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The etiology of seizure genera-
tion and development of epi-
lepsy is complex and not fully 
understood. Although the vast 
majority of people with epilepsy 
do not have a family history 

of epilepsy, it is likely that genetics plays a key role in both 
processes. In this article, we focus on genetic architecture of 
epilepsy as it is currently understood and provide an update of 
relevant research and how genetics can aid diagnosis and treat-
ment of epilepsy. Table 1 provides a glossary of genetic terms.

In the past 20 years, genetic studies have started to unravel 
the complex molecular pathways involved in the epilepsies. 
Until recently, however, most genetic studies have involved 
isolated multigenerational families with monogenic disease, 
or genome-wide association studies in which common single 
nucleotide polymorphisms (SNPs) were used to find loci asso-
ciated with an epilepsy. Both types of studies show that most 
of the epilepsies are not explained by a single gene, but rather 
multiple genetic loci are involved in the disease etiology.1,2

The recent advances in DNA sequencing technologies (eg, 
next-generation sequencing [NGS]) have enabled individual 
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TABLE 1. SUMMARY OF USEFUL GENETIC TERMINOLOGY

Autosomal dominant Affected individual has 1 mutant gene and 1 normal gene on chromosome pair

Autosomal recessive Affected individual has 2 copies of mutant gene on chromosome pair

Benign or likely benign variant A mutation or SNP that is not likely to cause disease

De novo mutation Mutation that occurred spontaneously rather than being inherited from parents

Exome Protein-coding regions of the genome

Genetic loci Position on a chromosome (eg, position of a gene or SNP)

GWAS Study approach to scan markers (SNPs)

HGMD Collection of published gene mutations known to be causative for human inherited disease

Loss of function mutation A mutation that causes the protein product to have less or no function

Missense mutation An SNP that causes an amino acid substitution in the protein product of the gene

Monogenic Disease or phenotype caused by 1 gene

Next generation sequencing Platform for sequencing of thousands to millions of DNA base pairs simultaneously

Pathogenic or likely pathogenic variant A mutation or SNP that is likely to cause disease

Polygenic Disease or phenotype regulated by > 1 gene

Proband First affected individual in family

SNP A variation in a single base pair in a DNA sequence

VUS A variant that is not known to be benign or pathogenic at the date of testing

X-linked Affected individual has a mutant gene on X chromosome

Abbreviation: GWAS, genome-wide association study; HGMD, Human Gene Mutation Database; SNP, single nucleotide polymor-
phism; VUS, variant of unknown significance. 



OCTOBER 2019 PRACTICAL NEUROLOGY 57 

E P I L E P S Y

sequencing on a large scale, including populations and healthy 
individuals. These techniques allow the detection of rare vari-
ants and de novo mutations. Because de novo mutations are 
not inherited from parents, sequencing the affected proband 
and the unaffected parents is a powerful tool to identify de 
novo mutations likely causing disease.3,4 A genetic diagnosis 
can provide accurate prognostic information and even enable 
targeted therapy, depending on genetic mutation found.5 

International collaborations and technology develop-
ments have made genome-wide association studies in larger 
cohorts possible. These studies include over 15,000 people 
with epilepsy and have been used to identify risk variants 
that have small effect sizes alone but, in aggregate, affect an 
individual’s predisposition to epilepsy. Although these small-
effect risk variants are not used in the clinical setting cur-
rently, the future holds the promise of modeling genetic risk 
score predication tools for epilepsy with these variants.

Monogenic Epilepsy
Only 1% to 2% of the epilepsies are monogenic.6,7 Typically, 

genes implicated in monogenic epilepsies have an autosomal 
dominant inheritance pattern, although more rarely, some 
have autosomal recessive or X-linked inheritance. Mutations 
causing monogenic epilepsies are often located in the protein 
coding sequence causing amino acid substitutions (ie, a mis-
sense variant) or protein truncation (ie, nonsense, frameshift, 
deletion, or splicing variant). The direct effect on the encoded 
protein makes these mutations easier to detect and correlate 
to a causal effect in the diagnostic setting. Other types of vari-
ants, in which a malfunction is usually more difficult to iden-
tify, are those that do not cause an amino acid substitution (ie, 
synonymous variants) or duplications, intronic variants, and 
variants located in the untranslated regions (UTR) of a gene 
(3’UTR and 5’UTR). Most monogenic epilepsies are related to 
genes that encode voltage-gated ion channels, including sodi-
um, potassium, and chloride channels. The most commonly 
recognized epileptogenic gene is SCN1A, which encodes the 
voltage-gated sodium channel, Nav1.1a.8 Over 2,000 mutations 
in SCN1A linked to multiple epilepsies have been described 
and are known to cause 80% of Dravet’s syndrome, a devastat-
ing childhood epilepsy. Examples of genes related to epilepsy, 
including ion-channel and receptor genes shown to play a role 
in mainly monogenic epilepsy are listed in Table 2. 

Although more than 750 genes have been reported as asso-
ciated with epileptic conditions, including infantile spasms 
and epileptic encephalopathies,9 only a small percentage is 
likely to be causative for monogenic epilepsy. Some genes list-
ed in the Human Gene Mutation Database (HGMD) as pos-
sibly associated with epilepsy do not have a well-established 
association with epilepsy yet or are associated with diseases 
in which seizure is not the main phenotype. Many epilepsy 

genes have incomplete penetrance, which means not every 
individual carrying the mutation will develop epilepsy. In addi-
tion, these genes have heterogeneous expression and pheno-
types even within a family with the same genotype.10

Common Variants Associated With Epilepsy
Based on family studies, twin studies, and genome-wide 

association studies, over 30% of the inherited epilepsies can 
be explained by common variants.2 The mechanisms of 
how these contribute to epilepsies are not known, however, 
because these common variants are often outside the protein-
coding regions. The most comprehensive genome-wide asso-
ciation study of epilepsies included 15,212 people with epilepsy 
and 28,677 people without epilepsy, in which 16 genome-wide 
significant loci were associated with epilepsy. Because of link-
age disequilibrium, however, the associated locus is typically 
large and may include multiple genes. Using a variety of pri-
oritization methods (eg, brain expression, previous reports as 
monogenic genes, or known regulatory functions), 21 potential 
epilepsy-related genes within those loci were identified. Similar 
genes and gene groups are implicated in both monogenic epi-
lepsy and known common variants associated with epilepsy, 
suggesting shared genetic architecture.11

Burden of Rare Variants
In a large global consortium of several epilepsy centers, over 

9,000 people with and 9,000 people without epilepsy had 
whole exome sequencing (WES) studies that showed that indi-
viduals with epilepsy have an excess of rare variants in genes 
previously associated with epilepsy.12 It is not uncommon to 
identify several potentially disease-causing variants in a single 
individual. In this large WES study, a significant burden of rare 
variants was seen in genes not previously associated with epi-
lepsies, even in individuals with monogenic epilepsy, suggesting 
overall polygenic contribution.12

Diagnostics and Treatment
A number of possible mutations and variants can con-

tribute to epileptic encephalopathies, generalized and 
focal epilepsies, and other types of epilepsies. Genetic test-
ing can sometimes provide individuals with an epileptic 
encephalopathy or idiopathic medically refractory epilepsy 
an actionable molecular diagnosis for their condition. For 
example, identifying a pathogenic SCN1A variant in a person 
with medically refractory epilepsy can stop presurgical inves-
tigations because of concern for an unfavorable outcome. 
A genetic diagnosis can also steer treating physicians to dis-
continue long-standing carbamazepine therapy that poten-
tially aggravates epilepsies caused by SCN1A mutations.8,13 

Even people with acquired epilepsy from tumors, infections, 
or trauma may benefit from testing, considering that not every 
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TABLE 2. KNOWN GENES ASSOCIATED WITH SEIZURES AND EPILEPSY

Gene Protein Function Phenotype Specific treatment if available

ALDH7A1 Aldehyde  
dehydrogenase

Pyridoxine-dependent epilepsy, folinic-acid responsive sei-
zures inherited in autosomal recessive pattern

Clinical and EEG response to vita-
min B6 administration

CDKL5 Cell adhesion  
protein

West’s syndrome, Rett’s syndrome, Lennox-Gastaut syndrome West’s syndrome: adrenocortico-
tropic hormone (ACTH), predni-
sone, vigabatrin

DEPDC5 mTOR pathway Focal epilepsy with variable foci not related to cortical mal-
formations; may be inherited in autosomal dominant pattern 
or be a de novo mutation

Direct mTOR inhibitors may be 
specific avenues in the future

EPM2A Phosphatase Myoclonic epilepsy of Lafora, progressive myoclonic epilepsy

FOLR1 Folate receptor Neurodegeneration because of cerebral folate transporter 
deficiency

Folinic acid supplementation ame-
liorates symptoms in some

GABARG2 GABA receptor Severe myoclonic epilepsy of infancy, Dravet’s syndrome, 
febrile seizures, epileptic encephalopathies, Lennox-Gastaut 
syndrome

GAMT Amino acid  
metabolism

Cerebral creatine deficiency syndrome Creatine and ornithine supple-
mentation and arginine restriction 
improve seizure control and devel-
opmental outcome

GRIN2A Glutamate receptor 
(gain of function 
increases glutamate 
sensitivity)

Epilepsy and intellectual disability, epileptic encephalopathy, 
epilepsy and/or neurodevelopmental disorders, benign epi-
lepsy with centrotemporal spikes

Isolated case report of improve-
ment with memantine 

KCNQ2 Potassium channel Early onset epileptic encephalopathy, benign neonatal sei-
zures, Ohtahara’s syndrome

LGI1 Control of cancer 
metastasis

Early infantile epileptic encephalopathy, faciobrachial dyston-
ic seizures (FBDS), autosomal dominant partial epilepsy with 
auditory features (ADPEAF), lateral temporal lobe epilepsy, 
focal epilepsy with migraine-like episodes

FBDS seen in limbic encephalitis, 
responds to immunotherapy

NHLRC1 E3 Ubiquitin ligase Lafora disease

PCDH19 Cell adhesion  
protein

Epilepsy, some restricted to girls/women

POLG Mitochondrial  
DNA polymerase

Childhood-onset intractable epilepsy, POLG mutation  
mitochondrial disease

Avoid valproic acid

SCN1A Sodium channel Dravet’s syndrome, intractable childhood epilepsy with gen-
eralized tonic clonic seizures (ICEGTC), generalized epilepsy 
with febrile seizures plus (GEFS+), severe myoclonic epilepsy of 
infancy (SMEI) 

Avoid sodium channel blockers; 
responds to clobazam,  
stiripentol, and cannabidiol

SLC2A1 Glucose transporter 
type 1 deficiency 
syndrome (chromo-
some 1)

Generalized tonic-clonic seizures with intellectual / develop-
mental disabilities, generalised epilepsy, glucose transporter 
type 1 deficiency syndrome, intractable childhood epilepsy, 
early-onset absence epilepsy

Ketogenic diet

STXBP1 Synaptic vesicle 
fusion

Epileptic encephalopathy, multifocal epilepsy, West’s syndrome, 
Ohtahara’s syndrome, Dravet’s syndrome, infantile spasms

TSC1, 
TSC2

mTOR pathway Tuberous sclerosis Vigabatrin, everolimus improve sei-
zure burden and cognitive outcome
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person with tumor/trauma or infection develops epilepsy. 
Table 2 lists treatments available for known genetic muta-
tions that cause epilepsy.

Many companies offer genetic testing, sometimes with sig-
nificant discounts because many insurance companies may 
not reimburse the costs. It is important to choose a labora-
tory or company that is Clinical Laboratory Improvement 
Amendments (CLIA) certified (awarded through the Centers 
for Medicare & Medicaid Services [CMS]) and participates in 
accreditation and proficiency testing through the College of 
American Pathologists. Most companies describe what each 
individual panel tests. For example, there may be an “action-
able epilepsy” panel that has a limited number of genes with 
specific treatments available (Table 2). A company may also 
offer a comprehensive or all-inclusive panel that includes 
hundreds of genes. Many companies offer a hotline that can 
be called for guidance regarding which panel might be more 
beneficial for a specific individual. Including a genetic coun-
selor in the decision-making process can be helpful.14

Results of Testing
Genetic variants are classified into 5 different categories 

—benign, likely benign, variant of unknown significance 
(VUS), likely pathogenic, and pathogenic—as specified by 
the American College of Medical Genetics (ACMG) guide-
lines.15 Categorizations are made based on variant type, 
whether it was previously reported in individuals with 
disease, segregation in the families, de novo occurrence, 
population prevalence of the variant, potential functional 
studies performed, predicted effect on protein, location in 
functional domains, and conservation across species. 

Variants classified as benign or likely benign are unlikely to 
cause disease. These variants are commonly seen in the popu-
lation, do not change any amino acid in the protein, or are 
in a repetitive region of the gene. The VUS are variants that 
do not fulfill criteria for likely benign/benign or likely patho-
genic / pathogenic. The VUS may be so rare that there are no 
previous reports, or it may have been reported previously in 
affected individuals but did not fully segregate with disease in 
the family. A VUS may also be classified as such because func-
tional studies are conflicting, or the variant is too common in 
the general population. Likely pathogenic or pathogenic vari-
ants are considered diagnostic and actionable, meaning that if 
there is a treatment or action to take, the molecular diagnosis 
supports doing so. It is noteworthy that VUS can potentially 
become diagnostic if it is detected as de novo, which makes 
the sequencing of unaffected parents along with a proband 
recommended.

Detection rates vary widely depending on the type of epi-
lepsy, number of genes tested, and whether the unaffected 
family members were tested and have results that are help-
ful for refining classification of variants. Studies showing high 

detection rates are typically selected for monogenic cases, 
but an overall detection rate is approximately 20% to 40%.16 

In one study, the clinical management changed in 39% of 
those who received a diagnosis, emphasizing the importance 
of understanding molecular mechanisms.5

Summary and Future Directions
Genetic testing has an increasingly important role in diag-

nosis and treatment of epilepsy. Approximately 1% to 2% of 
epilepsies are monogenic and the rest are polygenic, possibly 
caused by an excess of rare variants in epilepsy-associated 
genes. Only a small subset of identifiable genetic mutations 
leads to specific treatments, but in the future we hope to offer 
personalized treatment to all people with epilepsy. Because a 
genetic diagnosis has potential life-long effects on individuals 
and their families it is important to consider involving a genet-
ic counselor early in the decision process for whether or not to 
obtain genetic testing as well as which test to pursue. n

1. Takata A, Nakashima M, Saitsu H, et al. Comprehensive analysis of coding variants highlights genetic complexity in developmental 
and epileptic encephalopathy. Nat Commun. 2019;10(1):2506. 

2. International League Against Epilepsy Consortium on Complex Epilepsies. Genome-wide mega-analysis identifies 16 loci and 
highlights diverse biological mechanisms in the common epilepsies. Nat Commun. 2018;9(1):5269. 

3. Myers CT, McMahon JM, Schneider AL, et al. De novo mutations in SLC1A2 and CACNA1A are important causes of epileptic 
encephalopathies. Am J Hum Genet. 2016;99(2):287-298. 

4. He N, Lin ZJ, Wang J, et al. Evaluating the pathogenic potential of genes with de novo variants in epileptic encephalopathies. Gen 
Med. 2019;21:17-27. 

 5. Demos M, Guella I, DeGuzman C, et al. Diagnostic yield and treatment impact of targeted exome sequencing in early-onset 
epilepsy. Front Neurol. 2019;10:434.

6. Stafstrom CE, Carmant L. Seizures and epilepsy: an overview for neuroscientists. Cold Spring Harb Perspect Biol. 2015;7(5):1-19. 
7. Tripathi M, Jain S. Genetics in epilepsy: Transcultural perspectives. Epilepsia. 2003;44:12-16.
8. Miller IO, Sotero de Menezes MA. SCN1A-Related Seizure Disorders.; 1993. http://www.ncbi.nlm.nih.gov/pubmed/20301494.
9. Stenson PD, Mort M, Ball EV, et al. The human gene mutation database: towards a comprehensive repository of inherited mutation 

data for medical research, genetic diagnosis and next-generation sequencing studies. Hum Gen. 2017;136:665–677. 
10. Helbig I, Heinzen EL, Mefford HC, et al. Primer part 1—the building blocks of epilepsy genetics. Epilepsia. 2016;57(6):861-868.
11. Delahaye-Duriez A, Srivastava P, Shkura K, et al. Rare and common epilepsies converge on a shared gene regulatory network 

providing opportunities for novel antiepileptic drug discovery. Genome Biol. 2016;17(1):245.
12. Feng Y-CA, Howrigan DP, Abbott LE, et al. Ultra-Rare genetic variation in the epilepsies: a whole-exome sequencing study of 

17,606 individuals. Am J Hum Genet. 2019;105(2):267-282. 
13. Barba C, Parrini E, Coras R, et al. Co-occurring malformations of cortical development and SCN1A gene mutations. Epilepsia. 

2014;55(7):1009-1019. 
14. Poduri A. When should genetic testing be performed in epilepsy patients? Epilepsy Curr. 2017;17(1):16-22. 
15. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of sequence variants: a joint consensus recom-

mendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 
2015;17(5):405-424. 

16. Myers KA, Johnstone DL, Dyment DA. Epilepsy genetics: current knowledge, applications, and future directions. Clin Genet. 
2019;95(1):95-111. 

Elina Nikkola, PhD
Fulgent Genetics
Temple City, CA

Vishal Shah, MD 
Department of Neurology
University of Kansas
Kansas City, KS

Disclosures
VS reports no disclosures. 
EN has disclosures at www.practical neurology.com.


