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Abstract

Objective: Epilepsy with eyelid myoclonia (EEM) spectrum is a generalized
form of epilepsy characterized by eyelid myoclonia with or without absences,
eye closure-induced seizures with electroencephalographic paroxysms, and pho-
tosensitivity. Based on the specific clinical features, age at onset, and familial
occurrence, a genetic cause has been postulated. Pathogenic variants in CHD2,
SYNGAPI, NEXMIF, RORB, and GABRA1 have been reported in individuals with
photosensitivity and eyelid myoclonia, but whether other genes are also involved,
or a single gene is uniquely linked with EEM, or its subtypes, is not yet known.
We aimed to dissect the genetic etiology of EEM.

Methods: We studied a cohort of 105 individuals by using whole exome sequenc-
ing. Individuals were divided into two groups: EEM— (isolated EEM) and EEM+
(EEM accompanied by intellectual disability [ID] or any other neurodevelopmen-
tal/psychiatric disorder).

Results: We identified nine variants classified as pathogenic/likely pathogenic in
the entire cohort (8.57%); among these, eight (five in CHD2, one in NEXMIF, one in
SYNGAPI, and one in TRIMS8) were found in the EEM+ subcohort (28.57%). Only
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one variant (IFIHI) was found in the EEM— subcohort (1.29%); however, because
the phenotype of the proband did not fit with published data, additional evidence
is needed before considering IFIH]I variants and EEM— an established association.
Burden analysis did not identify any single burdened gene or gene set.
Significance: Our results suggest that for EEM, as for many other epilepsies, the
identification of a genetic cause is more likely with comorbid ID and/or other
neurodevelopmental disorders. Pathogenic variants were mostly found in CHD2,
and the association of CHD2 with EEM+ can now be considered a reasonable
gene-disease association. We provide further evidence to strengthen the associa-
tion of EEM+ with NEXMIF and SYNGAPI. Possible new associations between
EEM+ and TRIMS8, and EEM— and IFIH]I, are also reported. Although we pro-
vide robust evidence for gene variants associated with EEM+, the core genetic
etiology of EEM— remains to be elucidated.

KEYWORDS

1 | INTRODUCTION

Epilepsy with eyelid myoclonia (EEM) is a generalized
form of epilepsy first described by Jeavons in 1977.%* It
is clinically characterized by the triad of eyelid myoclo-
nia (EM) with or without absences, eye closure-induced
seizures with electroencephalographic (EEG) parox-
ysms, and photosensitivity.>* Onset is typically in child-
hood, with a peak at approximately 8years of age (typical
range =2-14) and a preponderance among girls.*> EM is
the clinical hallmark, consisting of jerking of the eyelids
often associated with jerky upward deviation of the eye-
balls and retropulsion of the head. However, the presence
of only EM does not meet the criteria for the syndromic
diagnosis, as EM can be observed as an isolated trait in
a range of conditions, including otherwise healthy indi-
viduals. Furthermore, some features of EEM, including
eye-closure sensitivity, EM, and photosensitivity, are not
specific to EEM and may be present in other epilepsy
syndromes.®

Although this is a well-characterized electroclinical
condition, only recently has EEM been included among the
genetic generalized epilepsies (GGEs) by the International
League Against Epilepsy (ILAE) classification.” Genetic
susceptibility to EEM has been suggested, based on the
specific clinical features, age at onset, and especially, fa-
milial and twin occurrence.>”™ So far, a unique gene for
this condition has not been identified. Although the main
feature of this syndrome is EM, photoparoxysmal response
(PPR) is also very common in EEM. PPR is a pathological
EEG activity induced by intermittent photic stimulation.™
PPR probably has significant genetic heterogeneity and

CHD2, generalized epilepsy, IFIH1, NEXMIF, SYNGAPI1, TRIM8

Key points

« Pathogenic/likely pathogenic variants affect-
ing CHD2, NEXMIF, SYNGAP1, and TRIMS are
found in nearly 30% of EEM+ individuals

« Pathogenic variants affecting CHD2 and EEM+
can be considered a reasonable gene-disease
association

« The core genetic etiology of both EEM+ and
EEM-— remains to be elucidated

« This genetic study and recent literature suggest
that EEM is a spectrum of conditions, where
EEM with comorbidities may be a different en-
tity from isolated EEM

an overall complex genetic architecture, with linkage re-
ported to several loci.'! Photosensitivity is an abnormal
clinical sensitivity to flickering light, often associated
with PPR on EEG.'® Photosensitivity occurs in some ep-
ileptic encephalopathies, such as Dravet syndrome due
to SCNI1A variants and encephalopathy associated with
CHD2 variants.”>** CHD2 has also been implicated in ep-
ilepsy with photosensitivity due to 15q26.1 deletion.'” In a
study of 238 individuals with GGEs with photosensitivity,
de novo CHD?2 variants were found in three of 36 individ-
uals with EEM.'® Although this was the first gene to be as-
sociated with EEM, CHD2 variants had also been reported
in association with other epileptic conditions with varying
degrees of severity,'** all of which share photosensitiv-
ity. Thus, CHD?2 is currently considered a gene in which
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some variants are associated with photosensitive epilepsy
rather than with EEM in particular. Besides CHD2, vari-
ants in other genes have been reported in association with
an EEM phenotype, including SYNGAP1, NEXMIF, and
RORB. Loss of function variants in SYNGAPI variants
have been reported in people presenting with EEM asso-
ciated with moderate to severe intellectual disability (ID)
alone and in association with reflex eating seizures.'”'®
In one third of these individuals with SYNGAPI vari-
ant, the EEM evolved into myoclonic-atonic seizures or
atonic seizures.'"® NEXMIF loss of function variants have
been reported in females with delayed motor milestones,
impaired language development, moderate to profound
ID, behavioral abnormalities including autism-spectrum
disorder, and an early onset seizure phenotype consisting
of EEM overlapping with myoclonic-atonic epilepsy."
Variants in RORB have been found in people with EEM
associated with bilateral tonic-clonic seizures.”® In addi-
tion, variants in GABRA1 have been described in photo-
sensitive GGE.*!

These data suggest that the genetic etiology of EEM
is heterogeneous; however, the full spectrum is yet to be
discovered, and most studies have taken a candidate gene
approach. Here, we aimed to unravel the genetic etiology
of EEM using a genome-wide approach in a large cohort
of well-characterized individuals.

2 | MATERIALS AND METHODS

This research was approved by local review boards or eth-
ics committees (number 11/L0/2016). For all individuals,
written informed consent for research use of clinical and
genetic data was obtained from patients, their parents, or
legal guardians in the case of minors or those with ID.

Burden analysis was conducted by comparing the data
with control groups from the Epi25 Collaborative study.
Subjects were ascertained by the Epi25 Collaborative and
provided signed informed consent at the participating
centers according to local or national ethical requirements
and their standards at the time of collection. Data reuse
and analysis were approved by the Epi25 Collaborative
(cases) and dbGaP (controls).

2.1 | Selection of patients

Patients with an electroclinical diagnosis of EEM were
included in this study according to the ILAE criteria (fre-
quent EM, with or without absences, induced by eye clo-
sure and photic stimulation).? Exclusion criteria were any
of severe or profound ID (according to the Diagnostic and
Statistical Manual of Mental Disorders, 5th edition), major

Epilepsia-=

dysmorphism/organ defects suggestive of chromosomal
abnormalities, and a known genetic condition. Only pa-
tients selected by a neurologist with expertise in epilepsy
were enrolled. Clinical and neurophysiological features of
epilepsy, family history, general and neurological exami-
nation, neuroradiological findings, and drug history were
collected.

The cohort was subdivided into two groups based on
recent electroclinical studies* suggesting that EEM as-
sociated with other clinical features, including a higher
rate of ID and behavioral disorders, is a different entity
from "EEM-only,” with a more benign profile based on
seizure remission and a more favorable neuropsychiatric
outcome. Thus, the recruited individuals were divided
into EEM+ (EEM accompanied by ID or any other neu-
rodevelopmental/psychiatric disorder) and EEM— (no
ID or other neurodevelopmental/psychiatric disorder
associated).

Genomic DNA was obtained from peripheral blood
from patients and, where possible, their parents.

2.2 | Cohort description
The cohort comprises 151 individuals: 105 people with
EEM- or EEM+, and 46 parents. Whole exome sequencing
(WES) was undertaken at deCODE genetics (Reykjavik,
Iceland; 101 cases), the Telethon Institute of Genetics and
Medicine, (Naples, Italy; 18 cases), or University College
London (nine cases, including five Australian cases), or
through the Epi25 initiative (23 cases).

WES and quality control (QC) methods are described
in Data S1.

2.3 | Analysis of WES data

2.3.1 | Denovo variant analysis

Putative de novo variants (DNVs) in trios were identified
using DeNovoGear* and selected to have a nonreference
genotype in the child, and reference genotypes in both
parents. DNV calls were annotated using ANNOVAR?*
and selected based on the following filters: (1) posterior
probability for observing a de novo event (pp_dnm) > .9;
(2) scaled Combined Annotation Dependent Depletion
(CADD) score >20; and (3) gene harboring the variant is
among the 191 monoallelic or X-linked epilepsy-related
genes in the Genomics England UK 100 000 Genomes
Project (GEL) Genetic Epilepsy Syndromes (version
2.489) panel, and designated by GEL with a “green” rat-
ing (i.e., those for which there is a high level of evidence
for gene-disease [epilepsy] association).”*** Variants
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that remained following these filters were visually in-
spected using the Integrative Genomics Viewer (IGV)
browser,”® and further validated in proband and parents
using Sanger sequencing technology, where polymerase
chain reaction primers were designed to amplify the tar-
get regions harboring the variant and the products were
Sanger sequenced and analyzed on a 3130XL instrument.
Variants with only pp_dnm > .9 and CADD score >20
were categorized as “technical candidates” and inspected
in IGV if considered clinically relevant by comparing the
neuropsychiatric/epilepsy phenotype reported in the lit-
erature (PubMed) in association with variants in that spe-
cific gene and the phenotype of the individual carrying the
specific variant. Clinical relevance was considered when
the phenotype overlapped (e.g., reported EM with/with-
out absences, with/without neuropsychiatric conditions).
The pathogenicity of the DNVs was evaluated according to
the American College of Medical Genetics and Genomics
Association (ACMG) guidelines.27 This de novo analysis
thus identified individuals with EEM carrying a DNV in a
gene already linked with the condition.

2.3.2 | Screening of candidate genes
associated with photosensitivity in epilepsy

The WES data of the entire cohort were screened for vari-
ants in five genes (CHD2, NEXMIF, GABRA1, SYNGAPI,
and RORB) known to be associated with photosensitivity
and EM as described.”'*!'®?1%® ANNOVAR?® was used
for variant annotation. The variants were not filtered for
frequency or CADD scores.”’ These variants were visu-
ally inspected using the IGV browser,*® and the variants
confirmed in IGV were further validated using Sanger
sequencing. ACMG guidelines were used to evaluate the
pathogenicity of these variants.

To establish the quality and reliability of the variants,
the whole exome coverage of each individual of the cohort
and the coverage of the capture kit intervals containing
these five candidate genes were estimated using Genome
Analysis Toolkit v3.5.*° One consistently inadequately
covered interval (<90% coverage at 10x in all exomes) in
the CHD2 gene (15:93521465-93521613) was separately
Sanger sequenced in 58 cases with available DNA.

2.4 | Screening for candidate genes
associated with epilepsy

The entire cohort was screened for rare variants across
the canonical coding sequences of 191 monoallelic or
X-linked epilepsy-related genes from the GEL Genetic
Epilepsy Syndromes (version 2.489) panel.*** Only

genes designated by GEL with a “green” rating (i.e.,
those with high level of evidence for gene-disease asso-
ciation) were included. ANNOVAR? was used for vari-
ant annotation, and the Genome Aggregation Database
(gnomAD) dataset was used for variant filtering based on
allele frequency and allele count. The filtering criteria for
the variants were (1) exonic function: nonsynonymous
or splicing; (2) gnomAD allele frequency < .0005 and
gnomAD allele count <8; and (3) classified as deleteri-
ous using at least one prediction tool (Sorting Intolerant
From Tolerant [SIFT] score < .0574, PolyPhen score >
.1575). The clinical relevance of the filtered variants was
then evaluated by comparing the neuropsychiatric and
epilepsy phenotype reported in the literature (PubMed)
in association with variants in that specific gene and the
phenotype of the individual carrying the specific variant.
The variant was considered to be clinically relevant if the
phenotype was overlapping (reported EM with/without
absences, with/without neuropsychiatric conditions).
The pathogenicity of the variants was evaluated using the
ACMG criteria.

2.5 | Autosomal recessive
model of analysis

A detailed description is available in Data S1.

2.6 | Burden analysis
The study cohort was generated by combining data from
different studies after the QC and restricting to the sam-
ples of European ancestry (total number=794). It com-
prises cases with EEM (n=100), Italian controls from the
Epi25 Collaborative (n=319), controls from the MIGen
(Myocardial Infarction Genetics) Consortium (n=72),
and controls from an Alzheimer study (n=303). The data
generation process for the Epi25 Consortium has been
described.*!

A detailed explanation of the variant calling, QC, and
statistical analysis is provided in Data S1.

3 | RESULTS

3.1 | Clinical features of the population

Genomic DNA from 105 individuals (75 females) was col-
lected from three countries (Italy, the UK, and Australia).
DNA was available from both parents for 24 individuals
(trios) of whom two were siblings (thus, we sequenced 46
parents). The remaining 81 were singletons; among these,
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we also had four siblings from Family EEM_27, two sib-
lings from Family EEM_28, and two from Family EEM_29.
A total of 151 individuals were sequenced. Seventy-seven
subjects were classified as EEM— (20 singletons) and 28 as
EEM+ (19 singletons). Clinical details are summarized in
Table 1, with further details in Table S1.

3.2 | Genetic results

3.2.1 | De novo analysis of trios

The DNVs discovered in our cohort are summarized in
Table 2. We identified four DNVs from four trios, which
can be deemed pathogenic according to ACMG guide-
lines and will be discussed here. Twenty-three “techni-
cal candidates” were also identified in 11 individuals,
but the function of the genes and/or available data on
related phenotype are not strong enough to support any
conclusion on these variants, which thus remain vari-
ants of unknown significance (VUSs; summarized in
Table S2).

The proband of trio EEM_16 had a missense DNV in
CHD2 (NM_001271: ¢.4598T>G, p.Leul533Arg) that was
not present in gnomAD and hence novel. This variant
was predicted to be damaging/deleterious by PolyPhen
and SIFT and showed a CADD score of 32. This individ-
ual had an EEM+ phenotype, with ID and psychiatric
disturbances. She had only EM with absences, which
were often self-induced or precipitated by stress or inter-
mittent photic stimulation. A second DNV in CHD2 was
found in the proband of trio EEM_19 (NM_001271.4:
€.3455+2T>G). This splicing variant had a CADD score
of 25.9 and was absent in gnomAD. This individual also

TABLE 1 Demographic characteristics of the population.

Characteristic n

Population
Clinical classification

Age at present study, years 30 (mean)

Family history 71 yes
31 no
3NA

ID 31 yes
4 borderline ID
68 no
2NA

Onset of epilepsy 7.68years old

105 affected individuals (30 M, 75 F)

Epilepsia-=

had an EEM+ phenotype consisting of ID, behavioral
problems, and self-induced, stress- or intermittent pho-
tic stimulation-precipitated EM with absences. No other
seizure types were reported. For this case, we also ob-
tained RNA from fresh blood and performed a Northern
blot analysis showing that the variant leads to the dele-
tion of exon 27 (skipping of the exon) compared to the
wild type. The two CHD2 variants reported in this study
are novel.

The proband of Family EEM_05 had a frameshift
deletion in NEXMIF (NM_001008537: c.2171delG,
p.Ser724fs) that was absent in gnomAD. As described,*
she had drug-resistant epilepsy starting at the age of
9years with recurrent episodes of prolonged nonconvul-
sive status epilepticus characterized by mydriasis, EM,
and reduced responsiveness to environmental stimuli.
She also had mild ID and was thus classified as having
EEM+.

The proband of Family EEM_03 had a novel de novo
frameshift insertion in TRIM8 (NM_030912: c.1154dupA,
p-Glu385fs), with a CADD score of 32. This variant was
absent in gnomAD. TRIMS has been little studied; how-
ever, one report on this gene suggests its association with
epileptic encephalopathy and absences and a possible as-
sociation with nephrotic syndrome.* EM was specifically
reported in one individual: Patient 2 from Allen et al.'?
Our proband had an EEM+ phenotype consisting of be-
havioral disturbances, language disorder, drug-resistant
EM associated with bilateral tonic-clonic seizures, and
other comorbidities (multiple breast fibroadenoma, pus-
tular acne, keloids). Nephrotic syndrome was excluded
in our patient. Notably, the gene product is expressed in
the brain, breast, and skin, and is downregulated in breast
cancer.*

Details/range
81 singletons
24 from trios

77 EEM—
28 EEM+

Range=11-83

Range = .75-20years old

Abbreviations: EEM, epilepsy with eyelid myoclonia; F, female; ID, intellectual disability; M, male; NA, not available.
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TABLE 2 List of four pathogenic/likely pathogenic de novo variants identified in four affected probands.

Computational analysis
score, PolyPhen-2 and

SIFT

cDNA CADD scores Clinical

Position

Gene

classification ACMG classification

(Phred scaled)

Consequence change Protein

name (NCBI.37)

Family

Pathogenic (PS2, PM2)
Pathogenic (PS2, PM2)

EEM+
EEM+

32
34

Unknown

p-Glu385fs

c.1154dupA
c.2171delG

Frameshift insertion

10:104416609

TRIMS
NEXMIF  X:73962221

EEM_03
EEM_05

COPPOLA ET AL.

Damaging (1); deleterious

p-Ser724fs

Frameshift deletion

(.01)
Damaging (1); deleterious

Pathogenic (PS2, PM2)

EEM+

p-Leul533Arg

c.T4598G

15:93555580 Missense

CHD2

EEM_16

(0)

No change in donor site

Pathogenic (PS2, PM2)

EEM+

25.9

c.3455+2T>G NA

Splice site

15:93534749

CHD2

EEM_19

Abbreviations: CADD, Combined Annotation Dependent Depletion; EEM, epilepsy with eyelid myoclonia; NA, not available; SIFT, Sorting Intolerant From Tolerant.

3.2.2 | Screening of the five EEM
candidate genes

The variants identified through screening of CHD2,
NEXMIF, GABRA1, SYNGAPI1, and RORB genes in our
cohort are summarized in Table 3.

Ten variants were identified in these five candidate
genes. Two novel DNVs in CHD2 (in probands of Families
EEM_16 and EEM_19) and one in NEXMIF (proband of
Family EEM_05) have already been reported above (see
Tables 2 and 3 for comparison).

Four more CHD2 variants (NM_001271: c.4173dupA,
p.GIn1392Tfs*17; NM_001271: c.3454C>T, p.Arg-
1152Trp; NM_001271.3: ¢.2577+7T>C; and NM_001271.3:
c.3734dupA, p.Tyr1246llefsTer13) were identified in four
different singletons. The NM_001271.3: c.3734dupA,
p.Tyr1246llefsTer13 variant causing a frameshift insertion
was observed in EEM_AUS_24, an individual with EEM+
(EEM, mild ID, and severe depression associated with
mania). This variant could not be Sanger confirmed, because
further DNA was not available for testing. Computational ev-
idence and family information were not available. However,
we could classify the variant as pathogenic according to the
ACMG, as it is frameshift within a gene where loss of func-
tion is a known mechanism of disease. Furthermore, this
variant was previously reported as a de novo pathogenic
variant in an individual with EEM,'® and in another unre-
lated individual with Lennox-Gastaut syndrome.*

The missense CHD2 variant (NM_001271: ¢.C3454T,
p. Argl152Trp) was identified in EEM-AUS-21, an indi-
vidual with EEM+ (EEM, mild ID, language delay, au-
tism spectrum disorder). This variant had a CADD score
of 34 and was predicted to be damaging and deleterious
by PolyPhen and SIFT, thereby supporting pathogenic-
ity according to ACMG guidelines.?” The same variant
was reported in ClinVar as a likely pathogenic vari-
ant for developmental and epileptic encephalopathy.*
Sanger sequencing confirmed the variant; the variant
was not found in the parents; thus, it was considered de
novo and classified as pathogenic according to ACMG
guidelines.

A splice site variant in CHD2 (NM_001271.3:
¢.2577+7T>C) was observed in EEM-BR-05. This indi-
vidual had only EEM. The same variant was confirmed
by Sanger sequencing and also found in the unaffected
mother. There is a matrilineal history of epilepsy (not oth-
erwise specified). The higher gnomAD minor allele fre-
quency (.003) and the nonsegregation with the condition
support a benign classification for this variant, according
to the ACMG guidelines. Our observation supports an
earlier ClinVar report that also classified this variant as a
benign variant in the case of developmental and epileptic
encephalopathy.
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We identified a novel frameshift variant in CHD2
(NM_001271.3: c.3734dupA), in EEM-CT-11, an EEM+
individual with mild ID. This variant was confirmed
through Sanger sequencing. Although we lack family
data, we could classify the variant as pathogenic according
to the ACMG, as it is frameshift within a gene where loss
of function is a known mechanism of disease.”’

A novel variant in NEXMIF (NM_001008537: c.G370A,
p-Alal124Thr) was observed in one singleton (EEM-CT-10).
This individual is a female who had EEM. Multiple lines
of computational evidence (PolyPhen score and predic-
tion=0, benign; SIFT score and prediction = .318, toler-
ated; CADD score = .866) support a benign impact.?’

Two further rare novel variants were identified in
SYNGAPI (NM_006772: ¢.1531+41G>T) and GABRAI
(NM_000806: ¢.C1051A, p.Pro351Thr). The former was a
splice site variant found in EEM-AUS-22, an individual
with EEM+ (EEM with developmental delay, speech and
language disorder, and mild to moderate ID, drug resis-
tance, and ataxia). Sanger sequencing confirmed the vari-
ant in the proband and its absence in parents; thus, it was
considered de novo. According to ACMG guidelines, the
absence in gnomAD and the de novo nature of the vari-
ant support pathogenicity.”” The GABRAI (NM_000806:
c.C1051A, p.Pro351Thr) variant was missense, found in
EEM-UK-02, an individual with EEM—, with a CADD
score of 24.2 and predicted to be probably damaging
(PolyPhen score = .497) but tolerated (SIFT score = .201).
This variant could not be Sanger confirmed. Due to the
lack of segregation data and computational evidence, the
variant was classified as a VUS. We did not find any vari-
ants of interest in RORB.

3.2.3 | Screening of 191

monoallelic or X-linked epilepsy-related genes
in the GEL Genetic Epilepsy Syndromes
(version 2.489) panel

The 56 variants from this analysis are tabulated in
Table S3. Seven variants occurred in more than one indi-
vidual: six in two individuals and one in three individuals
(Table 4).

Three variants (CACNAIE [NM_001205294: c.G6161A,
p-Arg2054His|, MBD5 [NM_018328: ¢.C1535T, p.Ser-
512Phe], NBEA [NM_015678: c.A4631G, p.N1544S]) were
present in a proband and an unaffected parent. These vari-
ants were likely benign due to their lack of segregation.

A variant in IFIHI (NM_022168: c.G1853A, p.Arg-
618GIn) was found in a proband (EEM-MO-04) affected
by EEM and her unaffected mother. There was a matrilin-
eal history of epilepsy (two cousins and one aunt with ep-
ilepsy). Multiple lines of computational evidence support

Epilepsia-*

a deleterious effect on the gene and support pathogenicity
according to ACMG guidelines; it was classified as likely
pathogenic.

A variant in DNMIL (NM_001278463: c.C305T,
p.Thr102Met) was found in three individuals: two un-
related affected individuals and the unaffected mother
of one of them (with an unspecified matrilineal family
history of epilepsy). This variant has a gnomAD fre-
quency of .000223471 and a CADD score of 26.7, and
was predicted to be damaging (PolyPhen score = .951)
but tolerated (SIFT score = .173). Further information
on the cosegregation of this variant with the disease in
multiple affected family members is required to confirm
the pathogenicity of this variant according to ACMG
guidelines.?’

Two variants were found in two unrelated individu-
als; the variant CACNAIG (NM_001256332: ¢.A3372C,
p.Glu1124Asp) was found in an individual whose parents
were not available for testing and one unaffected father
whose affected child did not carry the variant. This variant
is predicted to be damaging (PolyPhen score = .938) but
tolerated (SIFT score = .239), with a CADD score of 23.9.
The variant was reported in gnomAD with a frequency
of .0000637105 and was classified as a VUS. The variant
in SETBP1 (NM_001130110: c.G46A, p.Glul6Lys) was
found in two unrelated, affected individuals (EEM-BR-02,
whose parents were not available for testing; and EEM-
SS-13, whose three affected siblings that did not carry the
variant). This variant was predicted to be probably dam-
aging (PolyPhen score = .538) and deleterious (SIFT score
= .006), with a CADD score of 24.7. The variant was re-
ported in gnomAD with a frequency of .000063743 and
was classified as a VUS.

The remaining 41 variants were unique in the proband
cohort (present in only one individual); five variants oc-
curred in unaffected parents as well. At present, there
is not sufficient evidence to state that the remaining 36
variants could be associated with the EEM phenotype ob-
served in these cases. Thus, these remaining variants are
not discussed further.

3.24 | Autosomal recessive model of analysis
The cohort did not show any homozygous candidate
variants for EEM. However, possible compound het-
erozygosity was found in 10 individuals (six singletons,
one unaffected mother, one proband and the unaffected
mother of the proband, one unaffected father). IGV con-
firmed two heterozygous variants; results are summarized
in Table S4. We could not determine whether these hete-
rozygous variants are compound heterozygous, and these
variants are not discussed further (Table 4).

85U8017 SUOWILLOD 3ATe81D 3(dedl|dde ay) Aq peusenob ase sspile YO ‘8sn Jo S9N 1o} AriqiT8uljuO A1\ UO (SUONIPUCD-PUR-SLLBILID S| 1M AlRIq 1 BU1UO//SANY) SUORIPUOD PUe SWB | 8L 88S *[5202/£0/TZ] Uo ArIgiTauliuo A8|IM ‘euspo|N AISeAIuN AQ 668, T°IdS/TTTT OT/I0p/L00" A3 1M Aelq 1 BulUo//Sdny Woly pepeojumod ‘€ ‘¥Z0g ‘Z9TT8ZST



ME i e Si ‘a@ COPPOLA ET AL.

pilep

TABLE 3 Variants identified through screening of CHD2, NEXMIF, GABRA1, SYNGAP1, and RORB genes.

Position

Sample Gene name (NCBI.37) Consequence cDNA change
EEM-AUS-24 CHD2 15:93545442 Frameshift insertion c.4173dupA
EEM-AUS-21 CHD2 15:93534746 Missense ¢.C3454T
EEM-BO-09 (EEM_19 proband) CHD2 15:93534749 Splice site €.3455+2T>G
EEM-BO-06 (EEM_16 proband) CHD2 15:93555580 Missense ¢.T4598G
EEM-BR-05 CHD2 15:93518187 Splice site c.2577+7T>C
EEM-CT-11 CHD2 15:93540315 Frameshift variant c.3734dupA
EEM-MO-02 (EEM_05 proband) NEXMIF X:73962221 Frameshift deletion c.2171delG
EEM-CT-10 NEXMIF X:73964022 Missense c.G370A
EEM-AUS-22 SYNGAPI 6:33406341 Splice site c.1531+1G>T
EEM-UK-02 GABRAI 5:161322866 Missense c.C1051A

Abbreviations: ACMG, American College of Medical Genetics and Genomics Association; CADD, Combined Annotation Dependent Depletion; EEM,

epilepsy with eyelid myoclonia; NA, not available; SIFT, Sorting Int

olerant From Tolerant.

TABLE 4 List of shared variants, identified in the cohort, in 191 epilepsy-related genes of the GEL Genetic Epilepsy Syndromes

(version 2.489) panel.
Position

Sample Gene name (NCBI.37) Consequence cDNA change Protein
EEM_22 mother CACNAIE 1:181765942 Missense c.G6161A p-Arg2054His
EEM-SS-05 (EEM_22 proband) CACNAIE 1:181765942 Missense c.G6161A p.Arg2054His
EEM_16 father CACNAIG 17:48676971 Missense c.A3372C p-Glul124Asp
EEM-TO-01 CACNAIG 17:48676971 Missense c.A3372C p-Glul124Asp
EEM-NA-05 DNMIL 12:32861094 Missense c.C305T p-Thr102Met
EEM-NA-03 (EEM_03 proband) DNM1L 12:32861094 Missense ¢.C305T p-Thr102Met
EEM_03 mother DNMIL 12:32861094 Missense ¢.C305T p-Thr102Met
EEM-MO-04 (EMA_06 proband) IFIH1 2:163134116 Missense c.G1853A p-Arg618GIn
EEM_06 mother IFIH1 2:163134116 Missense c.G1853A p-Arg618GIn
EEM-MO-09 (EEM_10 proband) MBD5 2:149227047 Missense ¢.C1535T p-Ser512Phe
EEM_10 mother MBD5 2:149227047 Missense c.C1535T p-Ser512Phe
EEM-BO-09 (EEM_19 proband) NBEA 13:35751209 Missense c.A4631G p-Asnl544Ser
EEM_19 father NBEA 13:35751209 Missense c.A4631G p-Asnl544Ser
EEM-BR-02 SETBP1 18:42281357 Missense c.G46A p-Glul6Lys
EEM-SS-13 (EEM_27 proband) SETBPI 18:42281357 Missense c.G46A p-Glul6Lys

Abbreviations: ACMG, American College of Medical Genetics and Genomics Association; CADD, Combined Annotation Dependent Depletion; EEM,
epilepsy with eyelid myoclonia; SIFT, Sorting Intolerant From Tolerant; TCS, tonic—clonic seizure.

3.2.5 |

Burden analysis

4

DISCUSSION

After performing a stringent sample QC and excluding
outliers (see Table S5, Figures S1-S6), we included 694
controls and 100 cases in the downstream analysis. No sig-
nificant inflation was identified (QQ-plots, Figures S8-S10;
values given in Table S6).

We did not identify any single burdened gene or gene
set (Figures S11-S13).

We conducted a genetic study using WES on a cohort of
105 individuals affected by EEM. At a genome-wide level,
we did not identify any single burdened gene-carrying var-
iants causing EEM. Our sample size may still be too small
to identify any such gene. Our results do demonstrate, on
the other hand, that the phenotypic umbrella of EEM is
genetically heterogeneous.
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Computational analysis score, CADD scores (Phred Clinical
Protein PolyPhen-2 and SIFT scaled) classification ACMBG classification
p-GIn1392Thrfs*17 Unknown 23.3 EEM+ Pathogenic (PVS1)
p-Argl152Trp Damaging (1); deleterious (0) 34 EEM+ Pathogenic (PS2, PM2)
NA No change in donor site 25.9 EEM+ Pathogenic (PS2, PM2)
p.Leul533Arg Damaging (1); deleterious (0) 32 EEM+ Pathogenic (PS2, PM2)
NA No change in donor site 11.51 EEM— Benign (BP4, BS1)
p.Tyr1246IlefsTerl3 Unknown; deleterious (.01) 33 EEM+ Pathogenic (PVSI1, PM2)
p-Ser724fs Damaging (1); deleterious (.01) 34 EEM+ Pathogenic (PS2, PM2)
p-Ala124Thr Benign (0); tolerated (.318) .866 EEM— Benign (BP4)
NA No change in donor site 24.2 EEM+ Pathogenic (PS2, PM2)
p.Pro351Thr Probably damaging (.497); 24.2 EEM Unknown significance
tolerated (.201)

Computational analysis score, PolyPhen-2 CADD scores
and SIFT (Phred scaled)
Damaging (.938); tolerated (.239) 23.9
Damaging (.938); tolerated (.239) 23.9
Damaging (.983); tolerated (.307) 10.35
Damaging (.983); tolerated (.307) 10.35
Damaging (.951); tolerated (.173) 26.7
Damaging (.951); tolerated (.173) 26.7
Damaging (.951); tolerated (.173) 26.7
Damaging (.999); deleterious (0) 35

Damaging (.999); deleterious (0) 35

Benign (.147); deleterious (.007) 20.7

Benign (.147); deleterious (.007) 20.7

Benign (.213); deleterious (.007) 22.5

Benign (.213); deleterious (.007) 22.5

Probably damaging (.538); deleterious (.006) 24.7

Probably damaging (.538); deleterious (.006) 24.7

Clinical classification ACMG classification
Unaffected Likely benign (BS4)
EEM—

Unaffected Unknown significance
EEM—

EEM— Unknown significance
EEM+

Unaffected (maternal
grandmother is affected by

bilateral TCS)
EEM— Likely pathogenic (PP3)

Two cousins and one aunt from
mother's side with epilepsy

EEM— Likely benign (BS4)
Unaffected

EEM+ Likely benign (BS4)
Unaffected

EEM— Unknown significance
EEM+

Overall, we found nine variants that we could clas-
sify as pathogenic/likely pathogenic in the entire co-
hort (9/105, 8.6%); among these, eight were found in
the EEM+ subcohort (8/28, 28.6%), with only one found
in the EEM— subcohort (1/77, 1.3%). Overall, the yield
of our testing is low; however, considering that the
majority of the pathogenic variants were found in the
EEM+ group, our yield is closer to what is commonly
reported in WES studies in people affected by epilepsy

and neurodevelopmental disorders (up to 40%).>"*

Our results are also in line with a recent electroclinical
study* that defined two clinical EEM clusters: cluster 1
or “EEM-plus,” where EEM is associated with a higher
rate of ID, behavioral disorders, earlier age at epilepsy
onset, EM status epilepticus, generalized paroxysmal
fast activity, self-induced seizures, febrile seizures, and
poor drug response; and cluster 2 or “EEM-only,” with
a more benign profile based on seizure remission and a
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more favorable neuropsychiatric outcome.* EEM-plus
does not completely overlap with our EEM+ classifica-
tion. However, ID and behavioral disorders are shared
features of EEM-plus and EEM+ and are also features
shared with the group of patients with epilepsy with
the highest chance of an underlying genetic cause. On
the other hand, EEM-only completely overlaps with our
definition of EEM— and sits more comfortably with the
ILAE-defined broad category of GGE. Taken together,
the published clinical study and our data confirm that
EEM is a spectrum of conditions; EEM with comorbidi-
ties may be a different entity from isolated EEM.

Focusing on the single affected genes, we identified
a pathogenic variant in CHD?2 in five individuals (5/105,
4.76% of our cohort; among these, three are novel). All of
these were found in individuals whose clinical history was
classified as EEM+. Variants affecting CHD2 have already
been reported in a wide range of epileptic conditions. The
common denominator across these conditions appears
to be photosensitivity, which may occur alone, or in the
context of a GGE, a myoclonic-atonic epilepsy, or EEM."
CHD?2 variants have also been reported in a more severe
phenotype, with ID and behavioral problems.”* CHD2
variants have not yet been associated with EEM—. Thus,
we suggest that CHD2-EEM+ can be considered a reason-
able gene-disease association.

One rare pathogenic variant affecting NEXMIF was
found in an individual with EEM+. NEXMIF pathogenic
variants have been reported in individuals with ID, autism
spectrum disorder, and epilepsy. NEXMIF lies on the X
chromosome, and males show a more severe phenotype
than females, including severe ID, West syndrome, and
Lennox-Gastaut syndrome.19 Females typically show a
milder phenotype, with a clinical presentation overlapping
between EEM and myoclonic-atonic epilepsy. Interestingly
Stamberger et al. reported that 24% of their studied cohorts
fit the clinical diagnosis of EEM." These individuals were
all females with ID and/or behavioral problems,'® further
supporting the association of EEM+ with NEXMIF.

Another two pathogenic variants were found in two
other individuals with EEM+, one in SYNGAPI and one in
TRIMS. Variants in SYNGAPI cause a developmental epilep-
tic encephalopathy with a distinctive syndrome combining
EEM and myoclonic-atonic seizures, as well as a predilec-
tion to seizures triggered by eating.'® Similar to individuals
with NEXMIF variants, EEM has been reported only in
individuals with SYNGAPI variants associated with ID/be-
havioral problems, providing further evidence to strengthen
the association of EEM+ with SYNGAP]I. Variants affecting
TRIMS are associated with a complex phenotype featuring
epilepsy, neurodevelopmental delay, and nephrotic syn-
drome.”’ The epilepsy phenotype has been reported in 16
individuals with de novo truncating variants, including 11

individuals with early onset, drug-resistant focal or gener-
alized epilepsy, comorbid with ID. In these individuals, the
epilepsy phenotype has not been described in detail; one in-
dividual had hippocampal sclerosis on magnetic resonance
imaging™; three individuals had early onset, drug-resistant
developmental and epileptic encephalopathy, of whom one
had electrical status epilepticus during sleep**; one individ-
ual had infantile spasms*'; and one had early onset EEM
with developmental delay and ID, in keeping with our
classification of EEM+.'* Of interest, TRIMS is expressed
in brain, breast, and skin.>* Expression of the murine ho-
mologue, Trim8, is broad across the brain of 2-week-old
wild-type mice and enriched in the dendritic regions of
hippocampal neurons and Purkinje cells.” Although the
evidence for the association between TRIM8 and EEM+ is
not as robust as for CHD2, NEXMIF, and SYNGAPI, it may
represent a new association.

In individuals with EEM—, we identified only one
likely pathogenic variant, affecting the gene IFIHI, in
which heterozygous variants have been so far described in
an Arabic population with Aicardi-Goutiéres syndrome, a
condition that can feature epileptic encephalopathy asso-
ciated with various degrees of neurodevelopmental delay
and basal ganglia calcification.** This variant was classi-
fied as pathogenic; however, the phenotype of our proband
did not fit Aicardi-Goutieres syndrome. Although this as-
sociation can be considered plausible based on the genetic
criteria, additional cases are needed before considering
IFIH] variants and EEM— an established association.

We also found 23 DNVs whose predicted computa-
tional scores support pathogenicity. However, these genes
have not yet been associated with an epilepsy phenotype,
and the available data on their function were not strong
enough to underpin any conclusion. More data are needed
for these genes and may emerge from ongoing genetic
studies in epilepsies.

In conclusion, the core genetic etiology of both EEM+
and EEM— remains to be elucidated; most cases in our co-
hort did not have an identified genetic cause; if one exists,
it may emerge from studies of common variation and lie
in oligo- or polygenic frameworks.
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