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ARTICLE INFO ABSTRACT

Keywords: Many epilepsy-associated genes have been identified over the last three decades, revealing a remarkable mo-
Epilepsy ) lecular heterogeneity with the shared outcome of recurrent seizures. Information about the genetic landscape of
Monogenic epilepsies is scattered throughout the literature and answering the simple question of how many genes are
Ezﬂzg?; genes associated with epilepsy is not straightforward. Here, we present a computationally driven analytical review of

epilepsy-associated genes using the complete scientific literature in PubMed. Based on our search criteria, we
identified a total of 738 epilepsy-associated genes. We further classified these genes into two Tiers. A broad gene
list of 738 epilepsy-associated genes (Tier 2) and a narrow gene list composed of 143 epilepsy-associated genes
(Tier 1). Our search criteria do not reflect the degree of association. The average yearly number of identified
epilepsy-associated genes between 1992 and 2021 was 4.8. However, most of these genes were only identified in
the last decade (2010-2019). Ion channels represent the largest class of epilepsy-associated genes. For many of
these, both gain- and loss-of-function effects have been associated with epilepsy in recent years. We identify 28
genes frequently reported with heterogenous variant effects which should be considered for variant interpre-
tation. Overall, our study provides an updated and manually curated list of epilepsy-related genes together with
additional annotations and classifications reflecting the current genetic landscape of epilepsy.

Literature review
Variant function

1. Introduction

Epilepsies may result from primary genetic abnormalities or sec-
ondary to well-defined structural or metabolic disorders, some of which
also have genetic causes [1]. The application of genomic technologies
has had a tremendous impact on discovering the genetic basis of epi-
lepsy [2-4]. High throughput genetic testing platforms—including epi-
lepsy gene panels, clinical exome sequencing, and screens using whole
exome or genome sequencing—have helped to delineate the phenotypic
spectrum of numerous individually rare monogenic epilepsies [3-8].
This improved knowledge, if accessible for caregivers, enables better
anticipation of the expected disease prognosis and may directly modify
patient management and treatment options [3-7,9].

More than a hundred epilepsy genes with various functions in the
human body have been identified [3-5,7]. Multiple types of common
[10], rare [3], and/or de novo [4] genetic variants in these genes have
been associated with epilepsy—from single nucleotide variants (SNV)
[3,10] to copy number variants [11,12]. As such, the genetic etiology of
epilepsy is as complex and heterogeneous as the disease. Still, two major
mechanisms can be identified: common variants with low effect sizes
[10] and rare variants with strong effect sizes [3,4].

Several epilepsy genes have also been associated with other complex
and severe neurodevelopmental disorders without epilepsy, expanding
the heterogeneity observed in these patients [13,14]. Genetic testing
and the systematic aggregation of multiple patients has enabled the
identification of clinically meaningful genotype-phenotype associations,
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paving the way for precision medicine. For example, in patients with
pathogenic SCN2A variants, gain of function (GoF) variants—which
cause increased activity of the affected voltage-gated sodium chan-
nel—are associated with early seizure onset (<3 months). In this patient
population a good response to sodium channel blocker drugs reduces
seizures. In contrast, people with SCN2A loss of function (LoF) variants
have seizure onset beyond 3 months of age and have poor responses to
sodium channel blocker [15,16]. As another example, a ketogenic die-
t—which shifts brain metabolism from carbohydrates to ketones—is the
first choice treatment for patients with GLUT1-deficiency disorder due
to disease-causing variants in SLC2A1—which encodes the major
glucose transporter (GLUT1) in the blood-brain-barrier [17]. Thus, a
genetic diagnosis can improve clinical care through a better under-
standing of disease course and prognosis.

Keeping pace with the rapid rate of ongoing gene discovery and,
subsequently, the genes available for clinical testing has become an
important challenge. The degree to which heterogeneous variant effects
need to be considered for variant interpretation in epilepsy genes also
remains unclear. Here, we performed a computational literature review
to describe the current state and history of epilepsy-associated genes and
variant effects.

2. Methods

2.1. Gene discovery history and characteristics of epilepsy-associated
genes

To review the history of epilepsy gene discovery, we queried all NCBI
PubMed abstracts, excluding reviews, that mention ‘epilepsy’ along with
at least one clinical (e.g., “patient” or “case”) and one genetic term (e.g.,
“variant” or “mutation”) until the December 5, 2021. The full list of
clinical and genetic terms used can be found at https://github.co
m/LalResearchGroup/Text-mining_epilepsy_genes, where the user can
also replicate or update the search. From those abstracts (n = 8032), all
gene names were extracted using PubTator [18], a web-based system
that provides automatic annotations of biomedical concepts such as
genes in PubMed abstracts. Next, we generated a gene-based table
including all extracted human genes (n = 2632), their NCBI genelD, the
number of abstracts, and the year of the earliest published abstract
mentioning the gene, as a proxy for the year of discovery.

From all identified epilepsy-associated genes, we classified them into
two Tiers. We first generated a broad Tier 2 gene list which included a
wide spectrum of established to probable ultra-rare epilepsy genes. Tier
2 is defined by all genes with more than two studies that met the
aforementioned search term criteria (or at least two studies in the case of
genes discovered in 2021) and included all established epilepsy-
associated genes validated in comprehensive genetic screens by Heyne
[4] et al. and Lindy [7] et al. or collected by experts in ClinGen [19]
(version: 10/1/22). Next, we generated a narrower Tier 1 gene list that
included genes that met our screening criteria and were mentioned an
average of at least once a year after the first reported association with
epilepsy. To filter out false-positive genes in the Tier 1 list, we performed
a manual quality control through an iterative process of all remaining
genes (n = 197). We first removed gene names that were falsely detected
by PubTator or refuted/disputed to be associated with epilepsy, result-
ing in 143 genes. Next, we verified, and if required, corrected the year of
the first study as proxy for the first discovery.

After the generation of our gene lists, we compared them with the
epilepsy gene lists of four commonly used gene panels (GeneDx:
https://www.genedx.com/tests/detail/comprehensive-epilepsy-panel-
317, Invitae: https://www.invitae.com/en/providers/test-catalog/test
-03401, Ambry genetics: https://www.ambrygen.com/providers
/genetic-testing/8/neurology/epilepsynext, and Labcorp:
https://www.labcorp.com/tests/630268/comprehensive-epilepsy-ngs-
panel), accessed on March 30, 2022.

To examine patient variant repositories we used the Human Gene
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Mutation Database (HGMD®, version 1, 2022) [20] Professional release.
To increase stringency, we considered the “High Confidence” and
“Disease Mutation” classification. We filtered patient variants using
Bedtools [21] and in-house Bash/Perl scripts. To analyze variants with
epilepsy annotation we filtered variants annotated for epilepsy based on
SNOMED annotation (Systematized Nomenclature of Medicine — Clin-
ical Terms, https://browser.ihtsdotools.org/, SCTID: 84757009).

In order to characterize our Tier 1 genes in functional groups, we
manually grouped the genes based on associated gene ontology (GO)
terms, gene descriptions, and the literature using the functional
enrichment analysis tool g:Profiler [22], gene descriptions from Gene-
Cards [23], and the PubMed literature.

2.2. Literature analysis to identify variant function of epilepsy-associated
genes

To find out to which degree gain- and loss-of-function (GoF and LoF,
respectively) variants have been reported for epilepsy-associated genes,
we queried all NCBI PubMed abstracts that mention ‘epilepsy’ alongside
at least one GoF/LoF term (e.g., ‘Gain-of-function’, ‘gof’, ‘GoF’, ‘gain-of-
function’, ‘Loss-of-function’, ‘lof’, ‘LoF’, ‘loss-of-function’) until the
December 5, 2021 (n = 945). From those abstracts, we extracted all
genes with human NCBI gene IDs using PubTator [18] and filtered the
abstracts for those containing genes with at least five abstracts (number
of abstracts = 499, number of genes = 50). To ensure the GoF/LoF terms
were mentioned in context with the gene, we performed a manual re-
view of all the abstracts and annotated whether the abstracts mentioned
GoF terms, LoF terms, or both. After quality control, we filtered for those
genes that still had at least five abstracts, which resulted in 28 genes.

All analyses were performed using the R programming language. The
visualizations were generated using the treemap (v. 2.4-3) and ggplot 2
package (v. 3.3.5) in R. All code, data, and specific PubMed queries can
be found in GitHub (https://github.com/LalResearchGroup/Text-mini
ng_epilepsy_genes).

3. Results

We performed a computational analysis of the biomedical literature
in PubMed to review the history and characteristics of epilepsy-
associated genes (for details, see Methods). We defined two Tiers of
epilepsy-associated genes: 1) Tier 2 epilepsy candidate genes, composed
of 738 genes including both frequently and rarely reported epilepsy
genes (Supplementary Table); and 2) Tier 1 epilepsy genes, composed of
143 quality-controlled genes with strong evidence of association with
epilepsy that were either mentioned alongside the term ‘epilepsy’ on
average at least once a year after the initial discovery or that were
previously defined as epilepsy-associated genes (Fig. 1A). The average
yearly number of identified Tier 1 epilepsy genes in the 30 years be-
tween 1992 and 2021 was 4.8. The decade with the highest yearly
number was between 2010 and 2019, with an average of 7.1 Tier 2
epilepsy genes identified per year. The year with the most identified Tier
1 genes was 2014, with 14 genes. In the last 5 years, we identified 14
new Tier 1 epilepsy genes showing that gene discovery has slowed down
but is still ongoing.

Next, we compared our gene lists with four commonly used epilepsy
gene panels (GeneDx, Invitae, Ambry genetics, and Labcorp) that
collectively contain 895 genes, with 112 overlapping genes across all
four panels. Three of these 112 genes (i.e., SATB2, PACS1 and PHGDH)
were not included in neither our Tier 1 nor Tier 2 gene lists. These genes
were not detected by PubTator in the abstracts and thus, did not meet
our search criteria. The majority of Tier 1 epilepsy genes (126/143)
were also found in at least one of the four assessed gene panels. Those 17
high-confidence genes not included in the assessed panels include genes
both gene associated with somatic variants (e.g., BRAF [24]) and genes
that should be added to gene panels (e.g., FBX028 [25] or KCNC2 [26]).
When comparing our comprehensive Tier 2 gene list of 738 genes with
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Fig. 1. History of epilepsy-associated genes, their characterization, and variant function. A) A literature-wide screen of all NCBI PubMed abstracts that
mention ‘epilepsy’ along with at least one clinical and one genetic term was performed (see Methods). All genes, along with the first year of discovery and the
cumulative number of studies, were extracted from abstracts. Shown are all Tier 1 epilepsy genes after quality control (n = 143, see methods) that were, on average,
mentioned at least once a year after initial discovery or that are defined as epilepsy-associated genes by Heyne et al., Lindy et al., or ClinGen (shown in bold). B)
Treemap of all 143 Tier 1 epilepsy genes characterized in Gene Ontology term (GO) groups. The size of the boxes represents the number of studies for each gene. C) A
literature-wide screen of all NCBI PubMed abstracts that mention ‘epilepsy’ along at least one gain-of-function (GoF) or one loss-of-function (LoF) term was per-
f‘ormed (see methods). Shown are all genes with at least five abstracts (n = 28) and their association with LoF and/or GoF variants.

<

the gene panel genes, we found that almost 50% of those genes (n = 365)
are included in at least one of the gene panels. The remaining Tier 2
genes might include both ultra-rare and false-positive genes and should
therefore be taken with caution.

Next, we compared the number of epilepsy patient variant reports in
the Human Gene Mutation Database [20] with the number of references
observed for Tier 1 genes, and observed a strong correlation (Pearson
correlation r = 0.86, p < 0.001, Supplementary Figure). However, our
results do not provide gene-disease validity towards epilepsy. Estab-
lished expert curation efforts such as the Gene Curation Coalition
(GenCC) Database (DB) [27] provide evidence for gene-disease validity
with different degrees of confidence (e.g. Definitive, Strong and/or
Moderate). Direct comparison with our catalog (Supplementary Table)
showed that out of the 143 genes in Tier 1, only 46 (32.1%) show
non-refuted definitive, strong, moderate, or supportive gene-disease
validity towards epilepsy (n = 98.

Next, we grouped the identified Tier 1 genes into 15 groups based on
GO (gene ontology) terms (Fig. 1B). ‘Ion channel’ was the largest GO
group, including 20.3% of all identified Tier 1 epilepsy genes and 37.3%
of all studies for Tier 1 epilepsy genes that met our inclusion criteria. The
well-studied voltage-gated sodium channel genes were the largest
epilepsy-associated subgroup. The second-largest GO group included
‘molecular pathways’ with the mTOR signaling pathway as the most
prominent pathway associated with epilepsy. Other groups included
genes involved in various cellular processes such as transcription and
translation, stress response, vacuole organization, cell differentiation,
anion transport, cell adhesion, cell-cell signaling, cytoskeleton organi-
zation, biosynthesis, and dendrite development, and showed frequent
catalytic activity.

Next, we explored to which degree gain- and loss-of-function vari-
ants have been reported for epilepsy-associated genes (for details see
Methods). We identified 28 epilepsy-associated genes that had at least
five abstracts that reported LoF variants, GoF variants, or both cate-
gories (Fig. 1C). The gene with the most abstracts including the terms
‘LoF’ or ‘GoF’ in combination with ‘variants’ was SCN1A, the gene most
published gene overall (Fig. 1A). In those abstracts, SCNIA was most
frequently reported with LoF terms (n = 44), followed by GoF terms (n
= 9) and both LoF and GoF terms (n = 13). Following SCN1A, the next
five genes with the most LoF or GoF referenced studies included SCN8A,
KCNT1, SCN2A, KCNQ2, and DEPDC5. SCN8A and KCNT1 studies pri-
marily reported GoF while KCNQ2 and DEPDC5 primarily reported LoF
variants. Conversely, many studies reported SCN2A associated with both
GoF and LoF variants. Overall, we could identify a six-fold increase of
publications with abstracts mentioning GoF/LoF variants effects in those
genes (31.6 publications per year in the last 10 years vs. 5 publications
per year before 2010).

4. Discussion

Epilepsies are complex and heterogeneous disorders. In particular,
severe and drug resistant pediatric epilepsies often originate from ge-
netic changes that lead to multiple phenotypic manifestations which
ultimately result in abnormal neuronal excitation. We performed the
first comprehensive computational literature review of established
epilepsy-associated genes and identified 143 Tier 1 and 738 Tier 2 ep-
ilepsy genes that have been associated with epilepsy in the last decades
and show that this number is still increasing. Our analysis informs
clinical genetic testing and provides researchers with a comprehensive
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overview of the history and current landscape of epilepsy gene discov-
ery. Genes with a greater number of references are better studied, might
reflect larger patient populations, and could be prioritized for small gene
panels and more emphasized in educational material for neurologists.
Similarly, the biological grouping (Fig. 1b) might be useful for teaching
the diversity of molecular etiologies leading to epilepsy. We share the
code for our analysis framework, enabling readers to seamlessly execute
similar analyses for other disorders or refine our epilepsy study and
perform more granular analyses.

We show that, for three decades, epilepsy researchers have been
methodically identifying the molecular mechanisms that result in the
development of seizures. Great strides have been made and we are
entering an era of “precision medicine” with the goal of treating each
epilepsy based on its unique etiology. However, we also observe
increasing phenotypic complexity associated with differential to
opposing disease mechanisms associated with variants in the same gene.
This potential roadblock for application of precision medicine is already
apparent for many channelopathies, the largest class of monogenic ep-
ilepsies. Further pre-clinical research is needed to overcome this limi-
tation for designing clinical trials. In this regard, the implementation of
machine learning algorithms [28,29] and the aggregation of informa-
tion from multiple related genes have proven successful in facilitating
variant pathogenicity interpretation [30-32] and the prediction of
functional effects (GoF vs LoF) [31,33]. Further, the aggregation of ge-
netic data in combination with clinical data has allowed the develop-
ment of prognosis prediction models beyond pathogenicity prediction
[34]. These resources and established prediction tools are publicly
available and will contribute to the design of pre-clinical research and
the future application of precision medicine.

One of the limitations of our study is that our results don’t measure
the incidence or prevalence of specific gene disorders. Generally, genes
that have been identified earlier will have more research studies, which
doesn’t necessarily correlate with greater patient populations. For
example, while the genes KCNT1 and PNKP were discovered around the
same time, KCNT1 was published on more frequently but has less
pathogenic/likely pathogenic variants in ClinVar than PNKP (42 vs. 68
variants). Studies that estimate the epidemiology of monogenic epi-
lepsies have been published previously [35,36]. In addition, our
approach is not suitable for gene curation. Established frameworks that
include a standardized and manual approach by experts to determine
the clinical validity for a gene-disease pair such as ClinGen [19], or that
harmonize various gene-disease evidence resources such as GenCC [27]
are more appropriate for this purpose. Here, gene-disease validity can be
determined from consensus aggregation of individual variant reports
coming from patient variant repositories (Public and private) that are
not necessarily in the literature. Thus, our framework will not be able to
capture all GenCC genes with gene-disease validity towards epilepsy.
Nonetheless, the results of this study are valuable as they provide re-
searchers and clinicians with the first large-scale data-driven historical
overview on epilepsy gene discovery and current trends in combination
with the gene curation initiatives.

Genetic studies of epilepsy are at an exciting and crucial phase, with
the combination of advances in technology and unprecedented large-
scale international collaborations rapidly escalating our understanding
of the causes of this clinically and genetically heterogeneous group of
disorders. As we increase our knowledge of the genes implicated in
epilepsy and the range of resulting clinical manifestations, the inter-
pretation of results from genetic testing may become easier. The next
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advances are likely to include the development of personalized genetic
profiles which can be combined with other related information such
molecular data on a tested genetic variant or outcome prediction algo-
rithms. This knowledge will be used to generate individualized treat-
ments designed to control seizures or even change the course of the
disease on the basis of the specific genetic variation identified.

Conflict of interest

The authors report no conflicts of interest relevant to this
manuscript.

Author contributions

M.M. and D.L. designed the study; M.M. performed the data analysis;
PM provided data; M.M., J.L, A.L. and R.S.M. performed the quality
control; M.M., E.P., and D.L. wrote the manuscript. D.L. supervised the
study. All authors interpreted the data and revised the manuscript.

Ethical publication statement

We confirm that we have read the Journal’s position on issues
involved in ethical publication and affirm that this report is consistent
with those guidelines.

Declaration of competing interest

The authors report no conflicts of interest relevant to this
manuscript.

Acknowledgements

DL received research support (NIH-NINDS: 5U54NS108874, DLR/
BMBF: 01GM1907D; Dravet Foundation; Simons Foundation). Eduardo
Pérez-Palma is supported by the Chilean National Agency for Investi-
gation and Development, ANID Fondecyt grant 1221464, and the
FamilieSCN2A foundation 2020 Action Potential Grant. PM received
support by the German BMBF (Treat-Ion 2, 01GM2210B) and the FNR in
Luxembourg (Research Unit FOR-2715, FNR grant NTER/DFG/21/
16394868 MechEPI2).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ejpn.2022.12.005.

References

[1] LE. Scheffer, S. Berkovic, G. Capovilla, et al., ILAE classification of the epilepsies:
position paper of the ILAE commission for classification and terminology, Epilepsia
58 (4) (2017) 512-521, https://doi.org/10.1111/epi.13709.

J. Wang, Z.J. Lin, L. Liu, et al., Epilepsy-associated genes, Seizure 44 (2017) 11-20,
https://doi.org/10.1016/j.seizure.2016.11.030.

Epi 25 Collaborative, Ultra-rare genetic variation in the epilepsies: a whole-exome
sequencing study of 17,606 individuals, Am. J. Hum. Genet. 105 (2) (2019)
267-282, https://doi.org/10.1016/j.ajhg.2019.05.020.

H.O. Heyne, T. Singh, H. Stamberger, et al., De novo variants in
neurodevelopmental disorders with epilepsy, Nat. Genet. 50 (7) (2018)
1048-1053, https://doi.org/10.1038/541588-018-0143-7.

Epi4K Consortium, Epilepsy Phenome/Genome Project, A.S. Allen, et al., De novo
mutations in epileptic encephalopathies, Nature 501 (7466) (2013) 217-221,
https://doi.org/10.1038/nature12439.

A. Coppola, E. Cellini, H. Stamberger, et al., Diagnostic implications of genetic
copy number variation in epilepsy plus, Epilepsia 60 (4) (2019) 689-706, https://
doi.org/10.1111/epi.14683.

A.S. Lindy, M.B. Stosser, E. Butler, et al., Diagnostic outcomes for genetic testing of
70 genes in 8565 patients with epilepsy and neurodevelopmental disorders,
Epilepsia 59 (5) (2018) 1062-1071, https://doi.org/10.1111/epi.14074.

B.R. Sheidley, J. Malinowski, A.L. Bergner, et al., Genetic testing for the epilepsies:
a systematic review, Epilepsia 63 (2) (2022) 375-387, https://doi.org/10.1111/
epi.17141.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

86

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

European Journal of Paediatric Neurology 42 (2023) 82-87

C.A. Ellis, S. Petrovski, S.F. Berkovic, Epilepsy genetics: clinical impacts and
biological insights, Lancet Neurol. (2019), https://doi.org/10.1016/51474-4422
(19)30269-8. Published online September 4.

ILAE, Genome-wide mega-analysis identifies 16 loci and highlights diverse
biological mechanisms in the common epilepsies, Nat. Commun. 9 (1) (2018),
https://doi.org/10.1038/5s41467-018-07524-z, 5269-5269.

E. Pérez-Palma, I. Helbig, K.M. Klein, et al., Heterogeneous contribution of
microdeletions in the development of common generalised and focal epilepsies, J.
Med. Genet. 54 (9) (2017) 598-606, https://doi.org/10.1136/jmedgenet-2016-
104495.

L.M. Niestroj, E. Perez-Palma, D.P. Howrigan, et al., Epilepsy subtype-specific copy
number burden observed in a genome-wide study of 17 458 subjects, Brain 143 (7)
(2020) 2106-2118, https://doi.org/10.1093/brain/awaal71.

J.F. McRae, S. Clayton, T.W. Fitzgerald, et al., Prevalence and architecture of de
novo mutations in developmental disorders, Nature 542 (7642) (2017) 433-438,
https://doi.org/10.1038/nature21062.

H.O. Heyne, M. Artomov, F. Battke, et al., Targeted gene sequencing in 6994
individuals with neurodevelopmental disorder with epilepsy, Genet. Med. 21 (11)
(2019) 2496-2503, https://doi.org/10.1038/541436-019-0531-0.

S.J. Sanders, A.J. Campbell, J.R. Cottrell, et al., Progress in understanding and
treating SCN2A-mediated disorders, Trends Neurosci. (2018), https://doi.org/
10.1016/].tins.2018.03.011. Published online.

A. Brunklaus, J. Du, F. Steckler, et al., Biological concepts in human sodium
channel epilepsies and their relevance in clinical practice, Epilepsia 61 (3) (2020)
387-399, https://doi.org/10.1111/epi.16438.

J. Klepper, S. Diefenbach, A. Kohlschiitter, T. Voit, Effects of the ketogenic diet in
the glucose transporter 1 deficiency syndrome, Prostaglandins Leukot. Essent.
Fatty Acids 70 (3) (2004) 321-327, https://doi.org/10.1016/j.plefa.2003.07.004.
C.H. Wei, A. Allot, R. Leaman, Z. Lu, PubTator central: automated concept
annotation for biomedical full text articles, Nucleic Acids Res. 47 (W1) (2019)
W587-W593, https://doi.org/10.1093/nar/gkz389.

Rehm HL, Berg JS, Brooks LD, et al. ClinGen — The Clinical Genome Resource.
https://doi.org/10.1056/NEJMsr1406261. doi:10.1056/NEJMsr1406261.

P.D. Stenson, E.V. Ball, M. Mort, et al., Human gene mutation Database (HGMD):
2003 update, Hum. Mutat. 21 (6) (2003) 577-581, https://doi.org/10.1002/
humu.10212.

A.R. Quinlan, .M. Hall, BEDTools: a flexible suite of utilities for comparing
genomic features, Bioinformatics 26 (6) (2010) 841-842, https://doi.org/
10.1093/bioinformatics/btq033.

U. Raudvere, L. Kolberg, I. Kuzmin, et al., Profiler: a web server for functional
enrichment analysis and conversions of gene lists (2019 update), Nucleic Acids
Res. 47 (W1) (2019) W191-W198, https://doi.org/10.1093/nar/gkz369.

M. Safran, N. Rosen, M. Twik, et al., The GeneCards suite, in: I. Abugessaisa,

T. Kasukawa (Eds.), Practical Guide to Life Science Databases, Springer, 2021,
pp. 27-56, https://doi.org/10.1007/978-981-16-5812-9_2.

R.J. Slegers, I. Blumcke, Low-grade developmental and epilepsy associated brain
tumors: a critical update 2020, Acta Neuropathol. Commun. 8 (1) (2020) 27,
https://doi.org/10.1186/5s40478-020-00904-x.

A.L. Schneider, C.T. Myers, A.M. Muir, et al., FBXO28 causes developmental and
epileptic encephalopathy with profound intellectual disability, Epilepsia 62 (1)
(2021) el3-e21, https://doi.org/10.1111/epi.16784.

Schwarz N, Seiffert S, Pendziwiat M, et al. Spectrum of phenotypic, genetic, and
functional characteristics in epilepsy patients with KCNC2 pathogenic variants.
Neurology. Published online March 21, 2022:10.1212/WNL.0000000000200660.
doi:10.1212/WNL.0000000000200660.

M.T. DiStefano, S. Goehringer, L. Babb, et al., The Gene Curation Coalition: a
global effort to harmonize gene-disease evidence resources, Genet. Med. 24 (8)
(2022) 1732-1742, https://doi.org/10.1016/j.gim.2022.04.017.

J. Frazer, P. Notin, M. Dias, et al., Disease variant prediction with deep generative
models of evolutionary data, Nature 599 (7883) (2021) 91-95, https://doi.org/
10.1038/541586-021-04043-8.

M. Kircher, D.M. Witten, P. Jain, B.J. O'Roak, G.M. Cooper, J. Shendure, A general
framework for estimating the relative pathogenicity of human genetic variants,
Nat. Genet. 46 (3) (2014) 310-315, https://doi.org/10.1038/ng.2892.

D. Lal, P. May, E. Perez-Palma, et al., Gene family information facilitates variant
interpretation and identification of disease-associated genes in
neurodevelopmental disorders, Genome Med. 12 (1) (2020) 28, https://doi.org/
10.1186/513073-020-00725-6.

T. Briinger, E. Pérez-Palma, L. Montanucci, et al., Conserved patterns across ion
channels correlate with variant pathogenicity and clinical phenotypes, Brain
(2022), awac305, https://doi.org/10.1093/brain/awac305. Published online
August 29.

E. Pérez-Palma, P. May, S. Igbal, et al., Identification of pathogenic variant
enriched regions across genes and gene families, Genome Res. 30 (1) (2020) 62-71,
https://doi.org/10.1101/gr.252601.119.

H.O. Heyne, D. Baez-Nieto, S. Igbal, et al., Predicting functional effects of missense
variants in voltage-gated sodium and calcium channels, Sci. Transl. Med. 12 (556)
(2020), eaay6848, https://doi.org/10.1126/scitranslmed.aay6848.


https://doi.org/10.1016/j.ejpn.2022.12.005
https://doi.org/10.1016/j.ejpn.2022.12.005
https://doi.org/10.1111/epi.13709
https://doi.org/10.1016/j.seizure.2016.11.030
https://doi.org/10.1016/j.ajhg.2019.05.020
https://doi.org/10.1038/s41588-018-0143-7
https://doi.org/10.1038/nature12439
https://doi.org/10.1111/epi.14683
https://doi.org/10.1111/epi.14683
https://doi.org/10.1111/epi.14074
https://doi.org/10.1111/epi.17141
https://doi.org/10.1111/epi.17141
https://doi.org/10.1016/S1474-4422(19)30269-8
https://doi.org/10.1016/S1474-4422(19)30269-8
https://doi.org/10.1038/s41467-018-07524-z
https://doi.org/10.1136/jmedgenet-2016-104495
https://doi.org/10.1136/jmedgenet-2016-104495
https://doi.org/10.1093/brain/awaa171
https://doi.org/10.1038/nature21062
https://doi.org/10.1038/s41436-019-0531-0
https://doi.org/10.1016/j.tins.2018.03.011
https://doi.org/10.1016/j.tins.2018.03.011
https://doi.org/10.1111/epi.16438
https://doi.org/10.1016/j.plefa.2003.07.004
https://doi.org/10.1093/nar/gkz389
https://doi.org/10.1056/NEJMsr1406261
https://doi.org/10.1002/humu.10212
https://doi.org/10.1002/humu.10212
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1007/978-981-16-5812-9_2
https://doi.org/10.1186/s40478-020-00904-x
https://doi.org/10.1111/epi.16784
https://doi.org/10.1016/j.gim.2022.04.017
https://doi.org/10.1038/s41586-021-04043-8
https://doi.org/10.1038/s41586-021-04043-8
https://doi.org/10.1038/ng.2892
https://doi.org/10.1186/s13073-020-00725-6
https://doi.org/10.1186/s13073-020-00725-6
https://doi.org/10.1093/brain/awac305
https://doi.org/10.1101/gr.252601.119
https://doi.org/10.1126/scitranslmed.aay6848

M. Macnee et al. European Journal of Paediatric Neurology 42 (2023) 82-87

[34] A. Brunklaus, E. Pérez-Palma, I. Ghanty, et al., Development and validation of a [36] J.D. Symonds, K.S. Elliott, J. Shetty, et al., Early childhood epilepsies:
prediction model for early diagnosis of SCN1A-related epilepsies, Neurology 98 epidemiology, classification, aetiology, and socio-economic determinants, Brain
(11) (2022) e1163-e1174, https://doi.org/10.1212/WNL.000000000020002.8. 144 (9) (2021) 2879-2891, https://doi.org/10.1093/brain/awabl162.

[35] Lépez-Rivera JA, Pérez-Palma E, Symonds J, et al. A catalogue of new incidence
estimates of monogenic neurodevelopmental disorders caused by de novo variants.
Brain. Published online May 2020. doi:10.1093/brain/awaa051.

87


https://doi.org/10.1212/WNL.0000000000200028
https://doi.org/10.1093/brain/awab162

	Data-driven historical characterization of epilepsy-associated genes
	1 Introduction
	2 Methods
	2.1 Gene discovery history and characteristics of epilepsy-associated genes
	2.2 Literature analysis to identify variant function of epilepsy-associated genes

	3 Results
	4 Discussion
	Conflict of interest
	Author contributions
	Ethical publication statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


