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Abstract

The field of epilef)sy genetics is advancing rapidly and epilepsy is emerging as a frequent
indication i@gnostic genetic testing. Within the larger ClinGen framework, the ClinGen
Epilepsy gon Expert Panel is tasked with connecting two increasingly separate
H I
fields: theqlomain of traditional clinical epileptology, with its own established language and
cIassificat@ia, and the rapidly evolving area of diagnostic genetic testing that adheres
to formal guit for gene and variant curation. We identify critical components unique to
the epilepsy gene curation effort, including: (1) precise phenotype definitions within existing
disease a type ontologies; (2) consideration of when epilepsy should be curated as

a distinctfdisease entity; (3) strategies for gene selection; and (4) emerging rules for

f

evaluatin jbnal models for seizure disorders. Given that de novo variants play a
prominent fol many of the epilepsies, sufficient genetic evidence is often awarded early
in the cura rocess. Therefore, the emphasis of gene curation is frequently shifted
towar ive precuration process to better capture phenotypic associations. We

demonstrSe that within the spectrum of neurodevelopmental disorders, gene curation for
epilepsy-a d genes is feasible and suggest epilepsy-specific conventions, laying the

groundwor a curation process of all major epilepsy-associated genes.

-

KeyworMy; clinical validity; ClinGen/Clinical Genome Resource; gene-disease

association': e;ii;tic encephalopathy

<
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Background

Epilepsy is one of the most common brain disorders, affecting up to 3 million people in the

United St@ith an annual cost to the US healthcare system of up to 15 billion USD.
Despite t ity of a growing number of anti-epileptic medications, up to 30% of
H

persons With epilepsy have treatment-resistant seizures, significantly impacting quality of
life and p@tients at risk for various comorbidities and complications including death
(Moshe, efgal 15). Epilepsy can develop in the setting of structural changes to the brain
such as in:urie or malformations. However, in a significant proportion of patients, no

structural ns can be identified through neuroimaging (Thomas and Berkovic, 2014).

Twin studiés demonstrate a strong genetic contribution to various epilepsy types, and family

studies sm strong genetic influence on a population level (Berkovic, et al., 1998;

Peljto, et 4; Vadlamudi, et al., 2004). Novel technologies to generate large scale

genetic dataE led to various breakthroughs in rare pediatric epilepsies, where precision
medici hes are already applied (Epi, et al., 2013; Epi, 2015; Euro, et al., 2017; Reif,
et al,, 2012.

With the of next-generation sequencing technologies, the last decade has seen an
explosion o sative genes identified in patients with epilepsy and neurodevelopmental
disorde&rrently more than 40 genes are considered bona fide causes of genetic
epilepsi that pathogenic variants in these genes are identified in patients with
epilepsy on a r;;Iar basis in a clinical and research setting. Most of these genes are linked
to devq and epileptic encephalopathies, severe epilepsies with an early age of
onset and m le associated comorbidities. The genetic testing landscape is extremely
diverse ranging from targeted testing including single gene assays to exome or genome

sequencing. Targeted epilepsy gene panel approaches are equally diverse, with some

5
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focusing on bona fide genes causing primary epilepsy and other larger gene panels often
including ienes related to syndromic disorders or candidate genes related to epilepsy due to
their cellul functional roles.

Given tha a dynamic disease occurring over time, it is the hope in the field that
H

genetic fiRdings can be used to guide therapy and improve patient outcomes (Epi, 2015).

]

However, fusing Ygenetic data for patient treatment requires that genetic findings are

systematicall tted for the association with a given disease entity. While scientific

SC

publications ongene discovery have a focus on novelty, there are few mechanisms to track
the emerjence for genes over time and to systematically assess their validity within
a diseaseEext. The Clinical Genome Resource (ClinGen) Gene Curation Expert Panel
offers suc hanism by providing an evidence-based framework to assess the clinical
validity of “sp@éffic gene-disease associations using available genetic and experimental
evidence. is an NIH-funded initiative dedicated to identifying clinically relevant

genes s for use in precision medicine and research (Rehm, et al., 2015). One of

the main @lasks of the ClinGen Consortium is the assessment of the validity gene-disease

associatioQg the question whether variation in a certain gene has sufficient evidence
i

to be cons causative for a particular phenotype. To this end, the ClinGen Consortium
has d formal framework to evaluate genetic and experimental evidence
support sputing a gene-disease relationship (Strande, et al., 2017). This framework
will then form basis to assess variants within these genes based on guidelines, such as
the rec ations by the American College of Medical Genetics and Genomics

(Richards, et af015). Deposition of variants in curated genes in public archives such as
ClinVar (Landrum, et al., 2016) will then allow variant information to be used in diagnostic

and research settings. However, prior to considering evidence for a particular variant and

6
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considering potential actionability of genetic testing, sufficient evidence for the involvement

of a gene within the context of a particular disease needs to be established.

{

The ClinG ilepsy Gene Curation Expert Panel is tasked with assessing the validity of
gene-dise tions related to human epilepsy within the formal, evidence-based
H

gene curation framework of the wider ClinGen Consortium, with the ultimate goal that

these findings willl inform future decisions about gene selection for diagnostic tests and

C

future stu o precision medicine approaches. In parallel, the epilepsy field has a rich

LS

tradition in studying genetic causes of human epilepsy that is traditionally focused on
phenotypi current manuscript describes the pilot activities during the first year of

the ClinGEn Epilepsy Gene Curation Expert Panel, with an emphasis on harmonization

[

between al clinical epilepsy concepts and the ClinGen framework to lay the

e

groundwork f larger gene curation effort in the future.

M

Metho ts

Compositiofr of the ClinGen Epilepsy Gene Curation Expert Panel

[

The ClinG ilepsy Gene Curation Expert Panel has been active since June 2017 and

g

consists o xture of clinical epileptologists, medical geneticists, genetic counselors,

h

clinical_m@lecular geneticists, basic scientists, and biocurators. The composition of the

{

workin international, with members from the US, Europe, and Canada. The

ClinGen Epilep Gene Curation Expert Panel is embedded within the ClinGen

J

Neurodev ntal Disorders Clinical Domain Working Group (CDWG) that also includes

A

the Intellec isability/Autism Gene Curation Expert Panel and the Rett/Angelman-like
disorders Variant Curation Expert Panel. Two epilepsy gene-specific variant curation expert

panels are planned as future components of the Neurodevelopmental Disorders CDWG

7
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including the KCNQ2 Expert Panel and the NMDA receptor Variant Curation Expert Panel

(GRIN1, GRIN2A, GRIN2B, GRIN2D). The ClinGen Epilepsy Gene Curation Expert Panel is also

affiliated mnternational League Against Epilepsy (ILAE) Genetics Commissions

through p rship in the Genetics Commission during the 2014-2017 for Ingo Helbig
H

and Heater Mefford and current affiliation for the 2017-2020 term through the

d

“Epilepsiofine” k Force, linking the ClinGen gene curation activities with the genetic

G

literacy sewhe ILAE Genetics Commission (Helbig, et al., 2016; Tan, et al., 2015) and

peer-to-peer communication through a dedicated blog (“Beyond the lon Channel”;

epilepsygEet).

Strategies mlection
Within th panels of the Neurodevelopmental Disorders CDWG, various strategies

were u§ct a set of genes for initial curation (Figure 1). Given the frequent use of
dedica nels in a clinical setting, the epilepsy expert panel decided to focus on a
limited ngber of genes as the first goal of gene curation, curating the “average gene
panel” us inical practice. In order to identify commonly tested genes, we compiled a
list of 2,70 s from 236 commercial gene panels through a query of the Genetic Testing
Registry fog tests with the keywords “seizure OR epilepsy” (Rubinstein, et al., 2013). In order

to selemm a primary epilepsy phenotype as opposed to genes with epilepsy as a

contributing fea§re, we compiled a condensed gene list of 123 genes, combining evidence
from Iite&{yne, et al., 2018; Lindy, et al., 2018), and expert opinion. Out of this gene
list, 29 gene selected for the pilot phase and for the precuration process, a review of
published phenotypes prior to initiating the formal curation process (discussed below).

Genes with primary syndromic or non-epilepsy neurodevelopmental phenotypes including

8
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autism and intellectual disability were excluded, such as ZEB2 for Mowat-Wilson Syndrome.

In addition, genes primarily associated with a Rett-like phenotype such as MECP2 or CDKL5

{

were rem om the gene list, given the existence of a dedicated working group for

these co hin ClinGen. For some genes, an iterative review after a primary
H

curation revealed that further precuration is required to determine the clinical validity

of gene fal a spegific epilepsy phenotype (example GRIN1). The list of precurated genes will

G

then und formal gene curation process after selecting and possibly refining an

adequate epilepsy phenotype within the MONDO disease ontology (Figure 2). The pilot

US

phase of en Epilepsy Expert Panel highlighted issues related to traditional clinical

epilepsy dlassification for which we developed an iterative process to systematically curate

£

epilepsy-a igted genes, which is currently in process.

d

Piloting epi ne curation

The Cli curation framework uses a dedicated gene curation interface (GCl) and
Monarch gisease Ontology (MONDO) for the specification of the disease entity of interest.
During the &i ear, an iterative process was adopted to initiate gene curation on a few
select gen valuate the ClinGen gene curation framework and its dedicated tools as

they appl¥ specifically to the epilepsies. The pilot evaluation phase led to a process of

q

curatio

L

curation and an interactive process of defining the most appropriate

grouping of phehotypes for downstream gene curation. Using the previously-described

Gl

evidence-b amework from the ClinGen Gene Curation Working Group (Strande, et al.,

A

2017), we ed the clinical validity for the proposed gene-disease relationships for 16
genes (Table 1). The ClinGen clinical validity framework uses two main classes of available

evidence, both genetic and experimental, to derive a semi-quantitative measurement of the

9
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strength of the evidence for gene-disease associations. The classifications of the strength of

the gene-disease_relationship include: “Definitive”, “Strong”, “Moderate”, “Limited”, “No

Reported Ei e”, and “Disputed”. In order to achieve a classification of “Definitive”, a
gene-dise ion must achieve at least 12 points and demonstrate replication over
H

time, whis is defined as at least two publications reporting pathogenic variants in the gene

and at leaSt thre® years since the initial report. Our curation of the initial 16 genes resulted

C

in a classi as “Definitive” gene-disease association in 7/16 genes, “Strong” in 1/16

genes, “Limi in 3/16 genes, and “Disputed” in 5/16 genes (Table 1).

Genetic evi@ence

AU

Within the n gene curation framework, genetic evidence is derived from publicly

=

available dat scribing variants in the gene of interest identified in patients with the

disease f interest. Genetic evidence is divided into two categories: (1) case-level

\

data, i dies report individuals or families with genetic variants; and (2) case-

control d which is derived using statistical analyses in case-control studies. A maximum

[

score of 1 ints can be achieved through genetic evidence, with points awarded for

O

variant se n and type for case-level data; and methodology, statistical power, bias

q

and confQunding factors, and statistical significance for case-control data. Inheritance

[

pattern orted cases is a strong consideration when assessing available case-level

genetic evidenc@ and in this regard the underlying genetic architecture of early-life

Ui

epilepsies, strong contribution of de novo variants, lends itself to achieving a high

A

number o for case-level genetic evidence. Eight out of 16 genes in our pilot curation
phase achieved maximum genetic evidence of 12 points within the existing ClinGen gene

curation framework, which suggests that sufficient genetic evidence according to ClinGen

10
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criteria is easily achieved both for well-established genetic causes of epilepsy including

SCN8A and KCNEZ and more recently implicated genes such as KCNA2 and ALG13 (Supp.

Table S1). ver, we also identified eight genes with limited or disputed evidence,
suggestin of the genes traditionally considered genetic etiologies for epilepsy
H

have limit&€d or even contradictory evidence. For example, genes such as EFHC1 or CACNA1H

¢

are dispu@ormal ClinGen criteria, despite the fact that these genes are part of
currently awai diagnostic gene panels (EFHC1 n=33 gene panels, CACNAIH n=13 gene
panels). Most genetic epilepsies have been described within the last five years in next-
generatio cing studies, allowing for comparison of variant frequencies in patients

with popl.gtion databases such as ExXAC and gnomAD (Lek, et al., 2016), which can be used

as control ions for severe early-onset epilepsies. Therefore, minor allele frequencies
p i

in control ons, segregation, and absence of other explanatory genetic etiologies are
frequently a le and not a limiting factor in assessing gene validity within the epilepsies.
Within xt of the traditional clinical concept of genetic epilepsies, the existing

ClinGen oSicaI validity criteria were found to be adequate and to be reflective of the

general co in the epilepsy field.

During our pilot curation phase, the expert panel noted that within the epilepsies, the
develo&ene—specific assessment criteria may be helpful, both for gene curation
and va erpretation. For example, a majority of known genetic epilepsies are

considered ”ch;elopathies", resulting from pathogenic variants in neuronal ion channel
encodin , often with a gain-of-function effect (Oyrer, et al., 2018). Consequently, loss-
of-function vartats, which are typically considered damaging or pathogenic in most genes,
may actually be tolerated in many neuronal ion channels or result in milder phenotypes, as

is the case in KCNQ2 (Miceli, et al., 1993). Domain knowledge, both of expected clinical

11
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phenotypes for genetic epilepsy syndromes as well as expected variants and functional

consequences, is essential in appropriately interpreting the significance of epilepsy-

{

associated gami@nts. A future goal of the ClinGen Epilepsy Gene Curation Expert Panel is to
develop g assessment criteria in the context of the epilepsies, taking these and
H

other con§iderations into account, which will aid in curation both of gene-disease

associatioffs as well as variant interpretation.

C

The exper as not yet considered gene-disease relationships where gene validity was

S

primarily asserted through association studies. Evaluation of case-control data will be

3

particular nt for milder, complex genetic epilepsies including the genetic generalized

epilepsiesfland non-lesional focal epilepsies, where monogenic factors play a role in a

[

minority ts. Future curation efforts taking into account genetic evidence derived

d

from case-con studies will allow the expert panel to assess its applicability to epilepsies

with a comp derlying genetic architecture.

\Y{

Experiment@l evidence

-

Gene-leve imental evidence is derived within the ClinGen framework by assessing the

O

following of available evidence: biochemical function, experimental protein

interactio expression, functional alteration in patient and non-patient derived cells,

1

L

phenot e, and animal model systems (Strande, et al., 2017). A maximum of six

4

points can be aghieved from experimental evidence, taking various factors into account

including ot limited to, the relevance and robustness of the experimental assay.

A

Experimenta ence in the eight genes with strong or definite evidence assessed during
the pilot curation phase ranged from absent to the full amount of six possible points (Table

1). Only one gene-disease association was awarded no points for experimental evidence,

12
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due to lack of available evidence. The remaining seven genes were awarded some

experimental evidence points, ranging from two to six points. The types of experimental

evidence 0 assess the gene-disease associations were highly variable, including
biochemi , expression, functional alteration (largely in non-patient cells), and
H

animal magels (Supp. Table S1). Although the neuroscience field has a strong tradition of

E

functiona@in neuronal ion channels (Oyrer, et al., 2018), the pilot curation phase did

not refleciga s towards experimental evidence for ion channel genes; experimental

evidence points were also awarded for non-ion channel encoding genes including DNM1,

CHD2, an , although notably not ALG13. However, experimental evidence was not

needed t@ sufficient points for the classification of genes as definitive or strong for

any of thegei enes with strong or definite evidence curated within our pilot phase. This
qn

indicates t e evidence for gene validity in the epilepsy field is primarily driven by

geneticﬁEue to the large number of published studies and a high proportion of
geneti due to de novo variants and thus generally do not require experimental
evidence s support.

The CIinGﬁ curation framework is used as a guide, and in certain scenarios it is
appropriate the expert panel to adjust scoring or final classifications based on
professi j ent. Given this consideration and the complexity of neurodevelopmental
phenot , expert panel decided to award reduced points for experimental evidence in
some scenarios:SOr example, for KCNA2, the main mouse model has an ataxia phenotype
but not e phenotype (Xie, et al., 2010). While ataxia is increasingly recognized as a
common fea in patients with KCNA2-related neurodevelopmental disorders, the

guestion arises how related phenotypic features should be scored within the concept of

primarily assessing functional evidence towards the epilepsy phenotype. Within the working

13
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group, it was agreed that the presence of incomplete neurological phenotypes in model

systems, which may include movement disorders, would be scored at 0.5 compared to the

{

default of ints for animal models that exhibit spontaneous seizures.

|
Use of dise@8e and phenotype ontologies

Within thé€” Clifgen framework, curation for a gene-disease association requires the

selection of a disease entity for which a given gene is curated. Disease entities within the

SG

ClinGen ork are coded within the Monarch Disease Ontology (MONDO)

Ll

[https://www.ehllac.uk/ols/ontologies/mondo], an aggregate ontology of human disease
phenotyp a hierarchical concept of parent and child terms (Figure 2). While MONDO

includes e syndromes, the human phenotype ontology (HPO) is an ontology of

all

symptom in the context of epilepsies, would include seizure types and defined

comorbi ch as intellectual disability or movement disorders. Epilepsy is a field with a

M

rich tr sed on electroclinical phenotyping, and the concept of using disease and

phenotypg ontology is relatively new. Only some research initiatives such as the

[

EuroEPINO RES consortium have consistently used HPO terms and have been involved

O

in the gen of these ontologies (Kohler, et al., 2014; Kohler, et al., 2017).

Disease afid phenotype ontologies have often been generated through a computational

h

L

data a process that may result in inconsistencies with existing clinical

classifications atlthe level of individual disease phenotypes. We identified a lack of

H

correspon f known disease entities in MONDO with the current and previous ILAE

classificatio he epilepsies (Scheffer, et al., 2017), indicating the need to align the

A

MONDO ontology with classifications that are used clinically and in epilepsy genetics

research, such as the 2017 ILAE (Figure 2). We identified concepts within the ILAE

14
This article is protected by copyright. All rights reserved.



Helbig I, et al.  ClinGen Epilepsy Expert Panel

classification that cannot be easily translated into a disease ontology primarily defined by

phenotypic features such as MONDO. While many epilepsy syndromes can be mapped onto

the MONmy, the classification of epilepsy by etiology, for instance, cannot be

easily tra the MONDO ontology. Figure 2 demonstrates the differences in
H

classificati@n for Dravet Syndrome (MONDO_0011794). Within the 2017 ILAE classification,

3

seizure tyPes, efilepsy types, and epilepsy syndromes are classified on different levels,

¢

whereas WNDO ontology provides various parent terms for Dravet Syndrome,
e

reflecting use of this epilepsy syndrome in various contexts. Within the ILAE
cIassificatEepsy syndromes are referred to as clusters of clinical, EEG, or imaging

features, !ut once a diagnosis of a specific syndrome is made it is not defined to which

broader p rm the syndrome belongs to. However, such a hierarchical structure is the
basis of th O ontology.

Iterati f epilepsy-related genes

Precuratior!

In comple developmental disorders, the review of associated phenotypes led to an
iterative p of curation including a precuration step. The ClinGen Lumping and Splitting

Workinﬁ &u; has developed precuration guidelines that have been used by the epilepsy

expert W in precuration efforts during our pilot phase

(https://www.cligicalgenome.org/working-groups/lumping-and-splitting/). The precuration

U

process i a review of published phenotypes prior to launching the gene curation
process, lea 0 a possible assertion of distinct phenotypes versus disease spectrums,
which is then substantiated or refuted during the precuration review of the evidence for or

against distinct phenotypes. For a range of disease genes, a spectrum of disease entities has

15
This article is protected by copyright. All rights reserved.



Helbig I, et al.  ClinGen Epilepsy Expert Panel

been observed, sometimes even with distinct disease entities associated with identical

variants.

During the ion of the 16 epilepsy-related genes and selection of 27 additional genes for

precurati ilot phase, we observed that traditional clinical distinctions between
H

known diSgase entities may not necessarily apply when using the ClinGen framework for

]

genetic e<o|ogi§ associated with epilepsy. A “variant first” approach to lumping and

splitting Wsy phenotypes is conceptually different from the “phenotype first”
ina cli

approach nical setting, and it may not be sensitive to known distinctions between
clinical enmhe variants overlap. For example, in the case of SCN1A-related disorders,
there is a Saditional clinical distinction between Dravet Syndrome, a distinct developmental

and epilemephalopathy that presents in the first year of life, and other forms of
e

generalize psy as a milder phenotype (Steel, et al.,, 2017; Zhang, et al., 2017).
However, a re are at least some families reported with overlapping phenotypes
assoCi e same variant (Goldberg-Stern, et al., 2014; Hoffman-Zacharska, et al.,

2015), SC!IA—reIated disorders would be primarily considered a spectrum and would be
curated f ad rather than narrow phenotype. Similar observations were made for

genes such N2A and SCN8A. Alternatively, some gene-disease associations emerged as

1

distinc s that were less apparent at the outset. For example, in ALG13, strong

|

evidenc ed for an epilepsy phenotype in females with a recurrent de novo variant.

3

However, only dimited evidence arose for the congenital disorders of glycosylation

phenot was first described and that is consistent with the presumed function of this

A

gene. Due to ccrual of genetic evidence through multiple reports, the female epileptic
encephalopathy phenotype that was initially considered a sub-phenotype, has “overtaken”

the initial ALG13 phenotype with respect to gene validity. Finally, some genes behaved as

16
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expected in the precuration process. For example, for KCNQ2, precuration successfully

identified both the mild phenotype due to haploinsufficiency and the more severe

Rl

phenotyp imparily associated with missense variants with predicted dominant-negative
effect, m separation between known clinical entities, Self-Limited Neonatal
H

Seizures o known as Benign Familial Neonatal Epilepsy) and KCNQ2 encephalopathy,

within th@ precuration framework.

Discussion

In the cusanuscript, we describe the pilot phase of the epilepsy gene curation

activities !ithin the ClinGen Epilepsy Gene Curation Expert Panel. We demonstrate that the

establishemcuration process can be applied to genetic etiologies linked to human

epilepsy with cial considerations. We observe that genetic evidence for a selection of

epilepsy ge the pilot phase can be readily provided through the published literature.
Both t o architecture of neurodevelopmental disorders as well as the high

frequencySf follow-up publications focusing on phenotype delineation contribute to this

effect. H other genes frequently tested on diagnostic gene panels have
contradicto Idence, and the gene-disease relationships must be considered disputed by
the for, iteria of the ClinGen consortium (CACNA1H, CACNB4, EFHC1, MAGI2, SRPX2).

Three gMated within the pilot phase have limited evidence (GRIN2D, RYR3, SCN9A),

indicating_that #fore evidence is needed to support a strong or definite gene-disease
associa{ the context of epilepsy. We identify the appropriate selection of the
disease phen as one of the major challenges in the curation effort, an activity that is
usually referred to as pre-curation.

17
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In contrast to many other disease entities, the epilepsies are phenotypes that are not easily

classified within the existing ontologies and format, requiring the ClinGen Epilepsy Gene

=

Curation E anel to put a strong focus on the precuration effort. Given that both the
MONDO ssifications are increasingly used in a diagnostic context, we highlight
H

the import@ance of iteratively improving existing ontologies to align these classifications with
the classificatiols used in a clinical setting. In other words, classifications used for
diagnosingggem@tic epilepsies should harmonize with the schema used by the epileptologists
who treatmatients.

Within t al ClinGen framework, assessment of gene validity precedes the

interpretafiion on the variant level according to variant classification guidelines such as the

ACMG remdations. However, particularly for the well-studied ion channel genes,
ri

identified s have been demonstrated to have variable, if not, opposite functional
effects. For ple, disease-causing gain-of-function and loss-of-function variants are
observ such as SCN2A or SCN8A. This observation raises the issue whether the

variant—IeSI interpretation can be separated from the gene-level interpretation. The
ClinGen C ium has addressed this question by providing recommendations on when
phenotypes ed to a particular gene should be lumped into a single phenotypic spectrum

or s@ separate  phenotypes  (https://www.clinicalgenome.org/working-

groupsWnd-splitting/). The identification of appropriate phenotypes is part of the

precuration eff;, further emphasizing the need for a detailed precuration phase for
epilepsy- genes. We have assessed this question for SCNSA where both gain-of-
function and of-function variants have been described in the literature. We concluded
that the SCN8A-related disorders demonstrate a broad spectrum independent of the

functional effect of the variant, including variable presentations for known recurrent
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variants. With increasing knowledge about different phenotypes, outcomes, and therapeutic

responses, some of the curated genes may have sufficient evidence to be split into distinct

"

phenotypesgi future.
Harmoniz nal epilepsy phenotypes with the phenotypic categories provided by
H

the MONDBO ontology provided a particular challenge and for some phenotypes, the existing

1

disease o@s were insufficient. For example, the diagnostic term Early Infantile

Epileptic mlopathy is increasingly used both in a clinical and diagnostic setting, but

the term as defined by the MONDO disease ontology does not match the accepted clinical
definition term. In order to overcome the present mismatches between existing
clinical cl@ssifications and MONDO, the members of the ClinGen Epilepsy Gene Curation
Expert P e agreed on using specific terms such as “Early Infantile Epileptic
Encephalopat (MONDO 1D:0016021) as placeholder terms for agreed-upon clinical
conceEDevelopmental and Epileptic Encephalopathy despite some inconsistency
of par d terms within the current ontology while ongoing collaboration with the
MONDO ¢®nsortium continues in order to better define epilepsy-related syndromes that
resemble clinical classifications such as the ILAE classification within the MONDO
etiology. \anize that the term “Epileptic Encephalopathy” as it is used for our gene

curatio& is an imperfect placeholder and does not reflect the full clinical spectrum

of the ilepsies that have been curated, nor does it necessarily accurately reflect

the clinical con;r)t of an epileptic encephalopathy (Howell, et al., 2016). However, given
that th{disease ontology is interlinked with corresponding HPO terms that are
used in many nostic laboratories to define the phenotypic overlap of specific genetic
variants, aligning clinical classifications with ontologies used in laboratory diagnostics is an
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important prerequisite for meaningful gene and variant interpretation in a diagnostic

setting.

The coroll his process is that the task of the Epilepsy Gene Curation Expert Panel is

expanding’ om a traditional gene curation platform to an initiative to systematize
H

the repreSgntation of epilepsy-related terminology in disease- and phenotype ontologies

E

that will @the basis for bioinformatic assessments of phenotypic overlaps. The

iterative of refining ontological entities prior to gene curation is unique to the

ClinGen m Gene Curation Expert Panel and reflects the traditional focus on

phenotypﬁn the epilepsy field.

Going for@e ClinGen Epilepsy Gene Curation Expert Panel will curate all major genes

related to epilepsies in a systematic fashion to suggest gene-specific variant curation
(D

criteria th elp reduce the high burden of variants of uncertain significance. This will

aid the ulti al of providing a framework for accurately assessing variant pathogenicity
for fut n medicine interventions.
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Figure Legends

Figure 1. Gene selection and precuration process within the ClinGen Epilepsy Gene Curation

Expert Pa ting with a broad candidate list of genes compiled from genes available on
commerci nel (n=2702) the possible candidate genes are narrowed down and
H

supplemefited by genes with diagnostic relevance, genes with statistical evidence and genes

£

suggestec@ert opinion. This selection process provides a narrower list of candidate

genes, inclgdi 23 candidate genes as of April 2018. This list of candidates is dynamic and
may integrate fUrther genes once evidence for these genes arises. From the 123 candidate
genes, 293A/ere selected for the pilot phase of the ClinGen Epilepsy Gene Curation
Expert Pa@n iterative precuration process, during which the phenotypic spectrum of
genes wa iewed. Genes with primary phenotypes reviewed in other working groups or
expert panéls Were excluded and genes with dual phenotypes were selected to be curated
for a prima ilepsy phenotype. These genes are then carried forward for a standard
ClinGe ation process. During the pilot phase, a small selection of genes was

chosen toSfine rules for genetic and experimental evidence and selection and, if necessary,

modificatiCONDO terms.

Auth
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Broad candidate gene list Candidates for curation Pre-curated genes Curated genes
(in process) (in process)

Curated gene list:
ALG13 - definitive
CACNA1H — disputed

Most common
genes on 236
commercial panels:

Prioritization of genes with Exclusion: primary syndromic Gene curation by ClinGen
diagnostic relevance (n=22) or autism/ID phenotype criteria for defined

Example: Lindy et al., 2018 Examples: ZEB2, DYRK1A phenotypes (MONDO) B4 - disputed
ARX (n=80) CHD2 - definitive
SLC2A1 (n=79) DNM1 - definitive
CDKLS (n=77) Prioritization of genes with Exclusion: primary Rett-like Refining rules for GRIN2D - limited
MECP2 (n=77) statistical evidence (n=33) phenotype experimental evidence EFHC1 - disputed
SCNIA (n=73) Example: Heyne et al., 2018 Examples: MECP2, CDKLS (pilot phase) KCNA2 — strong
SCN2A (n=72) KCNQ2 - definitive
PCDH19 (n=69) Maﬂ 12- t:;ﬁr::::;
POLG (n=67 —disj
o= Prioritization of genes by SoNting; Benesialtdual Refining adequate MONDO RYR3 - Iimit:d
phenotypes including distinct 3 s fo
expert opinion (n=100) i h terms during curation SCN8A — definitive
Example: Expert panel consensus E:‘:n;g?sl:ﬂ:‘?as% process SCN9A - limited
: ! SRPX2 - disputed

STXBP1 - definitive

q

Figure 2. Rifferences between then MONDO ontology used in the ClinGen gene curation

process International League Against Epilepsy (ILAE) classification, using the

d

examp t Syndrome (MONDO_0011794. Within the MONDO classification, the

term Dravet rome has both parent terms and child terms. The parent terms are

IVE

different clinical and genetic concepts that comprise Dravet Syndrome as an entity, such as

“Infantile Syndrome” (MONDO_0020071) or “Infancy electroclinical syndrome”

F

(MONDO m . The term Dravet Syndrome is synonymous with Early Infantile Epileptic

Encephalo IEE), type 6 (SCN1A) and has two child terms, EIEE4 (STXBP1) and EIEE19

n

(GABR. the ILAE classification, seizure types, epilepsy types, and epilepsy

{

L

syndrome ssified on three levels, defining seizures types (generalized and occasional

focal seiz Dravet Syndrome), epilepsy types (generalized epilepsy), and epilepsy

syndro e ILAE classification does not formally classify epilepsy syndromes by

diagnostic criteria, but states that electroclinical syndromes are clusters of features

incorporating seizure types, EEG and imaging features that tend to occur together, referring
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to the ILAE educational resource epilepsydiagnosis.org that provides examples, diagnostic

parameters, review videos of seizure types and the EEG features of many established

ey

syndromesggi ding Dravet Syndrome. In addition, the ILAE classification suggests to
provide a r each level, including a genetic etiology.

MONDO disease ontology 2017 ILAE classification

Infancy electroclinical
syndrome
MONDO_0000413

Infantile epilepsy syndrome is_a is_a
MONDO_0020071

Level 1: Seizure types

W‘““"“““‘. Etiology
e

Early infantile epileptic

1
1
1
]
i
]
1
1
]
1
1
I
1
1
1
1
1
1
i
I
Syndromic disease 1
encephalopathy 1
MONDO_DO0225¢ MONDO_0016021 i Structural
i Unknown
Parent terms | -_
1
i Level 2: Epilepsy type
: Infectious
i Focal
i Metabolic
- Generalized
has exact ]
synonym 1 | Immune
is_a is a :
Epileptic encephalopathy, - Unknown Unknown
early infantile, type 6 1
(sCN24) Synonyms ' -
i Level 3: Epilepsy syndrome
i No formal classification of
Epileptic encephalopathy, Epileptic encephalopathy, \ syndromes per ILAE classification
early infantile, type 19 early infantile, type 4 - E
MONDO_0012812 (GABRAI) MONDO_0014328 (STXBP1) i A syndrome is a cluster of features
: J_ncor;}omtlng seizure types, EEG and
Child terms : Comorbidities imaging features that tend to occur
1

together

Author |
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Table 1. Curation results for 16 genes in pilot phase

Genetic Experimental -
Date of p Total Replication

Gene Disease Entity Curati Evidence Evidence Point Classification
uration oints .
“ (points) (points) Over Time

ALG13m mmmmmbgileptic 3/14/18 12 0 12 Yes Definitive

Encephalopathy
:0018614)

Childh@od-Onset

CHD2 ilepsy 7/18/17 12 3 15 Yes Definitive
yndrome’
OND0:0020072)

Infantil@ Epilepsy
DNM1 :ndrome 5/31/18 12 4.5 16.5 Yes Definitive

:0020071)
fantile

ONB0:0016021)

9/5/17 12 5.5 17.5 Yes Definitive

ildbood-Onset
KCNT1 ilepsy 7/26/17 12 2 14 Yes Definitive

Syndrome2
(MONDO:0020072)

h Epilepsy
SCN8A drome’ 1/6/17 12 6 18 Yes Definitive
@ :0020071)

fantile
Epileptic o
STXBP 1 6/15/17 12 6 18 Yes Definitive
lopathy

M:oomozn

nfantile Epilepsy
KCNA2 rome 10/5/17 12 4 16 No Strong
(MO

:0020071)

ntile Epilepsy
rome 7/3/18 3 1.5 4.5 No Limited
(MONDO:0020071)

GRIN2D

RYR3 Undetermined 6/28/18 1 0 1 No Limited
Early Onset
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Epileptic
Encephalopathy
(MONDO:0018614)

{

Epilepsy

SCN9A 6/15/18 3.8 0.5 4.3 No Limited
w :0005027)

Il INGER8ralized

CACNAIH % Epilepsy 7/31/18 0 4.5 45 No Disputed
:0005579)

Genperalized
CACNB4 ilepsy 6/22/18 0 2 2 No Disputed
0005579)

Juvenile Myoclonic

EFHC1 epsy 7/27/18 0 1 1 No Disputed
:0009696)
nfantile Epilepsy

MAGI2 rome 6/26/18 0 0.5 0.5 No Disputed

:0020071)

0 Epilepsy-
speech Dyspraxia

7/19/18 0 0 0 No Disputed

r this term with the understanding that it does not fully encompass the range of phenotypes
associated with the disease; in the future “Complex Neurodevelopmental Disorder” will be used as disease entity

2During the p¥€curation phase, it was decided to consider Epilepsy of Infancy with Migrating Focal Seizures and Autosomal
Dominant Nocturnal Frontal Lobe Epilepsy as one disease entity, since families have been reported with individuals with

both clinical enta
MONDO:002 %

pns, and the same pathogenic KCNT1 variant has been associated with both clinical presentations.

pen used as a temporary placeholder.
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