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Abstract
Objective: Decades of genetic studies on people with many different epilepsies, 
and on many nonhuman species, using many different technologies, have gener-
ated a huge body of literature about the genes associated with seizures/epilepsy. 
Collating these data can help uncover epilepsy genes, pathways, and treatments 
that would otherwise be overlooked. We aimed to collate and structure these data 
into a database, and use the database to identify novel epilepsy genes and path-
ways, and to prioritize promising treatments.
Methods: We collated all the genes associated with all types of seizures/epilepsy 
in all species, and quantified the supporting evidence for each gene, by manually 
screening ~10 000 publications, and by extracting data from existing databases.
Results: The largest published dataset of epilepsy genes includes only 977 genes, 
whereas our database (www.sagas.ac) includes 2876 genes, which demonstrates 
that the number of genes that can potentially contribute to seizures/epilepsy 
is much higher than previously envisaged. We use our database to identify 12 
hitherto unreported polygenic epilepsy genes, 479 high- confidence monogenic 
epilepsy genes, and 394 more biological pathways than identified using the previ-
ously largest epilepsy gene dataset. We use a unique feature of Seizure- Associated 
Genes Across Species— the number of citations for each gene— to demonstrate 
that a drug is more likely to affect seizures if there is more evidence that the genes 
it affects are associated with seizures, and we use these data to identify promising 
candidate antiseizure drugs.
Significance: This database offers insights into the causes of epilepsy and its 
treatments, and can accelerate future epilepsy research.
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1  |  INTRODUCTION

Seizures are the hallmark of epilepsy, a condition that 
affects almost 1% of the global population, and places a 
heavy burden on individuals and societies.1 Better under-
standing of the genes and genetic pathways underlying 
epilepsy can help improve the diagnosis and manage-
ment of people with epilepsy. Genetic factors can contrib-
ute to the development of epilepsies, either as single- gene 
mutations in rare monogenic epilepsies, or as multiple 
genetic variants in common epilepsies.2 Common epi-
lepsies are complex traits with a polygenic origin, which 
means that the combined effect of many common risk 
variants contributes to their genetic risk.2 Seizures or 
epilepsy can also be observed or elicited in other animals, 
including nonhuman primates, dogs, cats, rodents, fish, 
flies, and worms.

Seizure or epilepsy genes have been identified through 
studies on people with polygenic epilepsies, and on peo-
ple with monogenic epilepsies, and on the many nonhu-
man species that can also experience seizures or epilepsy. 
Decades of genetic research using numerous different 
technologies in multiple species of animals with many 
different types of epilepsy have generated a huge body of 
literature about the genes associated with seizures and 
epilepsy. It is evident from this literature that the dys-
function of a multitude of different genes can provoke or 
predispose to seizures and/or epilepsy. Some genes can in-
fluence seizure susceptibility in different types of epilepsy 
and across species. The genes that can cause epilepsy of 
different types and/or in different species are, putatively, 
particularly potent epilepsy- causing genes and, hence, de-
serving of particular interest.

Existing epilepsy gene databases are limited to genes 
associated with monogenic human epilepsies. Data for 
the strength of genes' association with polygenic types of 
epilepsy are overlooked. Data from studies in nonhuman 
animal models, which also provide vital insights into the 
genes/proteins that influence seizure susceptibility, are 
not included. No data are provided to rank genes, which 
would help prioritize the most promising candidate genes, 
given the vast number of genes associated with epilepsy.

Genetic findings from different epilepsy types, animal 
species, and analytical techniques are deposited in dispa-
rate databases or dispersed across a multitude of papers 
published over many decades. The vast magnitude and 
dispersed nature of this literature means that individual 
genes that are important leads for further study get over-
looked, the set of genes with the greatest evidence of as-
sociation with seizures and epilepsy cannot be identified, 
and a global view of the genetic pathways driving epilepsy 
cannot be formulated. Collating, summarizing, categoriz-
ing, enumerating, integrating, and juxtaposing published 

information for different types of epilepsy and animal spe-
cies into a single database can address these needs and, 
thereby, help to accelerate mechanistic and therapeutic 
discovery in epilepsy. Our aim was to create such a data-
base of all the genes associated with all types of seizures or 
epilepsies in all species.

2  |  MATERIALS AND METHODS

We searched Scopus for studies reporting one or more 
named genes whose mutation or manipulation led to sei-
zures/epilepsy in people or animal models. We included 
studies reporting an association between seizures/epilepsy 
and mutation(s), variation(s), or polymorphism(s) in one 
or more named genes. In addition, we included articles 
demonstrating that direct manipulation (for example, gene 
knockout, RNA interference, Targeted Augmentation of 
Nuclear Gene Output) of one or more named genes/pro-
teins caused seizures or epilepsy. Administration of drugs 
or pharmacological compounds that affect a protein/gene 
were not accepted, as compounds can also influence pro-
teins/genes other than the target gene and, therefore, it 
cannot be definitively concluded that the effect of the 
compound on the intended target is the sole cause of the 
observed phenotype in studied subjects. Studies reporting 
clinical or electrical seizures were eligible.

Separate searches were conducted for human and for 
animal model studies. For animal studies, we included 
all years to December 15, 2020. For human studies, we 
included all years from January 1, 2016 to December 
15, 2020. Earlier years were not included in the search 
for human studies, as human studies up to and in-
cluding 2015 had been collated by two previously pub-
lished comprehensive human epilepsy gene databases/

Key Points
• We collated all the genes associated with all 

types of seizures or epilepsies in all species, and 
quantified the supporting evidence for each 
gene

• The largest published dataset of epilepsy genes 
includes only 977 genes, whereas our database 
(www.sagas.ac) includes 2876 genes

• We use our database to identify genes and path-
ways associated with monogenic and polygenic 
epilepsies, and candidate antiseizure drugs

• This database offers insights into the causes of 
epilepsy and its treatments, and can accelerate 
future epilepsy research

http://www.sagas.ac
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datasets, whose data was downloaded/extracted in bulk 
(see below).

The Scopus search yielded 9541 articles, which were 
then manually screened and mined. Given the large 
number of articles, crowdsourcing was employed. Sixty 
researchers contributed to the crowdsourced manual 
screening and data mining. The researchers were pro-
vided instructions and training to perform the task, and 
the quality of their work was audited by the senior team. 
To standardize the article screening and data extraction 
process, an online systematic review platform (https://
sysrev.com/) was used. Written guidelines were created 
to standardize study selection and data extraction by all 
collaborators. A copy of the guidelines can be down-
loaded from the following link: https://figsh are.com/
s/6394d a0063 971fb 5a3bc. Each article was screened 
independently by at least two researchers. Any conflicts 
were resolved by a team of four senior researchers. 
Finally, all collated information was tabulated and re-
checked for errors.

Data were also extracted (on May 26, 2021) from 
the following databases: ClinVar (https://www.ncbi.
nlm.nih.gov/clinv ar/), Online Mendelian Inheritance 
in Man (https://www.omim.org/), Human Gene 
Mutation Database (https://digit alins ights.qiagen.com/
produ cts- overv iew/clini cal- insig hts- portf olio/human 
- gene- mutat ion- datab ase/), Mouse Genome Informatics 
(http://www.infor matics.jax.org/), International Mouse 
Phenotyping Consortium (https://www.mouse pheno 
type.org/), EpilepsyGene (http://www.wzgen omics.
cn/Epile psyGe ne/),3 and epiGAD (http://www.epigad.
org/). Data from a comprehensive review of epilepsy- 
associated genes were also manually extracted.4 Any 
nonhuman genes were mapped to the orthologous 
human genes.

Genome- wide association study (GWAS) gene- based 
p- values were calculated for the two main types of com-
mon epilepsy— focal and generalized— from their GWAS 
summary statistics5 using FUMA (https://fuma.ctglab.
nl/) with default settings.

It was deemed important that the database's online in-
terface should fulfill the following requirements:

• The database should be presented like a spreadsheet, 
because this best enables users to take advantage of 
a useful feature of the database— numerical quanti-
fication of the evidence/citations for the association 
of each gene with epilepsy/seizures in different spe-
cies— to sort, prioritize, and select the most promising 
genes.

• The database should include an advanced filtering 
tool, so that it is possible to identify genes that have the 

required amount of evidence, as defined by the user, in 
any or all of different epilepsy types and animal species.

• The filtered results should be downloadable by the user.
• The citations reporting an association between sei-

zures/epilepsy and any individual gene should be im-
mediately easily viewable.

• The database should be browsable using a mobile de-
vice (with a large screen).

A number of proprietary platforms for hosting spread-
sheetlike databases were explored, but none met all of 
the above requirements. Hence, the database was cre-
ated in Excel, and customized using the Visual Basic for 
Applications programming language, to meet the above 
requirements.

Next, we used the database to identify epilepsy genes, 
pathways, and treatments, to deliver new mechanistic and 
therapeutic insights, and to provide examples of the data-
base's utility.

2.1 | Revealing genes associated with 
polygenic epilepsies

We identified genes that have a GWAS gene- based false 
discovery rate (FDR) < .05 and evidence of association 
with epilepsy/seizures in monogenic cases/models. Gene 
ontologies for the identified genes were extracted from 
http://geneo ntolo gy.org/ (accessed October 10, 2021).

2.2 | Identifying "high- confidence" 
monogenic human epilepsy genes

High- confidence monogenic human epilepsy genes were 
defined as those with evidence of association with mono-
genic epilepsy in humans and with seizures/epilepsy in 
another species.

2.3 | Revealing the pathways underlying 
seizures/epilepsy

Pathway analysis was performed using all of the genes in 
Seizure- Associated Genes Across Species (SAGAS) and 
the hypeR Bioconductor package and Reactome path-
ways.6 To determine whether SAGAS identifies more 
epilepsy pathways than can be identified by chance or 
by previous databases, pathway enrichment analysis was 
also done using random genes equal in number to those 
in SAGAS (103 permutations performed), and using all of 
the genes in the previously largest epilepsy gene dataset.4

https://sysrev.com/
https://sysrev.com/
https://figshare.com/s/6394da0063971fb5a3bc
https://figshare.com/s/6394da0063971fb5a3bc
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.omim.org/
https://digitalinsights.qiagen.com/products-overview/clinical-insights-portfolio/human-gene-mutation-database/
https://digitalinsights.qiagen.com/products-overview/clinical-insights-portfolio/human-gene-mutation-database/
https://digitalinsights.qiagen.com/products-overview/clinical-insights-portfolio/human-gene-mutation-database/
http://www.informatics.jax.org/
https://www.mousephenotype.org/
https://www.mousephenotype.org/
http://www.wzgenomics.cn/EpilepsyGene/
http://www.wzgenomics.cn/EpilepsyGene/
http://www.epigad.org/
http://www.epigad.org/
https://fuma.ctglab.nl/
https://fuma.ctglab.nl/
http://geneontology.org/
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2.4 | Identifying potential antiseizure 
medications

We hypothesized that a drug is more likely to affect sei-
zures if there is more evidence that the genes it affects 
are associated with seizures. We ranked drugs by the 
total number of citations in SAGAS for all the genes that 
each drug affects, and determined whether this leads 
to a statistically significantly enrichment of antiseizure 
drugs.

We created a list of compounds that are promising po-
tential antiseizure drugs, as they (1) are already used to 
treat people (for conditions other than epilepsy), (2) affect 
epilepsy genes, and (3) have evidence of efficacy against 
seizures in animal models.

Genes/proteins affected by drugs were collated from 
publicly accessible databases, as previously described.7 
The list of currently approved antiseizure drugs was ex-
tracted from the British National Formulary (https://bnf.
nice.org.uk/treat ment- summa ry/epile psy.html; accessed 
October 10, 2021). The list of experimental antiseizure 
drugs, and the supporting evidence, were extracted from 
a published database.8

3  |  RESULTS

Our database contains 2876 genes, supported by 9742 pieces 
of evidence. Our database is available at (www.sagas.ac).

3.1 | Database interface

In the database, genes can be sorted/filtered by degree 
of association with either of the two main types of poly-
genic epilepsy (focal and generalized) and/or the total 
number of studies reporting an association with mono-
genic epilepsies across all species or in specific species 
(human, dog, rodent, zebrafish, fly, worm). Where avail-
able, the seizure or epilepsy type or syndrome associ-
ated with the gene is displayed. Searching by gene or 
syndrome name is also possible. For any gene of inter-
est, a single click displays the list of citations reporting 
its association with seizures/epilepsy. Each citation can 
be clicked to directly open the relevant PubMed page or 
database.

3.2 | Revealing genes associated with 
polygenic epilepsies

Using the comprehensive collection of data in SAGAS, 
we identified 16 genes that are significantly associated 

with generalized epilepsy (GWAS gene- based FDR <  .05) 
and cause epilepsy/seizures in monogenic cases/mod-
els and, hence, are promising candidate causal general-
ized epilepsy genes (Table 1). Twelve of these genes were 
not reported in the original GWAS paper and, hence, are 
important newly reported generalized epilepsy candi-
date genes: AP3D1, CAMTA1, DOC2A, GRM4, MMP27, 
PHACTR1, RAPGEF2, RBFOX1, RIMS1, SETD1A, STX1B, 
UBTF.

In the focal epilepsy GWAS, no genes were significantly 
associated (gene- based FDR < .05). No significant associ-
ations with focal epilepsy were discovered by the original 
GWAS publication either.5

T A B L E  1  Genes that are significantly associated with 
generalized epilepsy and cause epilepsy/seizures in monogenic 
cases/models and, hence, are promising candidate causal 
generalized epilepsy genes

Gene Citations, n GE FDR GO terms (selected)

AP3D1 5 .001574 Anterograde synaptic 
vesicle transport

CAMTA1 2 .002134 Calcineurin- NFAT 
signaling

SCN1A 290 .003081 Voltage- gated sodium 
channel activity

SETD1A 3 .011449 Protein binding

STX1B 8 .021646 Signaling receptor binding

RAPGEF2 4 .028498 Guanyl- nucleotide 
exchange factor activity

UBTF 2 .031009 RNA polymerase I cis- 
regulatory region 
sequence- specific DNA 
binding

GABRA2 9 .032305 GABA- gated chloride ion 
channel activity

PCDH7 1 .033095 Calcium ion binding

RIMS1 1 .033095 Synaptic vesicle exocytosis

PHACTR1 2 .03322 Actin cytoskeleton 
organization

RBFOX1 5 .037034 Protein binding

TTC21B 2 .038402 Positive regulation 
of canonical Wnt 
signaling pathway

MMP27 1 .043774 Zinc ion binding

DOC2A 1 .047941 Calcium ion binding and 
syntaxin binding

GRM4 4 .049296 G protein- coupled 
glutamate receptor 
signaling

Note: Number of citations is from Seizure- Associated Genes Across Species 
database.Abbreviations: GABA, γ- aminobutyric acid; GE FDR, false 
discovery rate for association with generalized epilepsy (see text); GO, gene 
ontology; NFAT, nuclear factor of activated T cells.

https://bnf.nice.org.uk/treatment-summary/epilepsy.html
https://bnf.nice.org.uk/treatment-summary/epilepsy.html
http://www.sagas.ac
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3.3 | Identifying high- confidence 
monogenic human epilepsy genes

A total of 479 high- confidence monogenic human epi-
lepsy genes, as defined above, were identified (Table S1).

3.4 | Revealing the pathways underlying 
seizures/epilepsy

Pathway enrichment analysis using all of the genes in 
the previously largest epilepsy gene dataset4 revealed 267 
significantly enriched pathways. Pathway enrichment 
analysis using all of the genes in SAGAS revealed 661 sig-
nificantly enriched pathways (Tables 2 and S3). Pathway 
enrichment analysis using random genes equal in number 
to those in SAGAS did not reveal as many significantly 
enriched pathways; we repeated this analysis 103 times, 
giving p < 1 × 103 for as many significantly enriched path-
ways being revealed by chance.

3.5 | Identifying potential antiseizure 
medications

To test the hypothesis that that a drug is more likely to af-
fect seizures if there is more evidence that the genes it af-
fects are associated with seizures, we ranked drugs by the 
total number of citations in SAGAS for all the genes that 
each drug affects. Ranking drugs in this way places 100% 
of antiseizure drugs within the top 20% of all drugs, which 

is fivefold and highly statistically significant (hypergeo-
metric p- value = 6.1 × 10−20) enrichment. In Tables 3 and 
S4, we list drugs that are particularly promising potential 
antiseizure drugs as they (1) are already used to treat peo-
ple (for conditions other than epilepsy), (2) affect epilepsy 
genes, and (3) have evidence of efficacy against seizures in 
animal models.

4  |  DISCUSSION

Databases/datasets of epilepsy genes have been published 
previously; these are described in Table S5. The follow-
ing unique features make our database different from and 
substantially better than previously published databases/
datasets of epilepsy genes:

• The largest published dataset of epilepsy genes in-
cludes only 977 genes, whereas our database in-
cludes 2876 genes. Our database demonstrates that 
the number of genes that can potentially contribute 
to seizures/epilepsy is much higher than previously 
envisaged.

• Previously published epilepsy databases/datasets are 
limited to genes that cause monogenic forms of human 
epilepsy. Our database also incorporates the strength of 
association of each gene with polygenic forms of human 
epilepsy.

• Previously published epilepsy databases/datasets 
present only data from gene mutation/variation anal-
yses in people with epilepsy. The discovery of a gene 

T A B L E  2  Selected enriched biology pathways identified using all of the genes in the SAGAS database

Pathway FDR

L1CAM interactions 7.8 × 10−26

Asparagine N- linked glycosylation 4.0 × 10−17

NCAM signaling for neurite out growth 1.1 × 10−14

Signaling by NTRKS 1.1 × 10−14

CREB1 phosphorylation through NMDA receptor- mediated activation of RAS signaling 8.0 × 10−14

Interaction between L1 and ankyrins 1.5 × 10−13

MAPK family signaling cascades 2.5 × 10−12

Citric acid TCA cycle and respiratory electron transport 3.0 × 10−12

G alpha (i) signaling events 3.0 × 10−11

Signaling by VEGF 3.2 × 10−11

RAS activation upon CA2 influx through NMDA receptor 2.5 × 10−10

Synthesis of glycosylphosphatidylinositol 3.6 × 10−10

PI3K AKT signaling in cancer 3.9 × 10−10

Signaling by PDGF 5.5 × 10−10

Regulation of MECP2 expression and activity 7.9 × 10−10

Note: The complete list of enriched biological pathways can be found in Tables S1– S5.Abbreviations: FDR, false discovery rate; SAGAS, Seizure- Associated 
Genes Across Species.
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mutation in an individual with epilepsy is not always 
sufficient to establish that the gene causes epilepsy. 
For all genes found to bear mutations/variations in 
people with epilepsy, we also present any existing 
evidence of their association with seizures in animal 
models, which can be critical for establishing the 
genes' pathogenicity.

• We also include genes that have evidence of association 
with seizures/epilepsy in animals, but do not yet have 
such evidence in humans. These genes are potentially 
important leads for mechanistic, diagnostic, and thera-
peutic discovery in human epilepsy.

• Previously published epilepsy databases/datasets are 
limited to studies of inherited or de novo gene muta-
tions/variations. We have also included relevant data 
from gene manipulation studies that used techniques 
such as gene knockin, RNA interference, and CRISPR 
(clustered regularly interspaced short palindromic 
repeats).

• For each gene, our database displays a numeric value 
for the strength of its association with polygenic forms 
of epilepsy, and the number of articles of evidence that 
show its association with monogenic seizures/epilepsy 
in each animal species. This allows users to rank genes 
according to the amount of evidence of their association 

with seizures/epilepsy, and to select the genes that meet 
any threshold chosen by the user.

• It is possible to identify genes that have evidence of as-
sociation with seizures/epilepsy in one or more specific 
species of interest and that have the desired number of 
articles of evidence for the species.

4.1 | Revealing genes associated with 
polygenic epilepsies

GWAS is an important methodology for identifying 
genes associated with polygenic forms of a disease. 
In GWAS, genetic variants/polymorphisms associ-
ated with the disease are identified and then mapped 
to genes. However, even some associations that meet 
stringent criteria for statistical significance will be spu-
rious. If, through GWAS, a gene is found to be signifi-
cantly associated with the polygenic form of a disease, 
and it is also known to cause the disease in monogenic 
cases/models, its association with the polygenic form 
of the disease is more likely to be true. SAGAS allows 
rapid identification of genes that are associated with 
polygenic epilepsies and that also cause epilepsy/sei-
zures in monogenic cases/models. Using SAGAS in this 

T A B L E  3  Selected drugs that affect genes in the SAGAS database and have evidence of antiseizure efficacy in multiple animal models 
and from multiple published studies

Drug Current indications (selected) Citations Studies Models

Riluzole Amyotrophic lateral sclerosis 482 4 4

Memantine Alzheimer disease 322 19 5

Verapamil Angina, hypertension, cluster headache 165 12 6

Meperidine Pain 155 3 2

Amlodipine Hypertension, angina 152 4 3

Dextromethorphan Inflammatory and allergic disorders, congenital adrenal 
hyperplasia, croup, rheumatic disease

145 22 6

Nifedipine Angina, hypertension, Raynaud phenomenon, premature labor 86 22 6

Fluoxetine Depression, bulimia nervosa, obsessive– compulsive disorder 54 11 3

Scopolamine Motion sickness, excessive respiratory secretions 54 8 3

Aripiprazole Schizophrenia 52 3 3

Bromocriptine Parkinson disease, endocrine disorders 52 3 2

Pimozide Schizophrenia 51 3 4

Apomorphine Parkinson disease 42 10 4

Bumetanide Edema 28 5 4

Celecoxib Osteoarthritis, rheumatoid arthritis, ankylosing spondylitis 25 4 2

Dexamethasone Inflammatory and allergic disorders, congenital adrenal 
hyperplasia, cerebral edema

25 3 3

Note: "Citations" is the total citations in SAGAS for genes affected by the drug; "Studies" is the number of studies demonstrating antiseizure efficacy of the 
drug in animal models; "Models" is the number of unique animal models in which the drug has antiseizure efficacy. The complete list of drugs, and PubMed 
identifiers for the animal model studies reporting their antiseizure efficacy, can be found in Table S4. Abbreviation: SAGAS, Seizure- Associated Genes Across 
Species.
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way, we identified a number of generalized epilepsy 
genes, whose association with generalized epilepsy has 
not been reported previously. These include AP3D1, 
which is involved in anterograde synaptic vesicle trans-
port, GRM4, which is involved in G protein- coupled 
glutamate receptor signaling, and RIMS1, which is in-
volved in synaptic vesicle exocytosis.9 SAGAS will be 
updated once the results of the next epilepsy GWAS be-
come available.

4.2 | Identifying "high- confidence" 
monogenic human epilepsy genes

Not all mutations identified in individuals with monogenic 
or Mendelian diseases are pathogenic; some are spurious 
findings. Hence, it is desirable to identify high- confidence 
genes that are more likely to be truly pathogenic. In a previ-
ous epilepsy database,3 the authors defined high- confidence 
genes using the following method: different bioinformatics 
tools were used to score the likelihood that a gene mutation/
variation will alter the resulting protein, then these scores 
were summed, and then an arbitrary cutoff was applied to 
the total score. A total of 154 high- confidence epilepsy genes 
were thus identified. We exploit the wealth of data in SAGAS 
to identify high- confidence genes using functional evidence; 
we consider a gene that has evidence of association with 
human monogenic epilepsy to be a high- confidence gene 
if there is functional evidence that mutation/manipulation 
of the gene also causes seizures/epilepsy in another species. 
Arguably, these functional data are more robust evidence 
of pathogenicity than the computational predictions previ-
ously employed. Moreover, we identify a higher number of 
high- confidence genes: 479 (Table S1). At the same time, we 
acknowledge that there is currently no single universally 
accepted method for identifying high- confidence genes. 
Mutations in some genes might be pathogenic in humans 
only, or might not have been studied in animals, and such 
genes will not be included in our list of high- confidence 
genes. Genes that are identified as high- confidence using 
contrasting/complementary methods will be of particular 
interest. Hence, in Table S2, we present genes that are iden-
tified as high- confidence by both the computational predic-
tions in the previous database3 and the functional data in 
our database. For comparison, Table S2 also lists the genes 
identified as high- confidence by only one of the databases. 
A Venn diagram summarizing the number of overlapping 
and unique high- confidence genes in the two databases is 
displayed alongside Table S2.

Importantly, SAGAS provides the data and capability 
for users to apply alternative custom definitions of high- 
confidence genes that are more suited to their research 
goals.

4.3 | Revealing the pathways underlying 
seizures/epilepsy

SAGAS provides novel insights into the biological path-
ways underlying seizures/epilepsy. The breadth of insight 
into the biological pathways underlying seizures/epilepsy 
that is provided by SAGAS cannot be provided by previous 
epilepsy gene databases; SAGAS enables the identification 
of ~2.5- fold more enriched pathways than the previously 
largest epilepsy gene database. The large number of en-
riched pathways identified using SAGAS is not expected 
by chance (p < 1 × 103 by permutation).

Among the enriched pathways are pathways respon-
sible for the expression/activity of genes that are known 
to be associated with epilepsy. For example, one of the 
enriched pathways is "regulation of MECP2 expression 
and activity." Mutations in MECP2 cause not only Rett 
syndrome but also numerous other syndromes in which 
epilepsy and seizures are a prominent feature (please see 
the SAGAS database for a complete list of the syndromes 
and related references). Another example is the pathway 
"L1CAM interactions." L1CAM mutations cause L1 syn-
drome, in which seizures are a prominent feature (please 
see the SAGAS database for related references).

Also among the enriched genetic pathways are pathways 
responsible for the expression/activity of genes that are not 
known to be associated with epilepsy. For example, muta-
tions and variations in NCAM have not been associated 
with epilepsy. However, NCAM is involved in neural differ-
entiation and synaptic plasticity.9 The "NCAM signaling for 
neurite out growth" pathway is one of the most highly en-
riched pathways in our analysis, as >50% of the genes in this 
pathway are found in our database (Table S3). As another 
example, mutations and variations in VEGF have not been 
associated with epilepsy. VEGF exerts neurotrophic and 
neuroprotective effects in the nervous system.10 The "VEGF 
signaling" pathway is one of the most highly enriched path-
ways in our analysis, as ≈40% of the genes in this pathway 
are found in our database (Table S3).

4.4 | Identifying potential antiseizure 
medications

We used a unique feature of SAGAS— the number of 
citations for each gene— to prioritize drugs that affect 
seizures. We found that a drug is more likely to affect 
seizures if there is more evidence that the genes it affects 
are associated with seizures. One possible explanation 
of this finding is that, to treat epilepsy, drugs have been 
developed that specifically target genes associated with 
epilepsy. Even if this explanation is true, it suggests that 
identifying drugs that target epilepsy- associated genes has 
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been a fruitful strategy for finding antiseizure drugs in the 
past and, hence, should be a fruitful strategy for finding 
antiseizure drugs in the future.

Current drug treatments for epilepsy fail to control sei-
zures in ~30% of patients11,12 and cause adverse effects in 
~88% of patients.13,14 Hence, there is an urgent need for 
new antiseizure drugs. Developing and obtaining regula-
tory approval for a new drug takes 15 years and costs $2.6 
billion. Repurposing drugs that are already being used to 
treat people (for conditions other than epilepsy) can meet 
this urgent need much more rapidly and economically. 
In Tables  3 and S4, we list compounds that are particu-
larly promising candidates for repurposing as antiseizure 
drugs because they (1) are already used to treat people (for 
conditions other than epilepsy), (2) affect epilepsy genes, 
and (3) have evidence of efficacy against seizures in an-
imal models. Some of these drugs even have published 
evidence of efficacy in case series of people with epilepsy, 
for example, memantine,15– 18 nifedine,19– 24 riluzole,25 and 
verapamil.26– 32 Of course, these drugs have to be tested 
and proven effective in people with epilepsy, through fu-
ture clinical trials, before being routinely deployed in the 
clinic.

In Table S4, we display the total number of citations in 
SAGAS for the genes affected by each drug, the number of 
studies reporting the efficacy of each drug in animal mod-
els of seizures, and the number of different animal models 
of seizures in which each drug is effective. Users can use 
these criteria to prioritize and select promising potential 
antiseizure drugs.

Limitations
Despite our best efforts, it is possible that some genes 

and/or studies that should be included in the database 
have been omitted, and that some genes and/or studies 
that do not belong in the database have been included. We 
have not assessed the quality of the studies included in 
the database, and it is possible that some of the reported 
gene associations with seizures/epilepsy are spurious. 
However, direct links to the evidence are provided in the 
database, so that users can easily access and review the 
evidence for any gene of interest. Our database is not 
intended to replace expert- selected sets of the key genes 
that are most likely to cause human epilepsy (e.g., https://
panel app.genom icsen gland.co.uk/panel s/402/).

To ensure that our collection of seizure/epilepsy genes 
is as complete as possible, we have extracted data from 
and cited primary publications and gene databases. It 
is possible that the citation count for a gene is overesti-
mated, because we have cited both the primary publica-
tion reporting its association with seizures/epilepsy and 
a database that has included the gene based on the same 
primary publication. However, as the primary purpose of 

the citation count is to identify genes that are more likely 
to be associated with seizures/epilepsy, even such a du-
plicated citation count can be useful, as it indicates that 
other researchers have also adjudged that a primary pub-
lication evidences the genes' association with seizures/ep-
ilepsy. A higher citation count can indicate that a gene is 
more likely to be truly associated with seizures/epilepsy, 
but the citation counts are not directly proportional to this 
likelihood.

Genes that cause seizures in a nonhuman species 
might not cause seizures in humans.

5  |  CONCLUSIONS

We have created the largest ever seizures/epilepsy gene 
database, and the only one that includes genes associated 
with different types of seizures/epilepsy in multiple spe-
cies based upon a wide range of experimental techniques. 
The database provides novel insights into epilepsy genes, 
pathways, and treatments. The database can accelerate 
future mechanistic and diagnostic discoveries in epilepsy. 
We plan to update the database biennially. This database 
can also be used as a blueprint to create similar databases 
for other diseases.
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