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Abstract

Epilepsy encompasses a group of heterogeneous brain diseases that affect
more than 50 million people worldwide. Epilepsy may have discernible
structural, infectious, metabolic, and immune etiologies; however, in most
people with epilepsy, no obvious cause is identifiable. Based initially on fam-
ily studies and later on advances in gene sequencing technologies and com-
putational approaches, as well as the establishment of large collaborative ini-
tiatives, we now know that genetics plays a much greater role in epilepsy
than was previously appreciated. Here, we review the progress in the field of
epilepsy genetics and highlight molecular discoveries in the most important
epilepsy groups, including those that have been long considered to have a
nongenetic cause. We discuss where the field of epilepsy genetics is moving
as it enters a new era in which the genetic architecture of common epilepsies
is starting to be unraveled.
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1. INTRODUCTION

Epilepsy is a group of brain diseases characterized by an enduring predisposition to generate
epileptic seizures (58). Accordingly, seizures constitute the primary symptom of epilepsy. Epileptic
seizures can also occur as isolated events not associated with the enduring predisposition, and as
such, the occurrence of a seizure may not necessarily imply a diagnosis of epilepsy.

Epilepsy is one of the most common neurological illnesses and can affect individuals of any age,
sex, and ethnicity (38). In industrialized countries, up to 10% of people will experience a seizure
during their lifetime, and 3-4% will develop epilepsy (68). The lifetime risk of epilepsy is even
higher in low- and middle-income countries (54). Epilepsy has adverse effects on social, vocational,
physical, and psychological function (61). In the Global Burden of Disease 2010 study, epilepsy
ranked as the second-most-burdensome neurological illness in terms of disability-adjusted life
years (107).

In 2017, the International League Against Epilepsy (ILAE) revised the classification of the
epilepsies, which is now organized on three levels (130) (Figure 1). The first level consists of
defining the seizure types. Seizures can be broadly categorized into focal seizures (originating
within brain networks limited to one hemisphere), generalized seizures (originating at some point
within, and rapidly engaging, bilaterally distributed brain networks), and seizures of unknown
onset (if there is insufficient information to classify the seizure as focal or generalized) (57). The
second level is the diagnosis of the epilepsy type, which comprises four main classes: focal epilepsy,
generalized epilepsy, combined focal and generalized epilepsy, and unknown epilepsy. This level
includes a new category of combined focal and generalized epilepsy, reflecting the existence of
shared mechanisms between the well-established groups of focal epilepsy and generalized epilepsy.
The third level is the delineation of the epilepsy syndrome, when a specific syndromic diagnosis
can be made. The revised classification emphasizes the importance of establishing the etiology
at each of the three levels, due to their implications for clinical management; the etiological cate-
gories are structural, genetic, infectious, metabolic, immune, and unknown. The new classification
also emphasizes the recognition of comorbidities. Epilepsy is not just seizures; rather, people
with epilepsy may have coexistent neurobehavioral and neuropsychiatric symptoms that were
previously regarded as a consequence of epilepsy. Now we know that they are, at least in part, a
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Figure 1

International League Against Epilepsy 2017 classification of the epilepsies. Figure adapted from
Reference 130 with permission.
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feature of the fundamental disorder, an observation that is now supported by genetic findings (see
Section 3).

Classic epidemiological studies have demonstrated that in approximately one-quarter of inci-
dent epilepsy cases, there is an evident underlying acquired cause; common causes include stroke,
brain tumors, head injuries, brain infections, and degenerative disorders. In the remaining three-
quarters of cases, the underlying etiology is unknown (64). In recent years, subtle brain lesions
detectable on increasingly sensitive magnetic resonance imaging (MRI), autoimmune causes, and
Mendelian epilepsies have been shown to account for a proportion of unsolved cases, yet the un-
derlying etiology remains nonobvious in most people with epilepsy. As detailed in the sections
below, the accumulating data driven by recent advances in gene sequencing technology have fu-
eled the hypothesis that genetics plays a major role in these cases. Furthermore, emerging evidence
indicates that, even when a major acquired etiology is identified, genetic factors can contribute to
the phenotypic expression of certain forms of epilepsy.

2. EPILEPSY VERSUS OTHER DISORDERS: A GENETICS PERSPECTIVE
2.1. Sequencing-Based Gene and Variant Discovery Approaches

Sequencing approaches, such as targeted sequencing, whole-exome sequencing (WES), and
whole-genome sequencing (WGS), have been highly successful in epilepsy, detecting causative
variants in many patients (as evidenced by their current widespread use in child neurology prac-
tice) as well as accelerating novel gene discovery (45). In particular, de novo mutation discovery,
facilitated through the powerful parent—child trio design, has resulted in the identification of
many additional epilepsy genes, especially in the developmental and epileptic encephalopathies
(DEEs) (49).

Sequencing is most commonly applied to lymphocyte-derived DNA to search for pathogenic
germline variants. It is also being increasingly applied to other tissues, especially brain specimens,
to detect pathogenic somatic variants, which are emerging as playing a significant role in causa-
tion (123, 162). Somatic variation is best identified by comparing variation in pathological tissues
with putatively unaffected (typically lymphocyte-derived) tissues (162). Somatic mutations causing
brain disease can sometimes be found at low abundance outside the brain, detected in buccal cell or
lymphocyte-derived DNA or in cell-free DNA from plasma, by applying deep exome sequencing,
deep targeted sequencing, or digital droplet PCR (69, 139, 140).

Although cohort-based rare-variant analysis has been a highly successful approach in some
forms of epilepsy, such as DEEs (49), the discovery rate with current standard technologies ap-
pears to be slowing, and increasingly larger cohorts are now needed to identify novel epilepsy
genes in only a few patients (51). Notably, rare-variant burden approaches currently focus almost
entirely on coding variants, and methods that allow filtering of the much larger numbers of non-
coding variants (there are 100 times more noncoding variants than coding variants) still need to
be developed further. These methods require substantial additional external data, such as those
generated by the Encyclopedia of DNA Elements (ENCODE) Consortium (91), to identify ap-
propriate regions or variants to examine, ultimately helping to reduce the multiple-testing burden.
Several pathogenic intronic and other noncoding mutations have been identified in patients with
epilepsy, as detailed below.

2.2. Genome-Wide Association Studies

In 2018, the ILAE Consortium on Complex Epilepsies published the largest genome-wide as-
sociation study (GWAS) to date in epilepsy, involving 15,212 cases and 29,677 controls (73),
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although this is a modest size compared with studies of schizophrenia (~37,000 cases) (134). It
revealed 16 genome-wide significant loci for epilepsy, of which 11 were novel (73). Some of the
genes corresponding to these loci, such as SCN14, SCN2A, and PNPO, overlapped with estab-
lished epilepsy genes identified through traditional linkage and sequencing analysis (Supplemen-
tal Table 1). Importantly, this GWAS yielded enough loci to permit a whole raft of additional
post-GWAS analyses, utilizing methods such as Mendelian randomization (46), linkage disequi-
librium score regression—type approaches (142), multitrait analysis of GWAS (MTAG) (154), and
transcriptome-wide association studies (157).

A further GWAS by the ILAE Consortium on Complex Epilepsies is currently underway, with
results expected by 2021. This analysis will double the case sample size and should reveal further
epilepsy genetic risk loci.

2.3. Current Understanding of the Genetic Architecture of Epilepsies

Our current understanding is that the epilepsies comprise a large number of rare Mendelian sub-
types, with the more common forms having a likely oligo- or polygenic architecture with both
common- and rare-variant contributions (45). Even in acquired epilepsies, such as those resulting
from a severe head injury or stroke, genetic factors play a role, as shown by family history data
(20, 53), although the actual variants have not been identified.

The large number of identifiable Mendelian subtypes and the number of genes already known
are what set epilepsy apart from other complex disorders, such as type 2 diabetes, schizophrenia,
and age-related macular degeneration. Epilepsy’s special genetic architecture can be illustrated by
comparing or benchmarking the current knowledge of epilepsy genetics for both common- and
rare-variant contributions to that of other neurological conditions as well as common nonneu-
rological disorders (Figure 2). These comparisons should be interpreted with caution, since the
disorders have been investigated with different sample sizes, which affects the number of discov-
eries and the accuracy of effect sizes. Our common-variant analysis (Figure 24) focuses on the
distribution of the effect sizes of the most strongly associated single-nucleotide polymorphisms
(SNPs) per genome-wide significant GWAS, rather than the number of signals discovered for
each disease, as the latter will be larger for diseases studied with larger sample sizes.

It is recognized that some of the genetic contributions to complex diseases are currently im-
possible to investigate, likely forming part of the genetic missing heritability (164). The inability
to investigate these contributions is due to several factors, including (#) the lack of appropriate
analytical methods, (§) the hypothesized large increases in sample size necessary to be able to ac-
commodate the anticipated increased multiple-testing burden for these analyses, and (¢) the mul-
tiomics approach (and its currently prohibitive cost) that is likely required to generate all the data
needed to interrogate methylation, histone modifications, transcriptomes, and so on. Hence, the
genetic understanding of complex diseases such as epilepsy is still limited, with only a fraction of
the phenotypic variation due to genetic factors currently captured by existing approaches, such as
GWAS and sequencing-based analysis, in their current forms.

3. THE GENETICS OF DIFFERENT EPILEPSIES
3.1. Chromosomal, Genomic, and Syndromic Disorders

Epilepsy is listed in hundreds of entries in the Online Mendelian Inheritance in Man (OMIM)
database (Figure 2b), and in many examples, genes harboring pathogenic variants have been iden-
tified. However, there is a divergence between clinical geneticists and epileptologists in the diag-
nostic approach to disorders that include epilepsy or seizures.
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Estimates of the contributions of (#) common and (§) rare variants in epilepsy versus other disorders. (#) ORs displayed as box plots by
disease, along with the median and interquartile ranges on a logjo scale for the SNP most strongly associated with specific disease loci
in a recently published GWAS for that disease. The left subpanel shows a sample of neurological diseases, including epilepsy (red box
plot), and the right subpanel shows nonneurological diseases. Higher OR values indicate a greater SNP effect size. For logistic
regression models, we used the conversion OR = exp(|8]), where B is the effect size of the SNP. We converted Z-scores from
meta-analyses to 8 using METAL (159) output with 8 = Z,/SE(B). Only loci with a p value of less than 5 x 1078 are displayed. Data
are from the NHGRI-EBI GWAS Catalog (accessed November 20, 2019). () Number of hits of relevant disease terms in OMIM for
neurological diseases (left subpanel), including epilepsy (red) and seizures/epilepsy (dark red), and nonneurological diseases (right
subpanel). Data are from the OMIM database (accessed on October 10, 2019). Abbreviations: ALS, amyotrophic lateral sclerosis; AMD,
age-related macular degeneration; EBI, European Bioinformatics Institute; GWAS, genome-wide association study; IBD, inflammatory
bowel disease; NHGRI, National Human Genome Research Institute; OMIM, Online Mendelian Inheritance in Man; OR, odds ratio;

SNP, single-nucleotide polymorphism.

To the frustration of many epileptologists, clinical genetic descriptions of disorders with
seizures are sometimes communicated as little more than that. By contrast, the classification of
seizure disorders and of epilepsies in individual subjects has become highly sophisticated and ev-
idence based (57, 130). Why is there still a divergence in terminology and approach between the
two disciplines? Some of it is rooted in the different clinical approaches and training between
disciplines, but much has a basis in biological variability across subjects between and even within
families when they have the same genetic abnormality.

In some familial epilepsies, affected individuals may have similar or identical seizure types and
epilepsy phenotypes, but this is not always the case. For example, in benign neonatal familial
epilepsy, the pattern of repetitive focal seizures beginning at around 25 days of age is often repro-
ducible, recognized by families and physicians in cases with an affected older sibling or parent (63).
Similarly, adolescents and adults with autosomal dominant epilepsy with auditory features due to
pathogenic variants in LGII typically have a relatively similar phenotype of focal seizures, usually
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preceded by auditory or other manifestations resulting from involvement of the temporo-occipital
region (102). However, there are other familial epilepsies, for example, those associated with
pathogenic DEPDCS variants, where heterogeneous patterns of focal epilepsy are observed (40).
In the disorder of genetic epilepsy with febrile seizures plus (GEFS+), which is sometimes due to
pathogenic variants in sodium-channel genes, a spectrum of epilepsies is seen, from benign self-
limited febrile seizures to the severe disorder of Dravet syndrome (165). This heterogeneity is not
yet well explained; mechanisms such as modifier genes have been postulated but not yet definitively
shown.

Similarly, in syndromic epilepsies, there are rather few genomic disorders where the seizure
pattern is relatively uniform and recognizable. Ring chromosome 20 syndrome is associated with
frequent daytime episodes of confusion typically lasting 10-20 min (prolonged focal impaired-
awareness seizures), with or without tonic attacks at night, and a characteristic ictal electroen-
cephalogram (EEG) pattern consisting of high-voltage rhythmic slow activity (29). Angelman
syndrome is characterized by seizure onset around age 1-3 years and a generalized epilepsy pat-
tern of atypical absences, atonic seizures, myoclonic seizures, and episodes of myoclonic status
epilepticus with an abnormal EEG showing frontally predominant, high-voltage, 2-3-Hz activity
with spikes and sharp waves, often facilitated by eye closure (117).

The general rule is, however, that genomic disorders have quite variable associations with
epilepsy in terms of both its presence and the seizure types and epilepsy syndromes. For example,
in trisomy 21, there was debate as to whether seizures were part of the phenotype; it is now well es-
tablished that they are, but the seizures can vary from severe infantile spasms that typically present
around the middle of the first year of life to a relatively mild generalized form of epilepsy with
drop attacks beginning in middle life, and there are a wide variety of other patterns in between
(124). The reason for this diversity is not known.

Similarly, genetic disorders caused by sequence variation may exhibit marked variation among
and within families. In tuberous sclerosis complex, which is due to dominant pathogenic variants
in TSCI or TSC2, seizures are a common but not invariable manifestation. These disorders can
vary from a severe infantile epilepsy, with tuberous sclerosis complex being one of the important
causes of West syndrome with infantile spasms, to a mild, later-onset focal epilepsy (28). Here,
we have at least a partial explanation in that the localization of the seizure foci (and perhaps their
severity) is determined by the location and number of tubers that histologically are type IIB cor-
tical dysplasias, which are known to be highly epileptogenic abnormalities (28). Another example
of marked heterogeneity are epilepsies associated with the enlarging spectrum of phenotypes as-
sociated with pathogenic variants in 7BC1D24. From a genetic syndrome viewpoint, this gene has
been associated with deafness, onychodystrophy, osteodystrophy, mental retardation, and seizures
(DOORS) syndrome, with seizures being an inconstant feature (14). From an epilepsy viewpoint,
however, TBC1D24 has also been described as a cause of familial myoclonic epilepsy in infancy
(a familial syndrome of focal epilepsy with cortical and cerebellar abnormalities) and as a de novo
dominant cause of the severe epilepsy syndrome of migrating focal seizures of infancy (which typ-
ically does not include deafness, nail, or bone abnormalities) (6). One might posit that pathogenic
variants in different parts of the gene are responsible for this variation, but this hypothesis remains
to be investigated.

Thus, in terms of understanding the genotype—phenotype correlation in epilepsies, there is a
paradox. The epileptologist recognizes epilepsy syndromes, which are characterized by an aggre-
gation of seizure types, EEG patterns, age of onset, and so on. These syndromes are often genetic
in origin and of considerable value in determining treatment and prognosis and offering counsel-
ing, although the molecular basis may not yet be known or (if it is known) is often heterogeneous.
By contrast, the clinical geneticist may identify syndromic epilepsies, where seizures are thought
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Figure 3

Time line of major molecular discoveries in the epileptic encephalopathies.

of as being part of a multisystem abnormality, often underpinned by a genomic disorder, and here
the epileptology is usually highly variable.

3.2. Developmental and Epileptic Encephalopathies

The impact of genetic discoveries in epilepsy has been greatest in the group of disorders now
known as DEEs (Figure 3). These disorders are individually rare but overall occur in 1 in 2,000
live births per year (70). Due to their severity, they account for a considerable portion of the burden
of epilepsy, and for patients and their families, that burden is lifelong (70).

It has long been recognized that, in infants and children, epilepsy (often severe and intractable)
occurs together with developmental abnormalities and intellectual disability. It was rare, however,
for a specific diagnosis to be made, and often the diagnosis was “epilepsy and intellectual disabil-
ity.” The cause was often misattributed to pre- or perinatal factors and sometimes to postnatal
events, such as vaccination. The landscape of these disorders has changed considerably from one
of absence of diagnosis and therapeutic nihilism to an exciting area, comprising specific diagnoses
and counseling, neurobiological insights, and the promise of precision therapies.

3.2.1. Definitions. The epileptic encephalopathies are defined as disorders where “the epilep-
tic activity itself may contribute to severe cognitive and behavioral impairments above and be-
yond what might be expected from the underlying pathology alone (e.g., cortical malformation),
and. . .can worsen over time” (9, p. 682). An important inference is that better treatment of the
epilepsy may improve cognition. Developmental encephalopathies imply that seizures per se are
not the key driver of the impairment. These processes overlap and may occur in the same patient
(130).

DEEs can be due to acquired factors (e.g., perinatal strokes, infections, or trauma) and well-
known and diagnosable genetic disorders, such as tuberous sclerosis complex (99). There are a
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large number of cases with no obvious extraneous cause or family history and in which investiga-
tions (including neuroimaging) show no specific abnormality. It is now clear that the majority of
these cases are due to a heterogeneous group of genetic disorders and that many are now diagnos-
able. The proportion of currently diagnosable cases is difficult to accurately quantitate—selection
bias weighs heavily on published series, as does the intensity of investigation, be it in a clinical or
research setting. Overall, currently a figure of 40% would not be regarded as overly optimistic
(66), and some selected series report in excess of 80% (137). In addition to cases with obvious
lesions, cortical malformations, which may be subtle on MRI, can present with a DEE pheno-
type and often have a discoverable genetic basis. When focal, these cases include mTORopathies,
particularly with pathogenic variants in DEPDCS but also in NPRL2 and NPRL3 (Section 3.4).
Recognition is important because early epilepsy surgery may reverse the encephalopathy.

Gene discovery has also led to a reconsideration of phenotypic features. These features are
often complex in terms of seizure patterns, clinical comorbidities, and EEG features, but the gene
discoveries have allowed clinical researchers to focus on genetically homogeneous groups of sub-
jects and define the phenotypic spectrum. We do not attempt an exhaustive listing of all the dis-
orders and genetic findings, as they continue to be described on an almost weekly basis; rather, we
provide a current overview of this evolving field.

3.2.2. Dravet syndrome. Dravet syndrome is the archetypal condition among the DEEs. The
history of discovery underlies many of the principles that we now understand in this broad group.
Initially described by Charlotte Dravet in 1978, the clinical pattern is complex and was not widely
recognized outside Europe until many years later (44). Children are initially normal and around
6 months of age begin having seizures, often accompanied by fever. The initial seizures can be
quite prolonged or even status epilepticus, and classically hemiclonic seizures with fever occur.
Seizures continue episodically in the first year of life; in the second year, developmental slowing
may become apparent and other seizure types may appear, including myoclonic seizures, tonic—
clonic seizures, and focal seizures. Sensitivity to fever persists, and seizures continue throughout
life, with most patients having intractable seizures. Surprisingly, the EEG in the first two years of
life may be normal, but multifocal abnormalities appear later. The MRI is normal apart from atro-
phy in some cases and (rarely) hippocampal damage (44). Up to one-fifth of children with Dravet
syndrome will die by the age of 20, mostly of sudden unexpected death in epilepsy (22). Intellectual
impairment is typically moderate to severe; rare patients will be able to function independently
(44).

The cause of Dravet syndrome long remained a mystery, but in 2001 de novo pathogenic vari-
ants in the SCN14 gene were discovered (21), and this observation has been repeatedly confirmed
(99). Approximately 90% of patients with clinical Dravet syndrome have pathogenic SCN14 vari-
ants (21, 94); approximately half of these variants predict protein truncation, and half are splice-site
or missense variants (94). The cause of the remaining 10% has been a source of much interest. A
few patients have large deletions in SCN1A and adjacent regions (94); recently, poison exons have
been recognized in a small number of cases with otherwise typical Dravet syndrome (15). A small
number of pathogenic variants in some other genes (e.g., PCDHI19, GABRA1, GABRG2, HCNI, or
KCNA?) have phenotypes that are generally regarded as falling within the Dravet spectrum (143).
Finally, recessive mutations in the auxiliary sodium-channel subunit gene SCN1B have been de-
scribed in a few cases, but a small proportion of subjects with Dravet syndrome continue to defy
molecular explanation (143).

3.2.3. Other major electroclinical syndromes. The DEE group includes several other de-
fined electroclinical syndromes; the close relationship of phenotype to genotype seen in Dravet
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syndrome is not as clear, but certain genes stand out as critical. These syndromes are best un-
derstood in terms of their age-dependent expression, although many patients with DEEs are not
classifiable into one of these specific disorders.

Ohtahara syndrome, also known as early-onset infantile encephalopathy, presents in the
first few weeks of life with severe tonic seizures and a characteristic EEG with burst suppres-
sion. The infants are severely impaired. The disorder has heterogeneous causes, but in terms
of genetic etiology, pathogenic variants in STXBP1, KCNQ2, and SCN2A are most important
99).

Epilepsy in infancy with migrating focal seizures is another disorder that was described many
years ago but not widely recognized until genetic discoveries emerged. Infants in the first few
months of life have focal seizures that originate in various parts of the brain and spread from one
spot to another in a single seizure. The genetic architecture of this disorder has recently been
exhaustively examined; the most commonly associated genes are KCNT1 and SCN24, but a large
number of other genes contribute to a small proportion of cases (13, 99).

West syndrome, described more than 100 years ago by a doctor in his own son, is a classical
syndrome presenting with infantile spasms around the age of 6 months in association with intel-
lectual disability and a characteristic EEG pattern known as hypsarrhythmia. It can result from
a variety of causes—both genetic and acquired—and one of the long-recognized common causes
is tuberous sclerosis complex, which in itself has many presentations in terms of the associated
epileptic syndrome. More recently, West syndrome has been shown to be potentially caused by a
wide variety of other genes, including ARX, CDKLS5, SPTANI, and STXBPI (99).

Lennox—Gastaut syndrome is a relatively common encephalopathy presenting later in life, al-
though it may evolve from West syndrome. The pattern is of tonic and atonic seizures associated
with slow spike-and-wave discharges on EEG. It may be due to acquired lesions, including focal
abnormalities; it has typically been regarded as a generalized encephalopathy but is now conceptu-
alized as a disorder causing a secondary network epilepsy. Genes associated with Lennox—Gastaut
syndrome of nonacquired cause include ALG13, CACNAIA, CDKLS5, CHD2, DNM]1, GABRB3,
HNPRNU, SCN2A, SCN8A, and STXBP1 (99). Further details on other, less common DEEs have
been reviewed by McTague et al. (99).

It is notable that these syndromes are clinically recognizable and present in an age-dependent
fashion; they are viewed as age-dependent responses of the developing brain to a variety of insults,
which explains why the causes can be so heterogeneous. While recognition of these syndromes
may lead to a targeted search for variants in a particular gene—notably sodium-channel variants
in Dravet syndrome—in most cases of children with a DEE and no specific MRI abnormality,
the most practical approach is with a gene panel or a hypothesis-free genome-wide study, ideally
as a trio, as most of these disorders are due to de novo mutations (49). It is important to con-
sider other modes of inheritance. Recessive disorders, long recognized in aminoacidopathies and
related inborn errors in metabolism, can cause DEEs, but other genes also cause DEEs with a
recessive model. This needs consideration in both consanguineous and outbred populations (110,
116).

X-linked disorders are also important, and the remarkable phenomenon of PCHI9-related
epilepsy deserves special mention. Here, the gene on the X chromosome causes disease only in
girls, males being healthy transmitting carriers. Caveats include the facts that several mosaic males
have been described and that there is some evidence that the transmitting males have subtle behav-
ioral characteristics. The mechanism of this reverse X-linked transmission appears to be cellular
interference, where PCDH19, which is involved in cellular communication, does not lead to a
phenotype in hemizygous males (or, presumably, homozygous mutant females) but does result in
significant abnormalities when the patient is heterozygous, as in affected females.
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Finally, in addition to the major effect of de novo variants, in some DEE cases there is evidence

for concomitant pathogenic variants, suggesting an oligogenic contribution in a subset of these
disorders (149).

3.3. Genetic Generalized Epilepsies

Genetic generalized epilepsies (GGEs) account for 15-20% of all epilepsies (77). They are typ-
ically characterized by absence, myoclonic, and generalized tonic—clonic seizures; normal intel-
lect; generalized spike-wave discharges at >2.5 Hz on the EEG; and unremarkable neuroimaging
(105). GGEs were formerly referred to as idiopathic generalized epilepsies, but the term idio-
pathic was replaced by genetic in the new ILAE classification of the epilepsies, in recognition
of the important genetic contributions to this epilepsy group (130). However, the designation
idiopathic generalized epilepsies can still be used when referring collectively to four specific syn-
dromes: childhood absence epilepsy, juvenile absence epilepsy, juvenile myoclonic epilepsy, and
generalized tonic—clonic seizures alone (formerly referred to as generalized tonic—clonic seizures
on awakening) (130).

3.3.1. Genetic contributions to genetic generalized epilepsies: evidence from epidemio-
logical and twin studies. Different lines of evidence support the revised terminology of GGEs.
Population-based familial aggregation studies indicate that the risk of developing epilepsy among
first-degree relatives of probands with GGE is up to six times that of the general population
(118). Several twin studies have shown substantially higher concordances for GGE in monozy-
gotic twins than in dizygotic twins (26, 155). In a study of 1,323 twin pairs with seizures ascertained
from population-based twin registries in Denmark, Norway, and the United States, concordance
estimates were higher in monozygotic twins than in dizygotic twins for the entire group of the
GGE:s (0.66 versus 0.10, p < 0.0001), as well as for the four main generalized epilepsy syndromes:
childhood absence epilepsy (0.55 versus 0.10, p < 0.01), juvenile absence epilepsy (0.89 versus
0.13, p < 0.01), juvenile myoclonic epilepsy (0.53 versus 0.08, p < 0.0001), and generalized tonic—
clonic seizures alone (0.40 versus 0, p < 0.05) (26). Furthermore, families with multiple members
with GGEs have long been observed. Of 303 multiplex families with common epilepsies recruited
through the international Epi4K Consortium, 117 (38.6%) exclusively segregated GGEs (48).
Among these pedigrees, absence epilepsies clustered within families independently of juvenile
myoclonic epilepsy, and, interestingly, significantly more females were affected than males.

3.3.2. Molecular genetics of genetic generalized epilepsies. The genetic architecture of the
GGE:s has long been an unsolved mystery. The observations that (#) siblings of probands with
GGE have an approximately 8% risk of developing epilepsy (118), which is considerably lower
than the risk expected for a recessive (25%) or dominant (50%) inherited trait (105), and (b)) most
patients have no apparent immediate family history suggest a largely polygenic pattern of in-
heritance. However, some cases do display Mendelian inheritance. Early work found that a mis-
sense variant in GABRG2, encoding the y-aminobutyric acid (GABA,) receptor y2 subunit, caused
childhood absence epilepsy and febrile seizures in a large Australian family (158). Subsequently, a
pathogenic missense variant in another GABA, receptor gene, GABRA1, encoding the a1 subunit,
was identified in a large French Canadian pedigree with an autosomal dominant form of juvenile
myoclonic epilepsy (27). Although pathogenic variants in these two genes were subsequently iden-
tified in other affected individuals (92), they are a rare cause of monogenic GGEs. More preva-
lent in this group are pathogenic variants in SLC241, encoding glucose transporter 1 (GLUT1).
Variants in this gene were identified initially in a severe infantile metabolic encephalopathy (36,
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135) and later in families with milder phenotypes, comprising epilepsy with prominent absence
seizures, paroxysmal exertional dyskinesia, and often normal intellect (147). In paroxysmal exer-
tional dyskinesia, prolonged exercise leads to dystonia or chorea, limited largely to the limbs (147).
Pathogenic variants in SLC2A41 were later found to account for approximately 10% of early-onset
absence epilepsies (characterized by absence seizures beginning before the age of 4) (2, 148) and
approximately 1% of typical GGEs (3). Importantly, detecting these variants can lead to improved
patient management (121). GLUT is a key transporter required for glucose penetration across
the blood-brain barrier. Glucose is the prime source of energy for the brain, and SCL2A1 mu-
tations resulting in GLUT1 deficiency lead to neuronal dysfunction due to impaired access of
glucose to cerebral tissue. Patients with GLUT1 deficiency respond well to the ketogenic diet,
because ketones provide an alternative source of energy for the brain, bypassing the metabolic
defect and ultimately leading to improved seizure control and, in some cases, intellectual abilities
121).

The search for additional Mendelian causes of GGE continues. A recent study suggested that
heterozygous variants in the ICK gene, encoding intestinal-cell kinase, can cause juvenile my-
oclonic epilepsy, and detected ICK variants were deemed to be pathogenic in 22 of 310 cases (7 %)
(4). However, a subsequent multicenter analysis of WES data from 1,149 individuals with GGEs
and 5,911 ethnically matched controls failed to find any evidence of an enrichment of rare ICK
variants in GGE or juvenile myoclonic epilepsy (86). Specifically, no single nonsynonymous vari-
ant in JCK was identified in 357 cases with juvenile myoclonic epilepsy at a minor allele frequency
of 0.1% or less. The lack of replication of the original findings in this cohort argues against a
disease-causing potential of ICK variants in juvenile myoclonic epilepsy.

Three recent WES case—control studies have shed light on the burden of rare variants in
the GGEs (50, 51, 97). The first, performed by the Epi4K Consortium and Epilepsy Phenome/
Genome Project, found an excess of ultrarare deleterious variants in known dominant epilepsy
genes, including epileptic encephalopathy genes, among 640 individuals with GGE and a family
history of epilepsy, although no individual gene achieved statistical significance (50). The enrich-
ment of epileptic encephalopathy genes in the GGE cohort was unexpected; GGEs and epileptic
encephalopathies were traditionally viewed as distinct groups. That this view needs modification
is reinforced by family studies where genes typically associated with epileptic encephalopathies
(often through de novo variants) segregate in families with milder epilepsies, including GGEs
(23, 136).

The second study, conducted within the framework of the EPICURE, EuroEPINOMICS
CoGIE, and EpiPGX Consortia, showed replicable enrichment of rare missense variants in genes
encoding GABA, receptor subunits in three independent cohorts of individuals with GGE, which
collectively comprised 1,092 cases (97). The third study, by the Epi25 Collaborative, refined the
findings from the two prior investigations using a larger cohort, demonstrating excess ultrarare
deleterious variation in constrained genes, known dominant epilepsy genes (including epileptic
encephalopathy genes), and genes associated with specific epilepsy targets among 3,108 individu-
als with GGE (51). In line with the prior study (97), an enrichment in ultrarare missense variants in
GABA, receptor genes was found (51). Although no gene reached statistical significance, lead as-
sociations included highly constrained genes or genes encoding ion channels, such as CACNAIG,
EEF1A2, and GABRG2.

Research in the past decade has also highlighted the role of copy number variants as risk
factors for epilepsy, including GGEs (152). Three recurrent deletions—two on chromosome
15 (15q13.3 and 15q11.2) and one on chromosome 16 (16p13.11)—are particularly relevant
to the GGEs, with approximately 3% of patients carrying at least one of these deletions (34,
65, 100, 106). The 15q13.3 microdeletion, which encompasses seven genes, including the o7
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nicotinic receptor subunit gene (CHRNA7), confers the greatest risk for GGE (odds ratio 68.2,
95% confidence interval 28.5-181.2) (41). The three deletions are also established risk factors for
different development disorders, including intellectual disability, autism spectrum disorders, and
schizophrenia (106). It is not unusual for individuals carrying these deletions to have multiple
diagnoses. A case—control study found that the frequency of the three deletions among individuals
with a GGE-like phenotype and concomitant intellectual disability was more than three times
that of individuals with GGE alone (106).

Several GWASs have evaluated the contributions of common variants to the risk of epilepsy,
including GGEs, but early efforts were hampered by small sample sizes and insufficient power. A
two-stage GWAS that included 3,020 individuals with GGE and 3,954 controls of European an-
cestry suggested common risk alleles at 2p16.1 and 17q21.32 and reported suggestive evidence for
an association with GGE at the SCN14 locus (52). Significant associations were also reported at
1q43 for juvenile myoclonic epilepsy and at 2q22.3 for absence epilepsies (52). In 2011, the ILAE
launched the Consortium on Complex Epilepsies to apply meta-analytic approaches to GWASs in
epilepsy. The first such meta-analysis was published in 2014 and included 8,696 cases with epilepsy
and 26,157 controls (72); in the subgroup with GGE (z = 2,606), a genome-wide significant as-
sociation was found at 2p16.1 [as in the previously described GWAS, which was also included
in the meta-analysis (52)], implicating VRK2 or FANCL (72). A second, expanded analysis was
published in 2018, comprising 15,212 cases with epilepsy and 29,677 controls. In the subgroup
with GGE (» = 3,769), genome-wide significant associations were found in 11 loci, 7 of which
were novel (73) (Supplemental Table 1). This was a welcome advance in this highly heritable
group of epilepsies where genetic analyses had yielded only modest findings to date. The im-
plicated genes involved ion-channel subunits, transcription factors, and a vitamin B4 metabolism
enzyme. Notably, several of the most plausible candidate genes within these loci overlapped with
known targets of antiepileptic drugs or established monogenic epilepsy genes (73) (Supplemental
Table 1). Furthermore, a partitioned heritability analysis pointed to the dorsolateral prefrontal
cortex as a key structure, which is congruent with many orthogonal investigations of GGEs. Fi-
nally, for syndromes within the GGEs, significant associations have been found for juvenile my-
oclonic epilepsy at a novel locus and for childhood absence epilepsy at two loci that had previously
been associated with generalized epilepsy (52) (Supplemental Table 1).

3.4. Focal Epilepsies

Focal epilepsies account for 60% of all epilepsies and have traditionally been regarded as non-
genetic disorders (119). This (mis)perception is related to the common observation that epilepsies
resulting from an antecedent central nervous system insult (such as a head injury, stroke, brain in-
fection, or tumor) are focal. However, accruing evidence indicates that there are important genetic
contributions to the focal epilepsies (119).

3.4.1. Genetic contributions to focal epilepsies: evidence from epidemiological, twin, and
clinical studies. Population-based epidemiological studies have found that the risk of seizures
or epilepsy among first-degree relatives of probands with focal epilepsy is two to three times
that of the general population (119). The familial risk varies according to the underlying eti-
ology. It is increased among first-degree relatives of probands with focal epilepsy of unknown
cause (more than twofold) or prenatal/developmental cause (almost fivefold) but not among first-
degree relatives of probands with focal epilepsy of postnatal cause (118). Yet genetic influences
may also play a role in this last group. In a Danish population-based study that included more than
1.6 million people, a positive family history of epilepsy carried more than a 10-fold-increased risk
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of developing epilepsy following a severe head trauma (20). Furthermore, although affected first-
degree relatives of probands with focal epilepsy are also likely to have focal epilepsy, the risk of
developing focal epilepsy is similar among relatives of probands with either focal epilepsy or gen-
eralized epilepsy (i.e., increased ~2.5-fold) (118), suggesting coexisting shared genetic influences.

Several twin studies have found higher concordances for focal epilepsy in monozygotic twins
(0.21-0.40) than in dizygotic twins (0.03-0.12) (11, 25, 155). Concordances vary according to the
underlying etiology and the epilepsy syndrome. In an Australian study of 418 twin pairs with
confirmed seizures (155), there were higher concordance estimates in monozygotic twins than in
dizygotic twins for temporal lobe epilepsy of unknown cause (nonlesional temporal lobe epilepsy)
(0.82 versus 0, p = 0.003). Concordances did not differ between the two sets of twins for focal
epilepsies of structural or metabolic cause.

Several familial focal epilepsy syndromes have been described, each with defining characteris-
tics (Supplemental Table 2). Notable syndromes include autosomal dominant sleep-related hy-
permotor epilepsy (formerly referred to as autosomal dominant nocturnal frontal lobe epilepsy)
(153), which is characterized by clusters of brief focal motor seizures with hyperkinetic or tonic
features that can be misdiagnosed as parasomnias, psychiatric disorders, or normal sleep phenom-
ena (131); familial mesial temporal lobe epilepsy, which accounts for approximately 20% of new
diagnoses of nonlesional mesial temporal lobe epilepsy but is typically unrecognized without di-
rect questioning of patients’ relatives due to its mild seizures with prominent déja vu (12, 120);
autosomal dominant epilepsy with auditory features, consisting of focal seizures with auditory
hallucinations/illusions or receptive aphasia (114); and familial focal epilepsy with variable foci, in
which different members of the same family exhibit a different brain region of seizure onset (i.e.,
frontal, temporal, parietal, or occipital) (133).

3.4.2. Gene discoveries in focal epilepsies. Remarkably, the first epilepsy gene to be discov-
ered was in focal epilepsy; a missense variant in CHRNA4, encoding the neuronal nicotinic acetyl-
choline receptor a4 subunit, was found to cause autosomal dominant sleep-related hypermotor
epilepsy in a large Australian pedigree in the mid-1990s (144). This finding paved the way for a
pioneering era of gene discoveries (mainly ion-channel genes) in Mendelian epilepsies. These dis-
coveries included several focal epilepsy genes, such as the voltage-gated potassium genes KCNQ2
and KCNQ3, involved in self-limited familial neonatal epilepsy; the voltage-gated sodium-channel
a2 subunit gene SCN2A4, associated with self-limited familial neonatal-infantile epilepsy; and LGI,
encoding a neuronal secreted protein, which is implicated in autosomal dominant epilepsy with
auditory features. These early discoveries did not lead to a cascade of discoveries in focal epilepsies.
Rather, a relatively dormant period followed that was marred by negative candidate gene studies
and claims of having identified putative focal epilepsy genes that were not able to be replicated
(18).

The introduction of next-generation sequencing led to a new wave of epilepsy gene discoveries,
rekindling interest in the molecular genetics of focal epilepsies. Genes encoding the subunits of
the GATOR1 complex (DEPDC5, NPRL2, and NPRL3), a negative modulator of the mTOR sig-
naling pathway, emerged as having a major role in this epilepsy group (5, 8). Germline pathogenic
variants in DEPDCS were detected in 10 of 13 pedigrees with familial focal epilepsy with vari-
able foci (40, 75) and in 10 of 82 smaller families with nonlesional focal epilepsy (40). DEPDCS
was subsequently found to be implicated in other focal epilepsies, including autosomal dominant
sleep-related hypermotor epilepsy (122), rare examples of self-limited epilepsy with centrotem-
poral spikes (80), and focal epilepsy associated with malformations of cortical development (132).
Pathogenic variants in NPRL2 and NPRL3 were identified in familial and sporadic focal epilepsies,
with or without brain malformations (128).
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Other major focal epilepsy gene discoveries have occurred following the advent of next-
generation sequencing. KCNT1, encoding a sodium-gated potassium-channel subunit, has been
associated with epilepsy in infancy with migrating focal seizures, severe autosomal dominant
sleep-related hypermotor epilepsy, and other nonlesional and lesional focal epilepsies (7, 67, 129).
GRIN2A4, encoding the N-methyl-p-aspartate receptor (NMDAR) subunit GluN2A, was impli-
cated in the epilepsy—aphasia spectrum, a phenotypic continuum ranging from normal or near-
normal development with mild focal epilepsy and speech delay/apraxia to severe DEEs (17, 85, 87).
The milder phenotypes appear to stem from missense variants within amino-terminal or ligand-
binding domains or null variants causing NMDAR loss of function, whereas the severe phenotypes
appear to arise from missense variants in the transmembrane and linker domains that result pre-
dominantly in NMDAR gain of function (145). RELN and, most recently, MICAL-1 have been
implicated in some families with autosomal dominant epilepsy with auditory features negative for
LGII pathogenic variants (32, 33), and these findings await replication.

Two recent large international collaborations demonstrated that ultrarare variation in genes
associated with rare, often severe forms of epilepsy also contribute to common epilepsies (50,
51). In a study by the Epi4K Consortium and Epilepsy Phenome/Genome Project that included
5,704 individuals with exome sequencing data, excess ultrarare deleterious variation in known
epilepsy genes was found in individuals with nonlesional focal epilepsy and a family history
of epilepsy (familial acquired focal epilepsy, # = 525) but not in individuals with nonlesional focal
epilepsy and no known family history of epilepsy (sporadic nonacquired focal epilepsy, n = 662)
(50). In familial nonacquired focal epilepsy, five known genes ranked as the top five genes enriched
for ultrarare deleterious variants (DEPDCS, LGII, PCDH19, SCN1A, and GRIN2A). These re-
sults are in line with those from the Epi25 Collaborative study (51). This WES analysis of 17,606
individuals found weak enrichment in ultrarare deleterious coding variation in individuals with
nonlesional focal epilepsy (z = 5,331), most of whom had sporadic nonacquired focal epilepsy
(only 5% of these individuals had an affected first-degree relative).

In addition to germline variants, recent studies have indicated that somatic variants confined
to the brain contribute to the hidden genetics of focal epilepsies (162). There has been a partic-
ular focus on brain somatic mutations in the mTOR pathway genes (e.g., TSCI, TSC2, MTOR,
PIK3CA, AKT3, and DEPDCYS), which can result in different malformations of cortical develop-
ment associated with focal epilepsy, such as tuberous sclerosis complex, focal cortical dysplasia,
and hemimegalencephaly (78, 90, 113). In some cases, it is the co-occurrence of a germline and a
somatic mutation in negative modulators of the mTOR pathway (e.g., TSC1, TSC2, or DEPDCY5)
that leads to a malformation of cortical development (a two-hit genetic model) (39, 126). Somatic
variants in genes within other pathways can also lead to brain lesions associated with focal epilepsy,
including the Sonic hedgehog pathway in hypothalamic hamartomata and the mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway in leptomeningeal
angiomatosis in the context of Sturge—Weber syndrome or in gangliogliomas (162). Notably, re-
cent reports have suggested that somatic variants in SLC3542, encoding a UDP-galactose trans-
porter, are implicated in focal epilepsies with and without brain lesions on MRI or neuropathology
(141, 160). Interestingly, while some cases had no detectable brain lesion, pathological examina-
tion found that a subset had features of focal cortical dysplasia. It is likely that more patients will
be diagnosed as having pathogenic somatic variants and that more genes will be associated with
focal epilepsy by harboring disease-causing somatic variation (162).

3.5. Febrile Seizures

Febrile seizures are the most common epilepsy syndrome, affecting approximately 3% of all chil-
dren under the age of 5 (138); in certain parts of the world, they may be even more frequent. They
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are characterized by seizures, usually convulsive, that occur in young children (typically between
ages 6 months and 5 years, although broader definitions include from 1 month to 6 years) in con-
junction with fever and are not associated with central nervous system infection. In the past, they
were regarded as separate from epilepsy (recurrent afebrile seizures) because febrile seizures usu-
ally have a benign outcome, and families and their physicians wanted to avoid the stigmatization
associated with a diagnosis of epilepsy. In fact, the relationship of febrile seizures and epilepsy is
now known to be much closer and more complex, and genetics has helped unravel these relation-
ships. Before we review the genetics, several clinical issues warrant discussion.

3.5.1. Diagnosis of febrile seizures. With the first seizure with fever, and with any atypical
recurrences, the diagnosis of cerebral infection must be considered; the vigor of investigation
(lumbar puncture and imaging) will depend on the age of the child, length of the seizure, clinical
state, speed of recovery, and so on. Conversely, true febrile seizures are sometimes confused with
syncopal events, which can occur with high temperature (febrile syncope), and with febrile delir-
ium, which can occur in young children with very high fevers. A final diagnostic consideration is
that, particularly after a child has had a first febrile seizure, subsequent events may be similarly
labeled, even in the absence of fever, particularly if the child is a little unwell—this is an error and
should lead to other diagnostic considerations.

3.5.2. Outcome of febrile seizures. For true febrile seizures, approximately two-thirds of chil-
dren will have a single episode and one-third will have a few recurrences, although the recurrences
can occasionally be frequent (156). A longitudinal study found that 7% of children who have febrile
seizures will develop recurrent afebrile seizures or epilepsy (1).

In several childhood epilepsy syndromes, onset can be preceded by febrile seizures in some
children. These syndromes include self-limited childhood epilepsy with centrotemporal spikes
and some GGEs. Here, it is assumed that the hyperexcitability conferred by the nascent epileptic
process results in a seizure with the stimulus of fever. Some epileptic encephalopathies may present
with the first seizure in association with fever, the best-known example being Dravet syndrome
due to pathogenic variants in SCNIA (see Section 3.2.2). The disorder of febrile seizures plus
(FS+) accounts for an important part of the overlap between true febrile seizures and epilepsy.
FS+ refers to seizures with fever outside of the traditional boundaries of that disorder (1 month
to 6 years) and/or with afebrile seizures and typically occurs as part of the familial syndrome
of GEFS+ (165). In GEFS+ families, individual subjects may have febrile seizures, FS+, FS+
with additional focal or generalized seizures, or (rarely) epileptic encephalopathies (165). There is
also a long-recognized but infrequent association between prolonged febrile seizures (including
febrile status epilepticus) and the later development of temporal lobe epilepsy with hippocam-
pal sclerosis. There is a complex and controversial literature on this subject, but the sequence
of events of a prolonged febrile seizure leading to hippocampal swelling and hippocampal scle-
rosis is well established; in many children, however, it is believed there may be a preexisting
abnormality of the hippocampus, and there is some evidence of genetic underpinnings. A large
prospective study of febrile status (FEBSTAT) suggested that both mechanisms may be operative
(98).

3.5.3. Clinical genetics of febrile seizures. Febrile seizures have a substantial genetic compo-
nent with a recurrence risk ratio of approximately 4 and a high concordance (0.6) in monozygotic
twins (155). Pedigrees with autosomal dominant inheritance are well known, and these are ap-
parent even within epidemiologically ascertained samples. Segregation analyses suggest a mixture
of some autosomal dominant families, with the majority demonstrating complex and presumably
polygenic etiology (127).
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For GEFS+, many autosomal dominant families have been described, and in approximately
30% a major gene has been identified (see below). Some GEFS+ pedigrees are more compatible
with complex inheritance (109).

3.5.4. Molecular genetics. Most progress has been made in GEFS+, where pathogenic rare
variants in several genes have been described in large families; some also are observed de novo.
These include the sodium-channel subunit genes SCN1A4 and SCNIB, the GABA receptor gene
GABRG2, and more recently the synaptic gene STX1B (109). Families segregating these genes
may exhibit heterogeneous syndromes, ranging from febrile seizures and FS+ at the mild end to
Dravet syndromes at the severe end, which presents challenges for prognostic counseling.

For pure familial febrile seizures, although studies of several large families have been published
and loci reported, discovery of major dominant genes has been elusive, with the exception of rare
families segregating SCN1A variants (93). The polygenic contribution to febrile seizures has been
investigated by a Danish GWAS involving more than 3,000 children with febrile seizures and more
than 5,500 controls (55). Four loci were associated with febrile seizures, harboring the sodium-
channel genes SCN14 and SCN2A4,a TMEM16 family gene (ANO3), and a region associated with
magnesium levels (12q21.33). Additionally, in febrile seizures associated with immunization, the
interferon-stimulated gene IFI44L and the measles virus receptor gene CD46 were implicated.

4. OTHER MECHANISMS AND NEW AVENUES OF EPILEPSY
GENETICS RESEARCH

4.1. Repeat Expansions

Short tandem repeats are repeats of short motifs of DNA that can be found throughout the hu-
man genome, numbering in the tens of thousands. They have previously been used as genetic
markers for linkage mapping. A subset of approximately 40 short tandem repeats show evidence
of expansions that have been linked to disease. Short tandem repeat expansions include repeats
that have increased motif numbers in patients. The disease mechanism appears to vary, although
it clusters to some extent with motif type. RNA toxicity is commonly invoked, with repeats se-
questering transcription factors or leading to aberrant protein folding, more adversely affecting
neuronal cells due to their long life span. Short tandem repeat expansions predominantly cause
neurological disorders.

Six repeat expansions are known to cause epilepsy, and they cluster into two epilepsy disease
types: (2) progressive myoclonus epilepsy of the Unverricht-Lundborg type [epilepsy, progressive
myoclonic 1A (EPM1)], which is caused by a recessive repeat expansion located in a promoter
that consists of a repeated motif of 12 base pairs (CCCCGCCCCGCG in the CSTB gene), and
(&) familial adult myoclonus epilepsy (FAME), which is caused by highly expanded intronic pen-
tamers, for which there are now five reported loci: FAMEI1-3 and FAMEG-7. The repeat expan-
sion for EPM1 was first described in 1997. The repeat expansions associated with different types
of FAME—i.e., FAME1, FAMEG, and FAME7—were first described in 2018, and those associ-
ated with FAME2, FAME3, and FAME4 were described in 2019 (24, 59, 163). It is interesting
that FAME can be thought of as the mild extreme of the clinical spectrum of the progressive my-
oclonic epilepsies and that all six repeat expansions thus far identified for epilepsy cluster within
this clinical subtype (10).

Both EPM1 and FAMELI display founder effects. EPM1 has multiple founder effects, including
for Finland (83) and Reunion Island (103). FAMELI has a Japanese founder effect, with at least 60
reported families (76). Furthermore, we and others (19, 84) have shown that this repeat expansion
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has a geographic range that extends throughout Asia, with FAME] repeat expansions (all with
evidence of the same core haplotype surrounding the repeat expansion in SAMD12) now also re-
ported in Chinese, Sri Lankan, and Indian families. These new findings have already led to the
genetic diagnosis of several hundred individuals. The dissemination of these findings and identi-
fication of other relevant repeat expansions are expected to have a major impact on the molecular
diagnosis of Mendelian epilepsies and will likely affect thousands of patients. Additionally, repeat
expansions represent a genetic lesion that can be targeted with precision therapies. Recent reports
of successful phase 2 clinical trials of antisense oligonucleotide therapies for Huntington’s disease
hold promise for other repeat expansions, including those implicated in epilepsy.

The existing phenotypic overlap among the ataxias, which are still the most highly enriched
set of disorders for repeat expansion, and the epilepsies (e.g., ATXN1, a GWAS hit for epilepsy,
also contains a coding repeat expansion that causes spinocerebellar ataxia type 1) suggests that
even known ataxia-related repeat expansions might act as risk factors for epilepsy, a hypothesis
that requires testing in future studies. At the very least, the identification of known repeat expan-
sions in patients with epilepsy may result in recognition of ataxia symptoms, which might have
been neglected or missed in cases presenting with seizures. Until recently, the only way to test for
the presence of repeat expansions was to make use of either repeat-primed PCR or Southern blot
assays on a locus-by-locus basis. These assays are prohibitive in cost and effort when applied to
larger cohorts, and hence such investigations have not been feasible. In the last few years, several
computational methods have been developed (30, 43, 104, 150, 151) that can determine the pres-
ence of repeat expansions in standard WGS and WES (151). These algorithms can be applied to
any existing WGS data from epilepsy patients to screen for intronic EPM1 and FAME expansions.

These algorithmic developments allow the analysis of WGS and WES cohorts, including large
epilepsy cohorts such as the Epi25 Collaborative cohort (51), for the presence of both known and
novel repeat expansions. The extent to which these well-known and novel epilepsy repeat expan-
sions explain missing heritability in the more common epilepsies has not yet been investigated.
Additional novel repeat expansion discoveries in epilepsy are also likely to come to light as the
detection algorithms for repeat expansions improve further and as long-read sequencing becomes
more common, ultimately making repeat expansion detection in epilepsy part of a routine analysis
pipeline.

4.2. Polygenic Risk Scores

Polygenic risk scores (PRSs) are additive models for disease risk that are calculated at the individual
level using the individual’s genotyping results, which can be derived from SNP chips or WGS.
The regression coefficients in the additive risk model are derived mostly from GWASs. The most
recent GWAS for epilepsy identified 16 loci for epilepsy, which has substantially increased the
power of PRSs for epilepsy to encapsulate genetic risk due to common variants (73).

The potential uses of PRSs have been outlined by others (79, 82, 95) and include (#) predicting
disease risk for individual patients; (§) estimating heritability, including missing heritability, to
allow the determination of the genetic complexity of a disease; and (¢) enabling causal investigation
with Mendelian randomization. Mendelian randomization examines the ability of PRSs from one
trait to predict the PRSs of another trait. Due to the randomization of alleles in individuals, this
method allows causal inferences rather than mere correlation analysis (31). It is being increasingly
applied to complex traits, teasing apart and identifying underpinning driver biological mechanisms
(89).

With the development of the first truly powerful GWAS (and hence predictive PRSs) for
epilepsy, it is now possible to use PRSs to investigate diverse hypotheses for epilepsy. The ILAE
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Consortium on Complex Epilepsies determined, based on linkage disequilibrium score regres-
sion, that epilepsy shares little genetic risk with neuropsychiatric conditions such as schizophrenia,
bipolar disorders, and autism, which tend to share much more genetic risk with each other (73).
These recent GWAS results can also be combined with other GWAS results, such as those from
the UK Biobank, to infer likely causal drivers of epilepsy, allowing many of the previously hypoth-
esized contributors to be investigated using the Mendelian randomization framework. Epilepsy
PRS investigations and applications are in their infancy. One recent large study confirmed the
initial PRS findings in well-phenotyped cohorts derived largely from European ancestries but
showed that cohorts from other ethnicities and cohorts where phenotyping was imprecise had
less robust replication (88). PRSs may emerge as clinically useful in the near future, but close
attention to phenotyping and ethnicity will be needed.

4.3. Oligogenic Models

Here, we define oligogenic models as genetic models where more than one allele is required to
influence genetic risk. These models include modifier genes, or epistasis, where neither of two vari-
ants individually contributes to the genetic risk; rather, the presence of both variants is required
to change the risk. As discussed in previous sections, current methodologies for the analysis of
genetic data either focus only on additive risks or impose filters that likely remove variants that
could have oligogenic roles. Hence, modifier genes are likely to be filtered out since modifier vari-
ants are likely to have a higher frequency. Epistasis effects are not explicitly evaluated in GWASs
because of the large number of models requiring evaluation, imposing a severe multiple-testing
burden. However, these models are tantalizing for epilepsy since there is already evidence that
epilepsy genetic risk is in part attributable to oligogenic contributions.

First, a known, highly penetrant, human monogenic cause of human epilepsy, such as the
22(R43Q) GABA, variant, has been demonstrated to have different susceptibility to thermal
seizures depending on the inbred mouse strain into which the mutation was introduced, sug-
gesting that the genetic background contains additional genetic factors (125). This is an example
of a rare-variant-common-complex genetic risk combination.

Second, there are biological reasons for assuming the existence of oligogenic models. Several
epilepsy genes code for subunits of ion channels, such as voltage-gated sodium channels (e.g.,
SCNI1A and SCNIB), voltage-gated potassium channels (e.g., KCNQ2 and KCNQ3), and ligand-
gated ion channels (e.g., CHRNA4, GABRG2,and GABRA1I) (115). Thus, it is conceivable that spe-
cific variants that are in different subunits but in the same ion channel could jointly be pathogenic,
but not pathogenic on their own. This is an example of potential epistatic interaction.

Modifiers to the ion channels also appear highly plausible. An SCNA8A modifier effect has
already been demonstrated for a chemically induced epilepsy SCN1A4 heterozygous knockout
mouse (96).

Large epilepsy cohorts, such as those assembled by the Epi25 Collaborative (51), Epi4K Con-
sortium (47, 48), and ILAE Consortium on Complex Epilepsies (72, 73), will now permit hy-
pothesis testing to investigate specific oligogenic models. Exhaustive, genome-wide-scale analysis
testing of oligogenic models is not feasible due to the large number of tests that would need to be
performed, leading to severe multiple-testing penalties. Oligogenic hypotheses can also be further
evaluated in mouse models or with methods such as deep mutational scanning.

5. CONCLUSIONS

Opver the past decade, there has been tremendous progress in the field of epilepsy genetics. This
progress has been driven mainly by advances in sequencing technologies and computational
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approaches, as well as by the establishment of large international collaborations (47, 51, 73). A
major breakthrough has been the unraveling of the molecular genetics—particularly the role of
de novo mutagenesis—in the DEEs, a group of disorders long considered to be largely acquired,
resulting from pre-, peri-, or postnatal insults. Important developments have also occurred in the
understanding of the genetic underpinnings of two common epilepsy groups—the focal epilep-
sies and the GGEs. Nonacquired focal epilepsies appear to be caused mainly by rare variants, with
minimal contributions from common variants. Conversely, in the GGEs, common variants are
emerging as having a more important role than rare variants.

Novel analytical approaches are being developed, some of which may uncover hidden ge-
netic mechanisms. For example, single-cell RNA sequencing technologies map gene expression at
single-cell resolution, allowing one to identify different cell populations, uncover regulatory re-
lationships between genes, and track the trajectories of distinct cell lineages in development (71).
The application of single-cell RNA sequencing to brain tissue from people with epilepsy, obtained
from epilepsy surgical resections or postmortem, may shed light on pathogenic processes.

Ongoing large international collaborations will further our understanding of the genetic land-
scape of epilepsy. Existing data sets comprising thousands of sequenced or genotyped epilepsy
samples can also be interrogated using novel approaches or even merged with large-scale exter-
nal data resources, such as the ENCODE, UK Biobank, or Genotype-Tissue Expression (GTEx)
database. The comparison of epilepsy genomic data with those from other diseases and traits may
result in the identification of shared mechanisms or pathways. Clearly, there are unprecedented
opportunities for hypothesis generation and testing.

The wealth of progress in epilepsy genetics is already affecting clinical practice. Detecting a
pathogenic variant in an epilepsy gene is important for counseling patients and caregivers about
disease prognosis and family planning and can guide clinical management (121). It is also a pre-
requisite for personalized treatment approaches, either through drug repurposing or by designing
and developing novel precise therapies (121). PRSs may soon venture into clinical application and
allow incorporation of common variations, alongside rare variants, in the management of individ-
uals with epilepsy.
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