)
11 26 Negative SLCI3A5 c.862G>A (p.Gly288Arg)
14 5 LMNA c.998 C>G (p.-Thr333Ser) MFSD8 c.818A>G (p.Asn273Ser)
15 5 Negative PIGA c.613G>A (p.Val2051le)
17 49 RANGRF c.52C>T (p.Leul8Phe) PIGO c.3163T>C (p.Phel055Leu)
18 4 SCNI0A c.3803G>A (p.Argl1268Gln) EPM2A c487A>G (p.Asn163Asp)
19 28 LMNA c.1930C>T (p.Arg644Cys) SCNIA €.5422T>C (p.Phe1808Leu)
20 5 TGFB3 c412T>G (p.Ser138Ala) PNKP c.1397T>C (p-Met466Thr)
21 37 RYR2 c.8162T>C (p.1le2721Thr) Negative
22 26 Negative SCARB2 c.194A>G (p.Tyr65Cys)
23 8 DSG2 €.2434G>T (p.Gly812Cys) CTSD c.8C>T (p.Pro3Leu)
DSC2 c.1787C>T (p.Ala596Val)
TTN ¢.34858G>T (p.Val11620Leu)
24 52 Negative CHRNA2 c.140C>T (p.Thr47Met)
27 37 Negative PIGA c.517G>A (p.Val173Met)
30 28 JuP c.1696G>A (p.Ala566Thr) Negative
SCN10A c.3803G>A (p.Argl1268Gln)
32 60 TTN .7057+2dupT IVS30+2dupT) GRIN2B €3994G>T (p.Asp132Tyr)
SCNI10A c.3803G>A (p.Argl1268Gln) SLC25A22 ¢.500G>A (p.Argl67Gln)
35 44 Negative CDKL5 ¢.2572C>T (p.Arg858Cys)
39 54 SCNI10A ¢.5339C>T (p.Pro1780Leu) ARX ¢.625G>C (p.Gly209Arg)
CHD2 ¢.2505+4A>G IVS19+4A>G
TBC1D24 c.169C>T (p.Arg57Cys)
42 11 DSG2 c46A>G (p.Ile16Val) Negative
43 48 SCN5A c.5803G>A (p.Gly1935Ser) Negative
KCNQI c.328G>A (p-Val110Ile)
KCNQI c.217C>A (p.Pro73Thr)
46 49 RYR2 c.7495G>A (p.Ala2499Thr) SCN2A c.1858C>T (p.Arg620Trp)
GABRB2 CcI9A>ST (p.Arg3Ser)
47 15 SCN2B €.625_626del AAINSCC (p-Asn209Pro) Negative
CACNAIC | Duplication of exons 1-11 -
48 31 RYR2 c.3257G>A (p.Arg1086Gln) NRXNI €.2653C>T (p.His885TYR)
POLG c.803G>C (p.Gly268Ala)
TPP1 c.1241A>T (p.Asn404Ile)
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TABLE 4 Summary of genetic variants identified in the SUDEP cohort. Four in silico algorithms were applied, PolyPhen2, PROVEAN, SIFT, and
MutationTaster. Genes are organized alphabetically by panel. Population allele frequency threshold was predetermined to be 0.00004. Variants of
Interest (Vol) are bolded.

dbSNP ACMG/AMP  ClinVar in silico algorithm predictions No. of models Below allele
classification  classification PolyPhen2 PROVEAN SIET MutationTaster predicting frequency
pathogenic threshold
Cardiac genes
ANK2 15121912706 | VUS Conlflicting Probably damaging Deleterious Damaging Disease causing 4 No
CACNAIC - vus vus - - - - -
DSC2 rs148185335 | VUS Conflicting Benign Deleterious Damaging Polymorphism 2 No
DSG2 rs121913010 | Pathogenic Conflicting Probably damaging Deleterious Damaging Disease causing 4 Yes
DSG2 1376660601 | LB Vvus Benign Neutral Tolerated Polymorphism 0 Yes
JupP - vus vus Possibly damaging Neutral Tolerated Disease causing 2 Yes
KCNE1 - vuUs vuUs Probably damaging Deleterious Damaging Disease causing 4 Yes
KCNJ8 rs747622709 | VUS vus Benign Neutral Tolerated Disease causing 1 Yes
KCNQI 1s199472676 | LP Vvus Benign Neutral Damaging Polymorphism 1 No
KCNQI 15199472677 | VUS VuUs Benign Neutral Tolerated Disease causing 1 No
LMNA 1142000963 | VUS Conlflicting Possibly damaging Neutral Damaging Disease causing 3 No
LMNA - vus vus Benign Neutral Tolerated Disease causing 1 Yes
RANGRF 15150856064 | VUS vus Benign Deleterious Tolerated Disease causing 2 No
RYR2 - vuUs vuUs Probably damaging Deleterious Damaging Disease causing 4 Yes
RYR2 rs371157868 | VUS vus Probably damaging Deleterious Damaging Disease causing 4 No
RYR2 15191850147 | VUS Conflicting Probably damaging Deleterious Damaging Disease causing 4 Yes
RYR2 201500134 | VUS Conlflicting Probably damaging Deleterious Tolerated Disease causing 3 No
SCNI0A 1s370009920 | VUS Conflicting Probably damaging Deleterious Damaging Disease causing 4 No
SCNIOA 15770288343 | VUS vuUs Probably damaging Deleterious Damaging Disease causing 4 Yes
SCNI0A rs138832868 | VUS Conlflicting Possibly damaging Deleterious Damaging Disease causing 4 No
SCN2B - vus vus Unavailable Neutral Damaging Disease causing 2 Yes
SCN5A - vuUs vuUs Probably damaging Neutral Damaging Disease causing 3 Yes
SCN5A 1199473637 | LB Conlflicting Benign Neutral Tolerated Polymorphism 0 No
SNTA1 15138164106 | VUS vus Probably damaging Deleterious Tolerated Polymorphism 2 No
SNTAI - Vus Vus - - - - - Not found
TGFB3 15201453600 | VUS Conlflicting Benign Neutral Tolerated Disease causing 1 No
TRDN 15200243235 | LB Conflicting Probably damaging Neutral Deleterious Polymorphism 2 No
TRPM4 - Vus vus - - - - - Not found
TTN - Vvus Vvus Probably damaging Neutral Tolerated Polymorphism 1 Yes
TTN 1s765019023 | VUS Vvus - - - - - Not found
Epilepsy genes
ARX rs587783203 | VUS Vvus Benign Neutral Tolerated Polymorphism 0 No
CACNAIA 15760816963 | VUS Conflicting Possibly damaging Deleterious Damaging Disease causing 4 Yes
CDKL5 15773760466 | VUS Conflicting Unavailable Deleterious Damaging Disease causing 3 Yes
CHD2 1rs767309501 | VUS Conlflicting - - - - - Yes
CHRNA2 1574772771 vus Conflicting Benign Neutral Damaging Polymorphism 1 No
CHRNA4 15200069626 | VUS LB Probably damaging Deleterious Damaging Disease causing 4 No
CHRNA4 15200197645 | VUS LB Probably damaging Deleterious Tolerated Disease causing 3 No
CHRNA4 15199778549 | LB LB Possibly damaging Neutral Damaging Polymorphism 2 No
CHRNA4 15200795334 | LB LB Benign Neutral Tolerated Polymorphism 0 No
CTSD rs757712173 | VUS Vvus Unavailable Neutral Tolerated Polymorphism 0 No
EPM2A 1777767978 | LP Conflicting Benign Deleterious Damaging Disease causing 3 Yes
GABRB2 - vus Benign/LB Benign Neutral Tolerated Disease causing 1 Yes
(Continued)
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TABLE 4 (Continued)

ACMG/AMP  ClinVar in silico algorithm predictions No. of models Below allele
classification  classification PolyPhen2 PROVEAN T — predicting frequency
pathogenic threshold
GOSR2 rs150907052 | VUS vus Possibly damaging Deleterious Tolerated Disease causing 3 No
GRIN2B 15200421469 | LP vus Possibly damaging Deleterious Damaging Not found 3 Yes
MFSD8 15143288262 | VUS vus Probably damaging Neutral Damaging Disease causing 3 Yes
NRXNI rs199784139 | VUS Conflicting Probably damaging Deleterious Tolerated Disease causing 3 No
PIGA 15752395232 | VUS vuUs Unavailable Neutral Damaging Disease causing 2 Yes
PIGA - Vvus Vvus Unavailable Neutral Damaging Disease causing 2 No
PIGO rs147316771 | VUS Conflicting Probably damaging Deleterious Damaging Disease causing 4 No
PIGO 15745754359 | VUS vus Possibly damaging Neutral Tolerated Disease causing 2 No
PIGV - vus Conflicting Unavailable Neutral Tolerated Disease causing 1 Not found
PNKP rs145886749 | VUS vus Possibly damaging Deleterious Damaging Disease causing 4 No
PNKP rs115259839  VUS Conlflicting Probably damaging Deleterious Tolerated Disease causing 3 No
POLG 1s61752784 vus Conflicting Probably damaging Deleterious Damaging Disease causing 4 No
SCARB2 rs138955932 | VUS Vvus Probably damaging Deleterious Damaging Disease causing 4 No
SCNIA - Lp Pathogenic Probably damaging Deleterious Damaging Disease causing 4 Yes
SCN2A 15762680220 | VUS vus Probably damaging Deleterious Damaging Disease causing 4 Yes
SLCI3A5 1s761215437 | VUS Vvus Possibly damaging Deleterious Damaging Polymorphism 3 No
SLC25A22 15201089795 | VUS Conflicting Benign Neutral Damaging Disease causing 2 No
TBC1D24 1rs202162520 | VUS Conflicting Possibly damaging Neutral Damaging Disease causing 3 No
TPP1 15146798796 | VUS Vvus Probably damaging Deleterious Damaging Disease causing 4 No
WWOX 151057524658 | VUS vus Probably damaging Deleterious Tolerated Disease causing 3 No

Annotations: B, Benign; LB, Likely Benign; LP, Likely Pathogenic; VUS, Variant of Uncertain Significance.

contribute to SUDEP. Ion channel dysfunction provides perhaps the
most straightforward explanation of sudden death. Ion channels are
critical to the formation and propagation of action potentials, both in
the heart and brain. Dysregulation of these time- and voltage-
dependent mechanisms could lead to heart failure directly or
cardiorespiratory arrest via spreading depolarization in the autonomic
nervous system — all proposed mechanisms of SUDEP (15, 67, 68).
Proteins involved in cell adhesion (e.g., DSG2) or protein transport
(e.g., MFSD8) could alter the structural architecture of the heart which
could lead directly to a cardiac phenotype or could reduce resistance
to mechanical stress which may be experienced during a seizure (69,
70). Regardless of the mechanism, a variant in an arrhythmogenic- or
cardiomyopathy-related gene could predispose a person with epilepsy
to sudden death by exacerbating the impacts of recurrent seizures on
heart health or the effect of a single prolonged convulsive seizure.

Relation to previous work

A recent systematic review of the genetics of SUDEP concluded
that the most prominent and frequent gene variants identified across
studies were associated with ion channels - which may be co-expressed
in the heart and brain and are causally related to some epilepsies (e.g.,
DS and SCNIA) and cardiac disorders (e.g., Brugada Syndrome and
SCN5A) - and genes linked to cardiac arrhythmia phenotypes (25).
However, most of the genes identified had VUS ratings by in silico
pathogenicity models. Importantly, although protein dysfunction in
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these genes may lead to disease (channelopathies) associated with the
heart or the brain, almost all these ion channels are expressed to some
degree in both the heart and the brain (Supplemental Table S2),
opening the possibility of a shared genetic susceptibility between
epilepsy and cardiac arrhythmias.

Previous post-mortem investigations of SUDEP cohorts have
reported many of the same genes identified in this SUDEP cohort.
These include the epilepsy genes CACNAIA, CDKL5, CHRNA4,
GRIN2B, NRXNI, PNKP, POLG, SCARB2, SCN1A, and SCN2A as well
as the cardiac genes ANK2, KCNEI, KCNQI, RYR2, SCN5A, and
SCN10A (26, 30, 31, 33, 34, 71, 72). Many of these genes, from both
panels, were reported across multiple studies, including the ion
channel subunits for sodium (SCN), potassium (KCNs), and calcium
(CACNAIA, RYR2). These genes constitute a high priority for future
investigations of genetic biomarkers for SUDEP.

Future work

More than half of our cohort had variants identified in the
comprehensive cardiac arrhythmia panel, however, the role these
genetic variants played in sudden death is unclear. Further work to
determine the significance of the identified variants is needed.
Ultimately, genetic risk factors could be combined with other clinical
risk factors to develop individualized SUDEP risk prediction tools.

Concerted efforts are needed to investigate the contribution of
cardiac genotypes to epilepsy mortality. Few of the genes identified in
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FIGURE 1

Summary of gene testing results. From the total 62 genetic variants detected, 57 were missense variants, comprised of 27 genes from the cardiac panel
and 30 from the epilepsy panel. Multiple in silico algorithms predicted that a total of 32 variants were pathogenic, and a total of 22 variants were below
the pre-determined population allele frequency threshold (<0.00004). Thirteen variants, seven from the cardiac panel and six from the epilepsy panel,
were both predicted pathogenic and below population allele frequency threshold, identifying them as SUDEP Variants of Interest (Vol).
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our cohort, as well as in the broader cardiac SUDEP literature, have
had functional studies. Among the epilepsy panel findings in our
cohort, we were only able to find functional studies for the two known
disease-associated variants in the genes EPM2A (73) and SCN1A (74).
Among the cardiac panel findings, we found functional studies for five
variants in the genes ANK2 (75, 76), DSG2 (77), KCNQI (78), LMNA
(79, 80), and SCN10A (81). Evaluation by in vivo and in vitro methods
to assess potential pathogenic mechanisms are critical steps in
validating the remainder of these gene variants as SUDEP biomarkers,
particularly those found in multiple SUDEP cohorts.

Cardiac contributions to epilepsy mortality are well-recognized
and beginning to receive appropriate research attention. However,
SUDEP mechanisms are likely heterogeneous and only a subset is
likely attributable to cardiac dysfunction. The MORTEMUS study,
which systematically reviewed cardiorespiratory events captured in
epilepsy monitoring units, showed that primary cardiac arrhythmia is
rarely an isolated primary cause of SUDEP in a cohort of people
admitted to epilepsy monitoring units for evaluation (12). Thus,
genetic screening should be expanded to other potential mechanisms,
such as respiratory disorders (33, 82, 83), the serotonergic system (67,
84, 85), and the immune system (86-88).

Limitations

This cohort was identified through a retrospective case series
review. At the time of this study, GeneDx comprehensive epilepsy
and cardiac panels included 87 and 46 genes, respectively.
Currently, these panels include 144 and 58 genes, respectively. As
is common in genetics case series, variants were assessed for
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pathogenicity through multiple in silico algorithms. Our study was
the first to apply a population allele frequency threshold to filter
variants of interest. Although the method used here was novel in
the context of SUDEP genetics, the variants of interest we identified
did not meet the definite criteria for pathogenicity based on the
guidelines published by the ACMG/AMP (41) and there is not
substantial evidence that these genes are causative of SUDEP. The
majority of the gene variants identified in this cohort were classified
as VUS. This classification pertains to their relationship to cardiac
or epilepsy phenotypes, not SUDEP. However, they may still
be relevant to SUDEP in some contexts. Particularly, the variants
in the cardiac genes may be impactful in people with epilepsy, even
if they produce subclinical phenotypes in otherwise healthy
individuals. These variants may be worth further investigation;
variants can be reclassified over time as more evidence
becomes available.

Access to clinical data was limited, including epilepsy etiology,
seizure semiology, and cardiac medical histories. Although autopsy
reports did not identify a cause of death that would rule out SUDEP,
we cannot be certain all relevant comorbidities were reported for all
cases. Genetic testing of family members was not available, which
could have provided clinically useful evidence for the relationship
between cardiac arrhythmias and epilepsy. Based on our findings and
the results of previous reports, genetic testing should be performed in
first degree relatives after sudden death. SUDEP within a family with
a common gene variant would be among the strongest evidence for a
genetic influence on SUDEP. Moreover, it would allow for appropriate
screening and management of relatives for those who genetic variants
are identified. Few reports of multiple cases of SUDEP within a family
have been published (89-91).
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TABLE 5 Epilepsy and cardiac phenotypes commonly associated with the
genes identified as Variants of Interest.

Gene Phenotype(s)

Epilepsy genes

CACNAIA DEE

CDKL5 DEE

EPM2A Lafora disease

GRIN2B DEE

MFSD8 NCL

SCNIA DEE (Dravet syndrome), febrile
seizures, GEFS+, myoclonic atonic
epilepsy

SCN2A DEE, GEFS+, Self-limited familial and

non-familial infantile epilepsy

Cardiac genes

DSG2 ARVC, DCM

KCNE1 LQTS, JLNS

RYR2 ARVC, CPVT, LQTS, DCM, SCD,
SUDS

SCN5A ARVC, BrS, DCM, HB, LQTS, SIDS,
SSS

SCNI10A BrS, LQTS, AF, painful small-fiber

peripheral neuropathy

Abbreviations: AF - Atrial fibrillation; ARVC - Arrhythmogenic right ventricular
cardiomyopathy; BrS - Brugada syndrome; CPVT - Catecholaminergic polymorphic
ventricular tachycardia; DCM - Dilated cardiomyopathy; DEE - Developmental and
epileptic encephalopathy; GEFS+ - Generalized epilepsy with febrile seizures plus;

HB - Heart block; JLNS - Jervell and Lange-Nielsen syndrome; LQTS - Long QT syndrome;
NCL - Neuronal Ceroid Lipofuscinosis; SCD - Sudden cardiac death; SIDS - Sudden infant
death syndrome; SSS - Sick sinus syndrome; SUDS - Sudden unexpected death syndrome.

A persistent limitation across studies of SUDEP genetics is the
lack of standardization in methods, making comparison difficult.
First, populations and ascertainment methods differed, with a mix of
prospective and retrospective sampling, with few reaching the level of
population-based sampling. Second, different genes were assessed,
and the method of genetic testing varied. Some studies used whole
genome or whole exome sequencing, while others were limited to
genetic panels provided by various services. Finally, the criteria for
determining pathogenicity differed; most studies use some
combination of in silico algorithms and some also compared to living
epilepsy groups. Importantly, all studies examined at an outcome
(SUDEP) within a pathogenic population (people with epilepsy), so it
is possible that these variants may confer risk of epilepsy and
be non-contributory to the SUD.

Conclusion

Targeted epilepsy and cardiac arrhythmia gene panels detected
variants in 28 of 39 (72%) SUDEP cases. Over half of this cohort had
epilepsy variants (54%) and over half had cardiac variants (54%), with
more than a third having variants in both panels (36%). Nearly
two-thirds of these variants were predicted to be pathogenic by at least
three of four in silico algorithms, while one-third of the cardiac variants
and one-fifth of the epilepsy variants had population allele frequencies
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below threshold. These results identified 13 priority targets for future
functional studies of these genes potential role in sudden death.

The proportion of cases with cardiac variants aligns with recent
studies of the disproportionate cardiac burden the epilepsy community
faces compared to the general population and suggests a possible
cardiac contribution to SUDEP. This data also supports the concept of
a collaborative care approach between neurology and cardiology, as
well as pathology and genetics disciplines. Standard cardiac screening
such as 12-lead ECG or Holter monitor could be increasingly utilized
in epilepsy care at little cost. Targeting these initiatives to individuals
with channelopathies may be particularly effective, given their well-
recognized role in severe epilepsies and cardiac arrhythmias.

This data demonstrates the necessity for further exploration of
potential genetic contributions to SUDEP. Such endeavors will (1) allow
for identification of high-risk individuals which can aid in enriched
cohorts for clinical trials and (2) allow for design of targeted therapies
to prevent SUDEP. Valuable information would be gained through
protocols that identify genetic predispositions in individuals with
epilepsy, and that additional value may be obtained from extending
genetic screening to parents, siblings, and children after the sudden
death of an individual with epilepsy. Epilepsy lags other disease fields,
including cardiac arrhythmias, in incorporating genetic analyses as part
of pathology analysis. Improvements in technology have made genetic
testing fast and cost-effective, and uptake in the use of genetic analyses
aligns with precision/individualized medicine goals adopted by many
health care institutions. Widespread uptake of genetic screening in PwE
could facilitate research efforts to identify SUDEP biomarkers.
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