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Introduction

It was not that long ago that the search for epilepsy genes was
considered futile. Indeed, when I embarked on my PhD in
epilepsy genetics in 1991, a luminary in the field of neuro-
genetics laughed at the prospect of making scientific inroads

into this complex field. To his credit, 15 years later he
admitted that his view was wrong, but it did indeed reflect
the view of clinicians and scientists of the time. Now, I am
delighted to see that genetics permeates all areas of pediatric
neurology and is revolutionizing the way we evaluate and
manage patients with epilepsy.
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Abstract Objectives Epilepsy genetics has undergone a revolution in the past 19 years since the
discovery of the first gene for epilepsy. The story of our increasing knowledge and how it
impacts on patient care is presented with reference to recent discoveries. Understand-
ing the significance of a genetic variant is challenging both in terms of molecular
pathogenicity and in how this finding fits into the rubric of causation. In some cases, it
may only be a contributing susceptibility factor; whereas in others, it explains the
patient’s disease.
Methods A brief overview of the clinicomolecular approaches is discussed in the
context of the discovery of epilepsy genes. These include family studies and, more
recently, next generation sequencing using multigene panels and whole exome
sequencing.
Results Recent studies illustrating the way in which epilepsy genetics is changing
clinical practice are described. A particular focus isDEPDC5, the first gene for nonlesional
focal epilepsy likely to be relevant to sporadic patients with focal epilepsies and those
from small families, in contrast to rare large families with autosomal dominant focal
epilepsies. As DEPDC5 is a negative regulator of the mammalian target of rapamycin
(mTOR) pathway, it is likely that some patients with DEPDC5 mutations may have
malformations of cortical development akin to the two-hit hypothesis suggested in
tuberous sclerosis. The greatest impact of epilepsy genetics at a clinical level is for
patients with epileptic encephalopathies as many have de novo mutations—a rapidly
expanding list of causative genes is being found.
Conclusion Epilepsy genetics is changing clinical practice enabling diagnosis in many
patients, informing our understanding of comorbidities, prognosis, and genetic
counseling. Importantly, a genetic finding may impact on treatment choices. At a
biological level, new insights promise to lead to the development of novel therapies and
bring together the seemingly disparate genetics of nonlesional epilepsies and epilepsies
associated with cortical malformations.

published online
March 10, 2014

© 2014 Georg Thieme Verlag KG
Stuttgart · New York

DOI http://dx.doi.org/
10.1055/s-0034-1371508.
ISSN 0174-304X.

Review Article70

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.

mailto:scheffer@unimelb.edu.au
http://dx.doi.org/10.1055/s-0034-1371508
http://dx.doi.org/10.1055/s-0034-1371508


The cornerstone of recent success in epilepsy genetics has
been careful electroclinical phenotyping coupled with major
advances in molecular techniques. At no time has it been
more exciting than now with gene discovery occurring at a
cracking pace. Finding the genetic mutation is challenging
and it takes significant expertise to identify which variant is
causal with the enormous data sets obtained using massively
parallel sequencing technology. However, the translation
back to clinical care lies in the hands of the pediatric neurol-
ogist who has a critical role in interpreting whether a genetic
variant identified is causal for the child’s phenotype and in
taking the clinical science forward. In many ways, the pediat-
ric neurologist’s expertise has never had more relevance as
they have a key role in identification of comorbidities, favor-
able and adverse treatment responses, prognostic indicators,
and in ensuring timely genetic counseling. Even more chal-
lenging is the translation back to the clinic of novel therapeu-
tic approaches tested in animal and in vitro models. Targeted
genetic therapies hold the promise of dramatically improving
outcomes both in terms of seizure control and cognition and,
one day I hope, in preventing disease.

Overview of Epilepsy Genetics

The genetics of the epilepsies like other common diseases,
such as hypertension and asthma, frequently follow complex
inheritance. Thus, most individuals with genetically deter-
mined epilepsy are thought to have a polygenic basis inwhich
multiple genes of low-to-moderate risk interact, sometimes
with an environmental contribution, to produce the epileptic
disease. At present, relatively little is known of these suscep-
tibility alleles although rare variants in ion channel genes
(e.g., the calcium channel subunit gene CACNA1H) have been
reported.1,2 In addition, copy number variants contribute as
risk alleles to the genetic generalized epilepsies (GGEs), the
group that forms the majority of genetic epilepsies and
accounts for one-third of all epilepsies. Three copy number
variants, 15q13.3, 15q11.2, and 16p13.11, are each found in
approximately 1% of GGEs.3–5

Although many of the common epilepsies are thought to
follow complex inheritance, there is increasing evidence that
de novo mutations in genes of major effect account for a
significant number of cases.6 A recent example is the finding
that de novo SLC2A1 mutations, which lead to glucose trans-
porter 1 deficiency, cause GGEs with in vitro studies showing
major transporter dysfunction.7 Previously, it was well rec-
ognized that glucose transporter 1 encephalopathy, in which
the patient has severe neurological features of intellectual
disability, epilepsy, movement disorders, and often micro-
cephaly, was frequently due to a de novo SLC2A1 mutation,
but it was not recognized that milder epilepsies could also be
due to a de novo mutation.8 We recently hypothesized that
the markedly different functional effects demonstrated by
different SCL2A1mutationsmaymean thatmutations causing
major dysfunction are consistent with dominant inheritance
while those causing minimal dysfunction contribute as sus-
ceptibility alleles.7 This work requires confirmation but in-
troduces a multi-layered model of considering the

contribution a specific gene may make to the inheritance
patterns observed in the epilepsies.

Monogenic epilepsies were first identified through family
studies in rare largemultiplex familieswith dominant focal or
generalized epilepsies.9,10 Many ion channels have been
implicated and include a range of sodium, potassium, and
calcium voltage-gated ion channel subunit genes as well as
ligand-gated ion channels such as nicotinic and γ-amino-
butyric acid receptor subunits.11 More recently, the impor-
tance of de novo mutations of dominant genes has been
appreciated as a major cause of the severe group of epileptic
encephalopathies (EE) with large scale international research
efforts making major inroads into understanding the causa-
tive genes (see the section “Epileptic Encephalopathies”).
While there is early evidence that de novo mutations account
for sporadic cases of more common phenotypes, we are yet to
fully understand the proportion of the common epilepsies
that are due to de novo mutations.

The contribution of genetics to the etiology of the epilep-
sies can be conceptualized as a spectrum with monogenic
epilepsies at one end. The largest part of the spectrum, in the
middle, accounts for themajor group of epilepsies that follow
complex or polygenic inheritance and, at the other end of the
spectrum, lies the acquired epilepsies. Acquired epilepsies are
often structural in nature and may be due to vascular,
neoplastic, traumatic, immune, and infectious causes.

Molecular Genetic Approaches

Family studies formed the early substrate of successful mo-
lecular genetic research in the epilepsies and led to the
discovery of the first gene in 19959 and further gene identifi-
cation over the following 15 years.11 Some might argue that
the “low hanging fruit” has been picked and there is little to
gain from further endeavors focusing on family studies.
Recent successes in gene discovery (see the section “Genetic
Focal Epilepsies”) highlight that this sentiment is incorrect
and family studies can still play a key role. Massively parallel
sequencing, usingwhole exome,whole genome, or multigene
panel approaches, can be applied to large or small families or
sporadic cases to identify genes. This allows us to interrogate
whether specific genes are relevant to a broader population of
individuals with epilepsy in a cost-effective manner.

Genetic Focal Epilepsies

Autosomal Dominant Nocturnal Frontal Lobe
Epilepsies
Since we described the first genetic focal epilepsy in 1994,
several rare familial focal epilepsies have been reported.12

Thefirst gene for epilepsywas identified in 1995 in autosomal
dominant nocturnal frontal lobe epilepsy (ADNFLE), and now
three neuronal nicotinic acetylcholine receptor subunits have
been implicated.9,13,14 However, overall, the molecular basis
has been solved for fewer than 20% of families with ADNFLE.

ADNFLE is a distinctive clinical disorder characterized by
clusters of nocturnal motor seizures, with a median age of
onset of 8 years. Patients typically have eight seizures per
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night over a few hours. Approximately, 70% of patients
experience a nonspecific aura on awakening prior to their
motor attack. Themotor featuresmay be tonic or hyperkinetic
and thrashing in nature. The electroencephalogram (EEG) is
unhelpful because it may be obscured by movement artifact
or may even appear normal. Misdiagnosis in this disorder is
common, with some individuals regarding their seizures as
normal sleep, others being diagnosed with parasomnias and
some even thought to be hysterical because of retained
awareness during the attacks. ADNFLE follows autosomal
dominant inheritance with approximately 70% penetrance.15

We recognized amore severe form of ADNFLE in 2008.16 In
this disease, some familymembers have psychiatric disorders
and intellectual disability together with highly refractory
epilepsy. Recently, we mapped a large Australian family to
chromosome 9q34.3 with a logarithm of the odds score of
2.71. This encompassed a 2.63 Mb region that included 99
genes. Whole exome sequencing identified a missense muta-
tion in the sodium-activated potassium channel gene
KCNT1.17 This missense variant segregated perfectly with
affected individuals and was not found in controls. Following
identification of the mutation in the family with severe
ADNFLE, a further 108 cases with nocturnal frontal lobe
epilepsy, including those following dominant inheritance
and sporadic cases, were screened for mutations in KCNT1.
Three further mutations were identified with the majority of
mutations located in the NADþ binding site, which has a role
in channel modulation of the KCNT1 protein. KCNT1 is highly
expressed in brain and also called SLACK (sequenced like a
calcium-activated potassium channel). SLACK binds with
SLICK (KCNT2) to form heterotetrameric channels.

Four mutations were identified including a de novo change
in a sporadic patient.17 Severe ADNFLE had an earlier mean
onset of 6 years comparedwith 10 years in the classical form of
ADNFLE. Intellectual disability was observed in two of the four
families and psychiatric problems were noted in all four
families, always occurring in concertwith frontal lobe epilepsy.
Psychiatric problems encompassed psychosis, catatonia, and
aggression. Thus, there are now four genes implicated in
ADNFLE with the more severe form being associated with
psychosis and intellectual disability. Yet, in the majority of
families, the causative gene is yet to be established.

Familial Focal Epilepsy with Variable Foci
We first identified the syndrome of familial focal epilepsy
with variable foci (FFEVF) in 1998 in an Australian family in
which three individuals had frontal lobe epilepsy, five had
temporal lobe epilepsy, and one had parietal lobe epilepsy.18

The concept underlying this syndrome was of autosomal
dominant inheritance of focal epilepsy that emanated from
different cortical regions in different family members. Since
1998, two boys have been born into the original Australian
family. Both have autism spectrum disorder and one has
temporal lobe epilepsy and intellectual disability. One of
the older members of the original family also had autism
spectrum disorder and intellectual disability. This family was
mapped in 2012 to chromosome 22q12 to the previously
identified locus for FFEVF.19,20

Whole exome sequencing was performed with particular
attention paid to the 22q12 locus encompassing a 5.3 Mb
region. A truncation mutation was identified in the gene
DEPDC5.21 Mutations were found in seven of the eight re-
ported families with FFEVF.21 In a large Dutch family and two
Spanish families, truncation mutations were discovered.22–24

Three French-Canadian families had the same founder amino
acid deletion mutation.23 The penetrance of FFEVF was quite
low with a mean of 66% (range, 50–82%).

DEPDC5 encodes disheveled, Egl-10, and Pleckstrin do-
main containing protein 5 which has orthologs found in
diverse species including mosquitos. Mouse Depdc5 was
studied with quantitative real-time polymerase chain reac-
tion on RNA from various mouse tissues which showed that
Depdc5was detected in all brain regions studied.21 It was also
found throughout development frommidgestation embryon-
ic head through to neonatal and adult mouse brain. Confocal
images with double immunostaining of Depdc5 in adult
mouse brain showed that Depdc5 was expressed in neurons,
but not in nonneuronal cells such as astrocytes. Depdc5 was
localized to the perinuclear region with little or no extension
into neuronal processes. DEPDC5 was also found in neuro-
spheres from human-induced pluripotent stem cells and,
again, was shown to be present in neural precursors and
neurons, but it was absent in astrocytes.21

DEPDC5 has recently been identified as having an im-
portant role as mTOR inhibitor. The mTOR pathway is a
master regulator of cell growth.25 Bar-Peled et al described
the GTPase-activating protein activity toward Rags (GA-
TOR) complex which comprises eight proteins for GATOR
and divided it into two subcomplexes GATOR1 and GA-
TOR2. GATOR1 is made of DEPDC5, Nprl2, and Nprl3.26 The
GATOR complex is required for regulation of the TORC1
pathway by amino acids. Amino acids are one of the cues to
cell growth and act through the Rag guanosine triphos-
phatases (GTPases) to promote mTORC1 translation to the
surface of the lysosome in order for activation to occur.
Inhibition of GATOR1 subunits renders mTORC1 signaling
resistant to amino acid deprivation and thus constitutive
mTORC1 activation occurs, similar to the neurobiology of
tuberous sclerosis.

As focal epilepsy accounts for 60% of all epilepsies, we then
asked whether DEPDC5 caused common nonlesional focal
epilepsy.Weperformedhigh resolutionmelt curve analysis to
genotype 82 unrelated probands drawn from families with
two or more individuals with nonlesional focal epilepsy.
Mutations were found in 10 of 82 (12%) cases. There were
six truncation mutations and three missense mutations with
one mutation found in two families. The majority of muta-
tions encoded premature termination codons, consistent
with haploinsufficiency. In the 10 families with mutations,
very different patterns of focal epilepsy were observed, with
some having purely temporal lobe epilepsy, others frontal
lobe epilepsy or just nocturnal frontal lobe epilepsy, while
others had combinations from different cortical regions. In
one family, one of the four individuals with temporal lobe
epilepsy had a de novo DEPDC5 mutation that was not found
in her affected relatives.
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Analysis of 95 affected individuals with DEPDC5mutations
showed that FFEVF was associated with frontotemporal lobe
epilepsy in 70% of cases.21 Focal epilepsy ranged in severity
from readily treatable to refractory despite multiple antiepi-
leptic drugs.18,20 One of the critical questions we raised is
whether DEPDC5 mutations are responsible for autism spec-
trum disorders, other psychiatric manifestations, and intel-
lectual disability seen in a few individuals in these families.
For example, there is a boy in the original Australian family
who has the familial DEPDC5 mutation and autism spectrum
disorder but has not yet had seizures. Thus, DEPDC5 is
essentially the FFEVF gene but, just as importantly, it is
relevant to smaller families and likely sporadic cases of non-
lesional focal epilepsy. A key biological question is why
different focal epilepsies occur in different family members.

Epileptic Encephalopathies
The greatest success in unravelling the genetics of the epilep-
sies has been in the group of the EE where genetics has
already changed clinical practice. These severe disorders
typically begin in an infant or a child who develops multiple
types of seizures, abundant epileptiform activity on EEG, and
developmental slowing or regression. These patients often
have severe disability and refractory seizures that may con-
tinue into adult life. They may have comorbidities such as
autism spectrum disorders and motor features and also have
an increased mortality risk. Magnetic resonance imaging is
usually normal or may show nonspecific features such as
diffuse atrophy. Increasingly, it is now recognized that for
many of these patients, their disorder is due to a de novo
dominant mutation or, more rarely, recessive or mitochon-
drial DNA mutation.

Recent large scale studies incorporating next generation
sequencing of patients with EE have suggested that up to 30%
of cases can be solvedwith current technologies. This includes
the prototypic model of Dravet syndrome inwhichmore than
80% of patients have mutations of the α1 subunit gene of the
sodium channel, SCN1A. Many other genes for EEs are now
well recognized including CDKL5, STXBP1, SCN2A, SCN8A, and
KCNQ2.24 With the use of multigene panels incorporating
targeted next generation sequencing of specific genes, new
genes have recently been identified such as CHD2, GRIN2A,
and SYNGAP1.27,28

An alternative approach has been the use of whole exome
sequencing in trios that involves the study of the proband and
both parents. The strategy in these studies is to look for a
variant present in the proband that is not present in either
parent.29 Variants then undergo analysis for pathogenicity.
This takes into account the nature of the amino acid change,
whether it is likely to have a functional effect and its absence
in large population databases of genomic variation such as the
exome variant server or dbGaP.

These discoveries are having a huge impact on the diagno-
sis of these patients with devastating disorders. In some
countries such as the United States, it is becoming common-
place for clinicians to be able to order whole exome sequenc-
ing commercially in their patients. Variants that are found can
be tested in their parents to see if they have arisen de novo. In

some instances, the variant may be inherited and still causa-
tive; for instance, the parent may bemosaic and unaffected or
mildly affected, as has been shown in SCN1A family studies.30

Alternatively, it may be that an inherited variant is contribut-
ing to the patient’s disorder as one of several genes under-
pinning complex inheritance. In other instances, the variant
may be an inherited innocent polymorphism and not causa-
tive. Other forms of inheritance should also be remembered
such as recessive inheritancewhich is particularly likely in the
setting of consanguinity although compound heterozygosity
may occur with both inbred and outbred families. Mitochon-
drial inheritance should not be forgotten. In addition, X-
linked recessive and X-linked dominant inheritance is impor-
tant to remember as well as the more unusual inheritance
pattern of X-linked inheritance with male sparing. This latter
form of inheritance is typically seen in PCDH19 encephalopa-
thy which occurs in girls, and in which, males are normal
transmitting carriers.31

Molecular genetics has truly revolutionized our approach
in understanding the genetics of the epilepsies and identify-
ing the cause in patients with epilepsy. A molecular diagnosis
enables the end of the “diagnostic journey” which has often
been prolonged, involved a myriad of investigations and
considerable pain and anxiety for patients and their families.
Yet, in many ways, finding the gene for a patient is just the
beginning of the answer. Once an epilepsy gene is discovered,
the phenotypic spectrum emerges as increasing numbers of
patients are identified, facilitating diagnosis in other patients.
The gene and its resultant protein then undergo intense
scientific scrutiny in in vitro and in vivo models allowing us
to develop an understanding of the biology of the seizure
disorder and associated comorbidities. The most exciting and
challenging aspect is the development of targeted therapeutic
approacheswhich is possiblewith animalmodels as a prelude
to application in patient cohorts. It is essential that pediatric
neurologists play a major role in taking this period of enlight-
enment forward so that the outcome for our patients can be
dramatically improved.
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