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Abstract

Purpose of the review—We aim to review the most recent advances in the field of epilepsy
genetics with particular focus on the progress in gene discovery in monogenic epilepsies,
identification of risk genesin complex genetic epilepsies and recent findingsin the field of
epilepsy pharmacogenomics.

Recent findings—During the last 12 months, the use of massive parallel sequencing
technologies has allowed for the discovery of several genes for monogenic epilepsies. Most
importantly, PRRT2was identified as the long-sought gene for Benign Familia Infantile Seizures
(BFIS). Mutationsin KCNT1were found in two seemingly unrelated monogenic epilepsies
including Malignant Migrating Partial Seizures of Infancy (MMPSI) and severe Autosomal
Dominant Nocturnal Frontal Lobe Epilepsy (ADNFLE). A genome-wide association study in

I diopathic Generalized Epilepsy (IGE) revealed the first common risk variants for human seizure
disordersincluding variantsin VRK2, PNPOand SCN1A. Furthermore, alandmark study
provided evidence that screening for the HLAB* 1502 variant may prevent carbamazepine-induced
side effects in the Taiwanese population. Also, HLA-A*3101 variants were identified as arisk
factor for carbamazepine side effects in Europeans.

Summary—Novel technologies and an unprecedented level of international collaboration has
resulted in novel genes for monogenic and complex genetic epilepsies as well asrisk factors for
side effects of antiepileptic drugs. This review provides an overview of the most relevant studies
in the last year and highlights the future direction of the field.

Keywords
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Introduction

A genetic contribution to the epilepsies has been recognized since antiquity and is well
established through twin studies and family studies. However, despite intense research over
the last decades, the majority of the genetic burden in the epilepsies remains unsolved.
While this “missing heritability problem” [1] is also observed in many other disorders, the
gap appears to be particularly pronounced in the epilepsies. Compared to fields such as
autism and schizophrenia research, genetic research in the epilepsiesis lagging behind in
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terms of funding and publications. The main reason for this discrepancy is the phenotypic
and genetic complexity of the epilepsies, which poses a particular problem for modern large-
scale genetic studies relying on sample sizes in the range of thousands. However, present
and emerging international research collaborations are likely to overcome some of these
obstacles [2]. With several large-scale genomic studies on the way, the epilepsies are
virtually on the eve of their genetic revolution.

In some areas, the effect of this approaching revolution can already be felt, including
research on (1) monogenic epilepsies comprising familial epilepsies and epileptic

encephal opathies, (2) complex genetic epilepsies, and (3) pharmacogenomics. All three
fields use dightly different paradigms and will therefore be discussed separately. The scope
of thisreview isto discuss the recent advances and highlight the future directions.

Deciphering the genetic architecture of the epilepsies: paradigms and
technologies

Genetic technology and knowledge about the normal variation in the human genome has
significantly advanced over the last 12 months. Whole genome sequencing has become
affordable, and exome sequencing, i.e. the sequencing of large parts of the protein-coding
region of the human genome, is well-established as a standard technology.

The main result from population studies including the 1000 Genomes Project is the
unexpected amount of rare genetic variation in the human genome. Thisflood of rare
variants does not only include a significant amount of private genetic variation limited to
singleindividuals, but also a unforeseen number of de novo mutationsin each genome. This
variation provides the backdrop for all genetic studies, which aim to identify genetic risk
factors on agenome-wide level.

Genetic risk factors for seizure disorders can be classified according to several criteria,
including effect size and allele frequency (Figure 1). In addition, genetic epilepsies can
present with various degrees of genetic heterogeneity. Dravet Syndrome, for example, is
caused by mutationsin SCNIA in >80% of cases and represents arelatively genetically
homogeneous epilepsy [3, 4], while other epilepsies such as the I diopathic Generalized
Epilepsies are more heterogeneous. As some epilepsies such as Malignant Migrating Partial
Seizures of Infancy (MMPSI) appear to be unexpectedly homogeneous (see below), thereis
good reason to believe that further research may uncover additional, surprising findingsin
distinct epilepsy syndromes.

Progress in monogenic epilepsies

Monogenic epilepsies include both familial epilepsies and severe epilepsies caused by de
novomutations in particular genes. In both groups, massive parallel sequencing technologies
have contributed immensely to gene discovery.

Familial Epilepsies

The year 2012 witnessed the answer to one of epilepsy genetics most prominent mysteries:
the genetics of Benign Familia Infantile Seizures (BFIS). BFIS represents a usually benign
epilepsy syndrome with self-limiting seizuresin thefirst year of life. BFISis genetically and
phenotypically different from Benign Familial Neonatal Seizures (BFNS, KCNQZ, KCNQ3)
and Benign Familial Neonatal-Infantile Seizures (BFNIS, SCN2A). Even though a linkage
to chromosome 16 was already described in 1997 [5], the gene had escaped detection until
2011.

Curr Opin Neurol. Author manuscript; availablein PMC 2014 April O1.
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Somewhat ironically, theinitial gene finding through Next Generation Sequencing (NGS)
was not achieved in BFIS, but in paroxysmal kinesogenic dyskinesia (PKD), a movement
disorder that is observed in some BFIS families [6]. PRRT2was subsequently found to be
the main cause of BFIS, explaining up to 70% of families[7, 8]. Furthermore PRRTZ2
mutations were also identified in several other benign infantile epilepsies [9-11]. During the
course of 2012, more than 20 publications on PRRT2in infantile epilepsies were published,
highlighting the importance of this gene in infantile epilepsies.

Theidentification of KCNT1 mutationsin Malignant Migrating Partial Seizures of Infancy
(MMPSI) and severe Autosomal Dominant Nocturnal Frontal Lobe Epilepsy (ADNFLE)
was another surprising finding in the last 12 months[12, 13]. MMPSI represents a severe
infantile epilepsy syndrome with a peculiar electroclinical pattern. ADNFLE, in contrast,
has an onset in adolescence or adulthood with prominent frontal seizures. Mutation in
CHRNA4, CHRNBZ2and CHRNAZ are known to cause ADNFLE [14]. KCNT1 mutations
were found through exome sequencing in 6/12 patients with MM PSI including three patients
with the same de novomutation [13]. Functional studies suggest that these mutations results
in an activation of the KCNT1 channel, a potassium channel expressed in the Central
Nervous System. In four families with severe ADNFLE and accompanying psychiatric
features and intellectual disability, mutationsin KCN71wereidentified [12]. MMPSI and
severe ADNFLE might therefore represent the extremes of a novel, unpredicted spectrum of
epilepsy phenotypes due mutations in a single gene.

Epileptic encephalopathies

Gene discovery in severe early onset epilepsies, the so-called “epileptic encephal opathies’,
aimsto identify de novovariants or recessive variantsin small families or patient-parent
trios using genome-wide sequencing technology. When parents are included in the
sequencing, de novovariants can be assessed on a genome-wide level, amethod that has
been shown to be effectivein several other neurodevelopmental disorders [15-19]. Using
whole genome sequencing of afamily quartet, SCVEA mutations were identified in afamily
with infantile epileptic encephal opathy and Sudden Unexplained Death in Epilepsy
(SUDEP, [20]). In addition, one study identified mutationsin KCNVQZ2in Ohtahara
Syndrome, an early onset severe epilepsy [21]. Large-scale family sequencing or trio
sequencing have not yet been published, but data on comparable studies in autism,
schizophrenia or intellectual disability already provide afirst insight into this method
[15-19]. While de novo mutations can be identified in almost every individual sequenced,
double hitsin asingle gene are rare and require modest to large sample sizes for detection.
Interestingly, up to half of the patients reported in studies on autism and ID also had
epilepsy. Hence, many of the genes recurrently affected by dle novo mutationsincluding
CHD8and DYRK 1A dso represent interesting candidates for seizure disorders. While many
of the rare variants may not be pathogenic, finding mutations in a known epilepsy gene or
finding double hits are established paradigms to approach family exome sequencing data. In
December 2012, the EpidK consortium [2] presented their first analysis on large-scale
family exome sequencing in patients with Infantile Spasms and Lennox-Gastaut-Syndrome
who were identified through the Epilepsy Phenome/Genome Project. The EpidK researchers
analyzed 165 patient-parent trios for de novo mutations on an exome-wide level and found
causative variantsin 15% of patients [22, 23]. The genes identified included known genes
for epileptic encephalopathiesincluding CDKL 5, ARX and STXBPL, but also severa novel
genes, which require further follow-up. In summary, thisfirst data shows that the methods
used for autism, schizophrenia and intellectual disability can be translated to identifying
genesin epilepsies and that dee novo mutations significantly contribute to the genetic
morbidity of epileptic encephalopathies.

Curr Opin Neurol. Author manuscript; availablein PMC 2014 April O1.
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Progress in complex genetic epilepsies

The vast majority of epilepsies are complex genetic, i.e. astrong genetic contribution is
known from family and twin studies [24, 25], but the epilepsies are not inherited in a
monogenic fashion. The identification of genetic risk factorsin complex genetic epilepsies
occurs through association studies, and the recruitment of sufficiently large patient cohorts
for powerful association studies has been along-standing weakness of the field.

Rare genetic variants

Insight into the genetic architecture of sporadic epilepsies has largely occurred through the
study of copy number variants, submicroscopic chromosomal deletions or duplications. A
surprising finding of the last five years has been the identification of recurrent

microdel etions predisposing to awide range of neurodevelopmental disorders including
autism, schizophrenia and intellectual disability [26]. In addition, many of these variants
were found to be inherited from unaffected parents, a puzzling finding in the light of the
strong genetic risk conferred by some of these variants [27]. In the last 12 months, two
papers have been published that describe analyses of the genetic architecture of
microdeletions. A paper by Girirarjan and collaborators assayed the role of double hits, i.e.
two independent copy number variantsin patients with intellectual disability, showing that
several microdel etions associated with disease preferentially co-occur with other
microdeletions in patients [28]. This paper, building up on previous work postulating a
double hit model for intellectual disability [28], isafirst step in explaining the genetics of
neurodevelopmental disorders through oligogenic inheritance. However, these studies have
not yet been extended to patients with epilepsy. A further paper investigated the apparent
contradiction of association and segregation for epilepsy-related microdel etions and
developed models to trandate odds ratio of rare variants into segregation patterns [29]. The
main message of this model is the conclusion that rare variants with an intermediate risk
usually are not expected to show a clear segregation pattern in families. Rare genetic
variantsin ldiopathic Generalized Epilepsy were also investigated in a study by Heinzen and
collaborators, who aimed to identify rare genetic sequence variants through exome
sequencing [30]. The authors identified 3900 rare genetic variants through exome
sequencing of 118 IGE patients and 242 controls and followed these variants up in alarge
validation cohort. No variant could be identified with genome-wide significance, suggesting
that rare variants of intermediate frequency (so-called “goldilocks variants’) are not easily
identified in complex genetic epilepsies. The authors suggested that the genetic architecture
of IGE might be more heterogeneous and that a gene-based approach as opposed to a
variant-based approach might be more advantageous.

The analysis of common genetic variants

Common genetic variants or Single Nucleotide Polymorphisms require large case-control
studies to achieve significant results. Previous attempts to identify common genetic variants
in common epilepsies did not result in variants significant at a genome-wide level [31].
Finally, in October 2012, the first common genetic variants associated with |GE were
published by the European EPICURE consortium [32]. The authors found common variants
in CHRM3, VRKZ2, ZEB2, SCN1A and PNPO. Except for SCN1A and CHRM3, all other
genes are not intuitive candidates for |GE susceptibility genes, hinting at as yet unknown
pathways besides the involvement of ion channels. Either way, with the publication of the
first “successful” GWAS, the curse of failing association studiesin epilepsy research
appears to be broken.

Curr Opin Neurol. Author manuscript; availablein PMC 2014 April O1.
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Progress in epilepsy pharmacogenomics

Epilepsy pharmacogenomics aims to investigate genetic markers associated with response to
antiepileptic drugs (AED) or side effects. While promising genetic variants predicting AED
response are still lacking, important advances have been made in identifying genetic markers
associated with AED side effects. Simultaneoudly, two studies were published investigating
therole of HLA markers in association with side effects for carbamazepine (CBZ). Based on
previous knowledge regarding the high risk of CBZ side effects in patients with the HLA-
B*1502 variant in Taiwanese patients, Chen and colleagues reported an intervention study,
in which the HLA-B* 1502 genotype was determined prior to AED treatment [33]. Patients
with the risk variant were given another AED rather than CBZ, and a dramatic decrease in
cutaneous side effects caused by AED treatment was observed, also in comparison to
historical data. In a second study, McCormack and colleagues identified an HLA risk variant
for CBZ-related side effects in European populations [34]. Taken together, both studies
suggest that cutaneous side effects of CBZ are HLA-related and may at least in part be
prevented through prior genetic screening.

Future directions of the field

With the revolution of next generation sequencing technologies only about to start, we
expect alarge group of monogenic epilepsies to be resolved in the next five years. Familia
epilepsies with monogenic inheritance are ideally suited to be unraveled through this
technology. Asin the case of MMPSI/ADNFLE and PRR72, some surprises can be
expected along the way, i.e. genes that unexpectedly explain alarger phenotypic fraction
than assumed. However, the fraction of the expected proportion of “epilepsies explained” by
high-throughput sequencing studies may be overestimated. Recent studies in autism,
intellectual disability and schizophrenia suggest that no more than 10% of cases are caused
by de novomutations[15-17]. Distinguishing causative from non-causative variation will
become increasingly difficult with the increasing amount of data generated through massive
parallel sequencing studies. In addition, rare genetic variants, which are expected to
contribute significantly to genetic morbidity of human disease, are till difficult to identify
and require large sample sizes.

Areas with research needs

There are several areasin the field of epilepsy genetics where either the progress has been
stagnating or where the future direction is difficult to estimate, including research on (1)
Febrile Seizures, (2) endophenotypes, (3) psychosocial effects of genetic testing, and (4)
somatic mutations.

Febrile Seizures

Even though Febrile Seizures (FS) are the most common epilepsy syndrome with a strong
genetic basis, there has been little progressin this area over the last decade. In contrast to
common FS, the genetics of febrile-seizure related epilepsy syndromes such as Genetic
Epilepsy with Febrile Seizures Plus (FS+) iswell understood [35-37]. In families with pure
FS, however, gene findings are rare. We are currently not aware of any large-scal e research
effort investigating the genetics of FS.

Endophenotypes

Even though much work had been done on the genetics of epilepsy-related endophenotypes
in the 80s and 90s, few advances have been made in thisfield over the last ten years.

Endophenotypes are subclinical phenotypes that are thought to be closer to the genetic basis
of the disease than the disease itself [38]. Therefore, aless complicated genetic architecture

Curr Opin Neurol. Author manuscript; availablein PMC 2014 April O1.
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is expected. EEG patterns have been investigated as possible epilepsy endophenotypes and
some evidence for linkage exists for the centrotemporal spikes associated with Benign
Roland Epilepsy [39] and for photosensitivity [40]. However, the initial assumptions that
these endophenotypes were transmitted in monogenic fashion could not be validated. Novel
impetus for epilepsy-related endophenotypes might come from advanced imaging studies
including functional MRI and connectivity studies.

Psychosocial effects of genetic testing

While most genetic testing in patients with epilepsy does not affect treatment decisions,
discovering the causative gene for a patient’ s epilepsy may have a profound psychosocial
impact. In the last decade, support groups such as the Dravet Foundation have been initiated,
highlighting the psychosocial aspects of epilepsy genetics to create shared sense of identity
for patients and caregivers. These psychological and social aspects, however, are largely
unexplored to date. A pioneer study found that patients with epilepsy tend to dramatically
overestimate the genetic burden of their disease [41], possibly areflection on the widespread
media coverage of genetic research. Many current large-scal e research grants implement
work packages on patient outreach and investigations of psychosocial effects of genetic
testing to study the impact on a patient level.

Somatic mutations

Some initial reports have investigated the role of somatic mutations in patients with
hemispheric brain malformations such as hemimegalencephaly [42]. Using exome
sequencing, mutations in genes affecting the mTOR pathway have been identified, including
PIK3CA, AKT3and MTOR genes, suggesting that modern technologies are capable of
identifying disease-related somatic mutations for brain malformations. The role of somatic
mutationsis alargely unexplored field [43], and future studies assessing their role in patients
undergoing epilepsy surgery may help define the role of these mutationsin common
epilepsiesincluding Tempora Lobe Epilepsy.

Conclusion

The genetic burden of the epilepsies will continue to be unraveled, and we expect novel
gene findings will deepen our understanding of the pathophysiology of seizure disorders
(Figure 2). Novel technologies will undoubtedly contribute significantly to gene discovery,
but also pose novel challengesincluding a“flood of rare variants’, which will make it
difficult to distinguish causative from random generation. The sharing of research data,
central repositories for genetic data and collaboration will generate the resources that the
field needs to interpret this data and to identify the genetic risk variants for the seizure
disorders we seein our patients.
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Key points

Severa new genes responsible for monogenic epilepsy syndromes (including
Benign Familial Infantile Seizures, Malignant Migrating Partial Seizures of
Infancy and severe Autosomal Dominant Nocturnal Frontal Lobe Epilepsy)
have been identified in the past year.

De novomutationsin awide variety of genes appear to be the basis of a
significant proportion of the epileptic encephal opathies.

A recent GWAS study of over 3,000 individuals with idiopathic generalized
epilepsy provided the first evidence for common genetic variants as the basis for
epilepsy.

Specific HLA variants have been shown to be associated with side effects of
carbamazepine, and a recent study has demonstrated that prospective screening
for the variants can be used to guide treatment and reduce side effects.

The emergence of large-scale, international collaborative efforts combined with
the power of next generation sequencing technol ogies hold the promise of major
advancesin the identification of the genetic risk variants across a wide spectrum
of the epilepsiesin the coming five years.
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Figure 1.
The dimensions of the genetic architecture of the epilepsies

Effect sizerefersto the increase in risk carried by a given genetic variant. While the effect
sizeisvery high for monogenic variants, common genetic variants such as Single
Nucleotide Polymorphism (SNPs) usually confer avery small risk. Rare genetic variants
located between both extremes currently pose a major problem for genetic research, as
established frameworks to interpret this variant are still lacking. Variants can be frequent or
rare in the general and patient population, and there is usually an inverse correlation between
effect size and frequency. A variant with a strong effect is usually rare. Thisinverse
correlation, however, only appliesto disease risk variants, asthe low frequency of the
disease in the population only permits such a correlation. In genetic risk factors for
medication side effects, for example, both the frequency and effect size can be high, which

allows for these studies to be performed with a modest sample size.
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Figure2.

The history of gene identificationsin epilepsy research

The history of gene discovery in epilepsy began in 1995 with the discovery of CHRNA4 as
the causative gene in Autosomal Dominant Nocturnal Frontal Lobe Epilepsy (ADNFLE).
After aseries of gene discoveriesin monogenic epilepsies, it was found that most causative
genes were ion channel genes, postulating the Channelopathy concept of human epilepsy.
However, subsequent association studies mainly on ion channel genes have failed, and the
initial hope for rapid detection of further risk variants (gray) has diminished. Thefield
entered a period of association studies, which largely were not replicable. Finaly, with the
discovery of epilepsy-related microdeletions, the first risk genes for common epilepsies
were identified. With the advent of Next-Generation Sequencing technologies (NGS), more
gene discovery islikely. The expectations of this technology, however, parallel atypical
“bubble phenomenon” and first indications from other neurodevel opmental disorders
suggest that only a small subset of genes can be identified.
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