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Abstract
The genetic generalized epilepsies (GGEs) are a set of disorders presenting with generalized seizures, in addition to general
spike-wave activity. The present study aims to investigate the clinical manifestations and genetic origin of generalized tonic-

clonic seizures and the subgroups of GGEs, including childhood absence epilepsy (CAE), juvenile absence epilepsy, and juvenile
myoclonic epilepsy (JME). Information compiled from genome-wide association studies (GWASs) in the EPICure project revealed
associations with many genes. Besides, copy number variant (CNV) discoveries have been the most inspiring turning point of
epilepsy genetic research. This phenomenon could give us an idea about microdeletions/microduplications as genetic variants
throughout the whole genome. Nowadays, next-generation sequencing (NGS) approaches support neurogeneticists to unravel
the predisposed putative variants in GGE to establish a better diagnosis. Consequently, previous experiments supply data for
antiepileptic drugs (AEDs) to test susceptible variants, which influence the response to drugs. As a final point, all these data should

provide the current GGE patients with better genetic counseling and follow-up services.
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Introduction

Genetic generalized epilepsy (GGE) is a definition for a
category of epilepsy syndromes without any focal onset
mechanism and an internal source, preferably with a genetic
cause.' Based on acceptable clinical documents regarding
the pathogenic variants involved in epilepsy patients, the
GGEs are categorized as a type of idiopathic generalized
epilepsies (IGEs). According to the International League
Against Epilepsy (ILAE) classification, the GGE is classified
into four accepted subcategories, including childhood
absence epilepsy (CAE), juvenile absence epilepsy (JAE),
juvenile myoclonic epilepsy (JME), and generalized tonic-
clonic seizures alone (GT-CSA).? There is also phenotypic
overlap among GGE syndromes as depicted in Figure 1 in
comparison with a genetic overlap in GGE subtypes.>* In
order to define the exact characteristics of each subcategory,
they are described in detail in the following sections.

Childhood Absence Epilepsy

This form of GGE, also known as pyknolepsy, is
distinguished by its onset time (mostly occurring at the
age of 6 years) and characterized by seizures of unexpected

onset interrupting constant activities and lasting from
seconds to less than a minute (4-20 seconds) with a likely
eye rotation.’ The annual incidence of this condition is 2—8
cases per 100000 children aged <16 years. Based on the
statistics, CAE has a prevalence rate of 2%-10% among
children with epilepsy. The CAE can be also discriminated
by numerous daily distinctive absence seizures, which go
along with bilateral, symmetrical, and synchronous 2.5—4-
Hz spike-wave discharges and slow-wave discharge (SWD)
presenting in the electroencephalogram.

This condition comprises about 5% of all childhood
epilepsies.®® The genetic origin of CAE is subdivided
into two different categories based on the function of
gamma-aminobutyric acid, (GABA) receptor "Y'2 subunit
(GABRG2) and voltage-gated Ca** channel alA subunit
(CACNA1A). The GABRG2 gene is associated with
5q31.1-33.1 (R43Q) and 5q31.1-33.1 (K289M). The
impact of the mutation of the former locus protein is
lack of benzodiazepine-mediated (BDZ) potentiation of
GABA, receptor, resulting in no stimulation in GABA
action. On the other hand, the latter locus induces
no effect on the action of GABA but may affect BDZ-
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Figure 1. Genetic Overlapping (Left) Versus Phenotypic Overlapping (Right) In Genetic Generalized Epilepsies.

mediated potentiation of GABA, receptor.”® Besides,
CACNAIA gene is linked to 19p13.2-13.1 (R1820stop),

and the effect is loss of the Ba** current.’

Juvenile Absence Epilepsy

Through many substantial overlaps with CAE, this type of
manifestation occurs at the age of 10—12 years in a sporadic
manner (usually less than once a day; i.e., non-pyknoleprtic,
NPA).!*!" These absence seizures are associated with
bilateral, symmetric, and synchronous states like CAE
but with a discrepancy of 3—4 Hz SWD.'>"® Mutations
associated with this state occur in the EFHCI and CLCN2
genes. The EFHCI gene is mapped to 6pl12.2, which
translates to EF-hand-containing calcium-binding protein
that comprises calcium homeostasis. Additionally, CLCN2
is linked to 3q27.1 and codes for a transmembrane protein
that helps with the homeostasis of chloride ion in several
cells."

Juvenile Myoclonic Epilepsy

This kind of epilepsy is the most expected and distinct
GGE.">!* The symptoms of this seizure present during the
juvenile period. The JME is accompanied by a wide range
of signs, including arrhythmic, uneven, and recurring
myoclonic jerks, generally in the arms. These jerks are the
probable causes of unexpected patient fall. No trouble of
consciousness is obvious in JME. This form of GGE has an
inherited pattern in some cases and is not gender-limited."”
JME patients show normal intelligence; nevertheless,
it should be noted that JME is linked to frontal lobe
dysfunction. Studies are indicative of microdysgenesis in
the category of cortical and subcortical dystopic neurons

and further abnormalities in microscopic and structural
forms.!8

The GABRAI, SCNIA, and EFHCI genes are involved
in JME. The GABRAI is mapped to 5934 and is in
charge of the function of GABA receptors that are ligand-
gated chloride channels.” On the other hand, SCNI4 is
associated with 2q24.3 and accounts for voltage-dependent
sodium channels, regulating sodium ion reciprocity in the
intra- and extracellular spaces. These genes are vital for the
production and proliferation of action potentials in two
distinct groups of cells, namely those of the muscles and
neurons.?’

Generalized Tonic-Clonic Seizures Alone

The GT-CSA is defined by spike-wave discharges in a
general type (2.5-5 Hz) involving the bilateral hemispheres
during seizures.”! The GT-CSA is linked to an augmented
prospect of damages and sudden unexpected death in
epilepsy.? It should be mentioned that GT-CSA happens
in 30-60% of children with CAE.?* The GT-CSA involves
a similar deep loss of consciousness. The epileptic events
are formed by an extensive and identical process inside the
cerebral cortex.?® The CERSI gene is linked to 19p13.11
and is in charge of ceramide synthase enzyme, which
catalyzes the synthesis of ceramide (i.e., hydrophobic
moiety of sphingolipids). The encoded enzyme synthesizes
18-carbon ceramide in the brain neurons (Table 1).?

Genome-wide Association Studies as a Major Genome-scale

Approach in Genetic Generalized Epilepsies Investigations

(GWASs)  have
through  the

Genome-wide association studies

revolutionized  genomic  medicine

Table 1. Genetic Classification of Genetic Generalized Epilepsies Based on Main Known Genes

OMIM Accession

Chromosomal

Condition Implicated Gene(s) Number Location Gene Function
. . GABRG2 *137164 5q34 GABA, receptor Y2 subunit
Childhood absence epilepsy .
CACNATA *601011 19p13.13 Voltage-gated Ca?* channel a1A subunit
. . EFHCT *608815 6p12.2 EF-hand-containing calcium binding protein
Juvenile absence epilepsy - .
CLCN2 *600570 3q27.1 Chloride ion transmembrane protein
GABRAT *137160 5q34 GABA receptor
Juvenile Myoclonic Epilepsy SCNITA *182389 2q24.3 Voltage-dependent sodium channels
EFHCT1 *608815 6p12.2 EF-hand-containing calcium binding protein
Generalized tonic-clonic seizures alone ~ CERS1 *606919 19p13.11 Ceramide synthase enzyme
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identification of susceptibility genes involved in complex
human diseases, such as GGEs. Such investigations
have facilitated the identification of robust associations
between thousands of single-nucleotide polymorphism
(SNP) markers and different kinds of diseases in a large
population. The GGE is renowned as one of the most
common forms of epilepsy.”

The genome-wide investigations commonly detect
the association between common variants like SNDPs
and common diseases. These studies are unbiased and
apply extremely stringent criteria based on statistical
significance.”” Although the act of sporadic variants is
not enclosed by conventional genome-wide genotyping
arrays, they may signify a central and pivotal element of
complex trait genetics because it is assumed that they have
a larger effect on phenotype. Contrary to the common-
variant GWASs, there are countless dissimilar forms of
surveys and analytical methods that can be employed in
the association studies with an emphasis on exploring
rare variants. In this regard, burden and kernel tests are
used in this method.”® Moreover, recent developments
in next-generation sequencing (NGS) technologies have
resulted in substantial progress, enabling the analysis
of rare variants discussed in GWAS; accordingly, it has
exerted a reasonably huge impact on common diseases like
epilepsy.?

In a comprehensive study mainly performed by EPICure
Consortium researchers in Europe in 2012, a GWAS
was carried out on GGE and susceptibility loci at 1q43,
2p16.1, 2q22.3, and 17q21.32. The study included 3000
patients with GGE and 4000 controls. The linked regions
employ top candidate genes, including ZEB2 at 2q22.3,
PNPO at 17q21.32, HRM3 at 1q43, SCNIA at 2q24.3,
and VRK2 at 2p16.1. The mentioned two-stage GWAS
included 3020 patients with GGEs and 3954 controls
with European ancestors.”® The most significant locus in
relation with GGEs discovered in the EPICure study was
2p16.1 harboring VRK2 and FANCL.

The FANCL gene (Fanconi anemia complementation
group L) and VRK2 (a serine-threonine kinase) were
associated with both epilepsy and schizophrenia.®’ The
EPICure GWAS also identified an intergenic variant in

Table 2. Genome-Wide Association Studies of Variants

the proximity of SCNIA gene as a common risk factor
that is regarded as the prime candidate gene for a wide
range of epilepsies. Region 2q24.3 harbors an SNP called
7511890028 with a P value of 4.0 x 10 and is nearby the
SCNIA gene. Based on GWAS, this region is one of the
most important variants (40%) in epilepsy patients.

In addition to the mentioned region, there are also other
variants in SCNIA gene causing Dravet syndrome and
generalized epilepsy with febrile seizures. According to
the authors of the mentioned article, additional works are
required to explicate whether these positional candidate
genes donate to the heritability of the common GGE
syndromes or not. More detailed information about this
study can be seen in Table 2.%°

Another large study was performed by the ILAE
consortium in 2014. It was a meta-analysis including
9000 patients and 26 000 controls to explore the common
genetic variants inducing a high risk of epilepsy, such as
the IGE/GGEs and focal epilepsies. The mentioned meta-
analysis contained evidence regarding VRK/FANCL. This
finding originates from the EPICure GGE GWAS, which
contributes to the mainstream of GGE patients. The
mentioned study, as a broad meta-analysis, has shed light
on previous association studies in epilepsy and highlighted
the act of SCNI mutations in GGFs.*

Copy Number Variants as the Main Turning Point in
Epilepsy Genomics Studies

Copy number variants (CNVs) are structural genomic
variations in an entire chromosome within a range of 1
kb that suggestively contribute to the genetic architecture
of several neurogenetic and neurodevelopmental disorders.
The CNVs include both normal and pathogenic variants
throughout the genome. If one divides epilepsy molecular
genetic investigations into two major periods, including
pre-genomic era and genomic era, researches are
predominantly dealing with GGEs, and the introduction
of CNVs was truly a major turning point in this domain.
Regularly, rare CNVs contribute to 5%-10% of patients
with childhood epilepsies.*

Two core categories of CNVs are recurrent and non-
recurrent types. The recurrent version can present by
repeated CNVs with deletions and duplications that occur

Variant (SNP) Functional Class P Value Odds Ratio Chromosomal Location Reported Gene(s)
rs13026414-C Intergenic variant 2x10? (All GGE) 1.23 2pl6.1 Intergenic
rs10496964-C Intergenic variant 9x10° (GAE) 1.47 2022.3 ZEB2
rs12059546-G Intron variant 4x10® (JME) 1.42 1943 CHRM3
rs39861-C Intron variant 3x107 (JME) 1.26 5q12.3 MAST4

The GWAS catalog of IGEs/GGEs performed by EPICure consortium study (2012)

The initial sample description includes 702 genetic absence epilepsy cases, 586 juvenile myoclonic epilepsy cases, 239 cases of other genetic generalized

epilepsies, and 2461 controls, all originating from European ancestry. The main sub-populations were patients with genetic absence epilepsy and juvenile

myoclonic epilepsy. The main platform and the single-nucleotide polymorphism passing QCs was Affymetrix [4560000]. Copyright © EMBL-EBI 2017.
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as a result of non-allelic homologous recombination in the
meiosis. They are regarded as aberrant recombinations.
This type of CNV is principally restricted to the known
hotspot deletions.*® On the other hand, non-recurrent
CNVs arise from the genomes, which are primarily due
to replication molecular errors; however, such breakpoints
are not constant.

Non-recurrent CNVs are frequently unique and rare.”
The exploration of CNVs on the genomic scale became
actually feasible with an overview of array comparative
genomic hybridization and SNP genotyping arrays. These
advances have facilitated a reliable assessment of rare
CNVs that are too small to be observed by conventional
cytogenetic methods.*® In addition to epilepsy, the major
known CNVs are considered common etiological factors,
which play an important role in the vast majority of
neuropsychiatric  disorders, including schizophrenia,
intellectual disability, and autism.”

One of the first projects in which the CNVs were
investigated among GGE patients was performed by
Kovel et al They discovered that frequent microdeletions
at 15q13.3, 15q11.2, and 16p13.11 may be also involved
in epileptogenesis; therefore, they can be the main
predisposing factors for GGEs. In addition to GGEs, they
found that these putative recurrent microdeletions have a
wide susceptibility impact on numerous neuropsychiatric
disorders.”® In another study, 15q13.3 microdeletion was
reported to have the most significant risk in GGE with
an odds ratio of 68. On the other hand, the results of
an investigation performed by Heinzen et al showed
that 15q11.2 and 16p13.11 microdeletions also exist in
patients with focal epilepsies and some other types like
epileptic encephalopathies.®

In addition to the mentioned microdeletions, which
have been discovered by advanced technologies, the rare
deletions in the coding area of some neuronal genes
have been recently shown to play a significant role in
epileptogenesis in GGE patients. For example, a study
carried out by Moller et al demonstrated that the deletions
of NRXN1 in the form of exon-disruptive, as an adhesion
molecule in neurons placed in the presynaptic terminal,
can increase the risk of GGE.*' Furthermore, the exonic
deletion of another neuronal gene, namely RBFOXI,
which codes a neuron-specific RNA-binding protein,
reportedly increases the risk of GGE.?

The results of a leading study performed by Lal et al
in the frame of a comprehensive genome-wide burden
analysis revealed that the expressively increased liability of
microdeletions in GGE patients is principally restrained
to regular hotspot microdeletions. These microdeletions
lead to the disruption of neurodevelopmental genes,
thereby inducing a strong impact on the development of
the nervous system and its role in the pathogenicity of
common GGE syndromes.*

Molecular Diagnostics and Genetic Counseling Issues in
Genetic Generalized Epilepsies

Epilepsy is a neurological disorder including such
hallmarks as the sudden frequent events of sensory
disturbance and lack of consciousness due to abnormal
electrical actions in the brain. This disorder is a relatively
frequent discase affecting 1% of the people around the
world at different age groups in a wide range of types with
diverse manifestations.* In the last decade, the genetics
of epilepsy witnessed a revolution. In this regard, the
current knowledge about the causative genetic variants
has improved by developing NGS technologies, including
targeted gene panels, whole exome sequencing, and whole
genome sequencing.®

Epilepsy is caused by a number of genes consisting of
common and rare genomic variants with different effect
sizes.**® The IGE/GGEs, constituting a significant
proportion of common epilepsies owing to the implication
of genetic factors, do not have a definite cause. These
seizure disorders, such as CAE, GT-CSA, and JME, are
genetically heterogeneous.”” They are practical targeted
gene panels for the detection of mutation in heterogeneous
disorders, such as cardiomyopathies, neuromuscular
diseases, retinopathies, and epilepsy.

For the sake of clinical diagnosis, despite the fact that
the monogenic causes of epilepsies have been under
major focus in this field, the clinical significance of
several common and rare variants remains uncertain.
Given the high heterogeneity of genetic architecture, the
investigation of the causative genetic variants through
NGS techniques has been unsuccessful so far.** Therefore,
the adoption of diagnostic panels through simultaneous
targeted sequencing of a number of causative genes and
the replacement of Sanger sequencing with a massively
parallel sequencing have led to appropriate therapeutic

recommendations (for a few genes).*

Low coverage of
a base-pair position and improvement of enrichment
procedures for the sequencing of the target are the two
chief issues determining the sequence quality.“

The current commercial panels available for the
diagnosis of epilepsy are able to evaluate about 400 genes
(CeGaT GmbH, Tubingen, Germany). The panels with
a flexible design and the capability of covering a large
number of genes (in a spectrum of 11 to 455 genes) are
proper for diagnostic purposes. Even though GGEs are
rarely monogenic, the total molecular harvest of NGS
technologies in all of the studied cases will only reach up
to 20%—30%.%4748

As mentioned above, given the high heterogencity of
GGEs, genetic counseling and its subsequent clinical
assessments face some difficulties. In severe epilepsies,
the major mechanism of pathogenicity appears to be
monogenic inheritance, such as de novo mutations (while
unaffected parents do not carry the causative variant, their
affected offspring do) and recessive mutations. However,
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GGEs are mainly assumed to be caused by complex
genetic disorders for which a few genetic risk factors have
been identified up to now.”

One of the helpful measures in the genetic counseling of
GGE patients and their relatives with a possibly decreased
recurrence risk is identification of the genetic background
of an epileptic phenotype. This measure would lead to
establishment of appropriate clinical diagnosis, thereby
eliminating the need for implementation of an infinite
series of difficult, demanding, and costly diagnostic
trials. Moreover, it facilitates the prediction of the future
progression of this disorder or even the development of
antiepileptic medicines.*

In addition, detection of mutation in well-known
causative genes in patients with epilepsy plus an infrequent
or general presentation of a seizure disorder can support
the genetic counselor to diagnose the accurate phenotypic
range of the disorder. In case the phenotype of the epilepsy
is unspecific, establishment of a definite clinical diagnosis
will be a challenging task to the genetic counselor.
However, the specificity of the supplementary elements,
including associated disorders, positive family history,
laboratory criteria, dysmorphisms, or malformations, can
contribute to making a proper clinical diagnosis.*

One of the complicated aspects of screening for mutations
in underlying genetic defects is the multitude of putatively
responsible genes, each of which has a low individual
prevalence and mutation detection rate.’ In many cases
with sporadic developmental disorders, particularly early-
onset epilepsies in a severe form, which are theoretically
recessive in nature, the rising indication provided by NGS
indicates that they originate from dominant genes in de
novo form . These findings are of special importance in
genetic counseling and prenatal diagnostic trials.”

While the genes involved in inheriting epilepsy account
for a minority of cases, the number of the recently
discovered genes associated with monogenic epilepsies
has risen to more than 150 genes. As a result, only
individuals managed with NGS techniques can benefit
from pharmaceutical treatment.?%»°

The JME is more prevalent in females; however, the
offspring of an affected father have a five-fold subordinate
risk of epilepsy compared to the offspring of an affected
mother. While the recurrence risk for the first-degree
relatives of a patient is about 5%-8%, this risk for the
second-degree relatives and the offspring has been
reported at 5% and 8%-12%, respectively. Regarding the
GT-CSA patients who specifically have absence seizures,
the first-degree relatives have an extremely increased risk

of recurrence.’>?

Pharmacogenomics of Anti-epileptic Drugs

A number of pharmacological agents used in the treatment
of epileptic seizures are recognized as antiepileptic drugs
(AEDs), which are also called anti-seizure drugs or

anticonvulsants.>* The AEDs do not equally affect
all GGE patients; however, the reason for this has
remained uncertain yet.” Some of the AEDs exhibit anti-
epileptogenic effects that prevent the development of
epilepsy, halt, or reverse the progression of this disease in
animal models. Nonetheless, there are no available data
and clinical trials proving the exact antiepileptogenic effect
of AEDs in humans.’®"

There are different classes of AEDs commercially
available.”® The conventional AEDs are presumably able
to inhibit sodium channels or boost the function of
GABA.” Although the mechanism of AEDs actions is
unclear, based on the evidence, the AEDs are proposed
to act via reducing excitatory glutamate release (which is
raised in epilepsy) through blocking actions. Moreover, the
additional targets of AEDs are GABA, receptors, GABA
transaminase, voltage-gated calcium channels, GAT-1
GABA transporter, SV2A, and 023.7

Based on the guidelines presented in the American
Academy of Neurology and American Epilepsy Society,
newly diagnosed epilepsy patients who are in demand of
treatment can initiate their treatment with standard AEDs
(e.g., carbamazepine, phenytoin, valproic acid/valproate
semisodium, and phenobarbital) or novel AEDs (e.g.,
gabapentin, lamotrigine, oxcarbazepine, and topiramate),
which are prescribed based on the patient’s individual
characteristics. Among the common AEDs, levetiracetam
is used for JME patients. The response of GGE patients to
treatment is about 80%, and it seems that they are entirely
under control.®* This may indicate the promising
perspective of AEDs-based treatment for patients suffering
from GGEs.

Variations across the causative genes of epilepsy can affect
both pharmacokinetics and pharmacodynamics, thereby
leading to variable drug responses in different patients.®
The intervening mechanisms, such as pharmacokinetics
and pharmacodynamics, occurring as a result of gene
polymorphisms influence the function of enzymes,
receptors, and ion channels, and consequently modify
the AED targets. Likewise, a mutation in epilepsy-related
genes can immensely influence the reaction to AEDs.®%

As for pharmacokinetics and pharmacodynamics, the
evidence is indicative of the effect of the allelic variant of
polymorphic CYP2C9 and CYP2CI9 genes, leading to
significant differences in the concentration of AEDs in the
serum. The CYP2C9 metabolizes 90% of phenytoin, and
polymorphisms are considered as the major determinants
of phenytoin metabolism rate. Phenytoin metabolization
at a slower rate would occur in the presence of CYP2C9*2
(rs1799853) and CYP2C9*3 (rs1057910(C)) variants of
CYP2C gene. This would be followed by a significant
increase in neurotoxicity based on concentration.®*¢¢¢

Based on a recognized sign in CYP2CI9 gene, there is an
association between serum concentration and the clinical

efficacy of clobazam owing to the gene-dose effect.*>¢4¢
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According to the evidence, the polymorphisms of a number
of genes, namely UGT2B7, SCN1A, and ABCC2, display
an association with oxcarbazepine preservation in patients
with epilepsy in Han Chinese population.®®”® In addition,
CYPIAI variant 752606345 accounting for decreased
expression of CYPIAI gene was reportedly associated
with poor response to the first-line AEDs in an Indian
female epilepsy patient.®*”"7? Despite the fact that the link
between ABCBI genetic variants and response to treatment
in epilepsy has been demonstrated in many studies, this
relationship is not conclusive yet.”*7> Recent studies
have shown that the drug response would be specified to
the location of mutations in SCNIA gene.%7%7

In many rare cases of GGEs, genetic profiles can lead to
treatment stratification. This occurs whenever the genetic
testing is performed for casual mutation. For instance,
SCNIA mutations are observed in patients suffering
from Dravet syndrome. Approximately 50% of patients
show a negative reaction to AED drugs. Immunologic
hypersensitivity to AED therapy (e.g., toxic epidermal
necrolysis) is one of the most severe adverse drug reactions,
which is linked to genetic polymorphisms in the human
leucocyte antigen (HLA) complex. Implementation of
some pharmacogenetic screening in Asian populations for
HLA-B*15:02 can facilitate the prevention of Stevens-
Johnson syndrome which is caused by carbamazepine.

Moreover, HLA-A*31:01 is known as a potential risk
marker for all phenotypes of carbamazepine-induced
hypersensitivity with applicability in European and
other populations.® Beside treatment stratification and
pharmacogenetic screening, the genetic profiling of GGE
patients could have significant outcomes, even in surgical
treatments. For instance, in a study performed in 2015,
Skjei et al questioned the benefit of cortical resection in
epileptic children with SCNI mutations. Their findings
suggested a diffuse pathophysiological mechanism of the
patients’ epilepsy which will not respond to focal resective
surgeries.”®

Epilepsy is a complicated form, and an assortment of
genetic bases accounts for its various types. Considering
this, it is expected that the clinical responses of the subjects
participating in this study are different from those of
other populations around the world. Interventions will be
determined according to the patients genetic basis. Table
3 summarizes 11 trials addressing the genetic diversity of
individuals and their subsequent pharmacological effects.
After multiple trials in various populations, the drug
responses should be identified and adopted in clinical
settings.

Future Studies

New technologies are playing a chief role in establishing
a proper genetic diagnosis and achievement of functional
findings regarding the previously and newly discovered
variants in epilepsy. Likewise, these advances have

helped the geneticists and clinicians to suggest modern
treatments for patients suffering from different types of
epilepsy. The directions for handling epilepsy patients
include chromosomal microarray, gene panel, and single
gene analysis, regardless of identification of a particular
phenotype.

Subsequent to clinical guidance, novel findings are
expected to be discovered owing to the vast spectra of
epilepsy and large experiments conducted hereafter. In
recent years, whole exome sequencing has emerged as
a practical approach to unravel new variants involved
in the pathogenicity of epilepsy. This approach has also
prepared a large dataset for evaluating the importance
of variants. Novel variants are going to be investigated
through CRISPR and iPSC technology, which are
devised to provide precision medicine data. Exploration
of modern technologies has led to the popularization of
individualized medicine and relief of the families who are
abiding epilepsy and looking for disease causes and new

treatments.”’

Authors’ Contribution

PT and MD introduced the project and wrote the main body of the
article. DMR, SP, and HA helped in data collection. MHA managed
the project.

Conflict of Interest Disclosures
The authors declare no conflict of interest..

Ethical Statement
Not applicable.

References

1. Sullivan JE, Dlugos DJ. Idiopathic generalized epilepsy. Curr
Treat Options Neurol. 2004;6(3):231-242.

2. Scheffer IE, Berkovic S, Capovilla G, Connolly MB, French
J, Guilhoto L, et al. ILAE classification of the epilepsies:
Position paper of the ILAE Commission for Classification and
Terminology. Epilepsia. 2017;58(4):512-521. doi: 10.1111/
epi.13709.

3. Crunelli V, Leresche N. Childhood absence epilepsy:
genes, channels, neurons and networks. Nat Rev Neurosci.
2002;3(5):371-82.  doi:  10.1038/nrn811

4. Karimzadeh F, Mousavi SMM, Alipour F, Ravandi HH, Kovac
S, Gorji A. Developmental changes in Notch1 and NLET
expression in a genetic model of absence epilepsy. Brain Struct
Funct. 2017;222(6):2773-2785. doi: 10.1007/s00429-017-
1371-9.

5. Verrotti A, D’Alonzo R, Rinaldi VE, Casciato S, D’Aniello A, Di
Gennaro G. Childhood absence epilepsy and benign epilepsy
with centro-temporal spikes: a narrative review analysis. World
) Pediatr. 2017;13(2):106-111. doi: 10.1007/s12519-017-
0006-9.

6. Cerminara C, Coniglio A, El-Malhany N, Casarelli L, Curatolo
P. Two epileptic syndromes, one brain: Childhood absence
epilepsy and benign childhood epilepsy with centrotemporal
spikes. Seizure. 2012;21(1):70-4. doi: 10.1016/j.
seizure.2011.09.005.

7. Wallace RH, Marini C, Petrou S, Harkin LA, Bowser DN,
Panchal RG, et al. Mutant GABAA receptor y2-subunit in
childhood absence epilepsy and febrile seizures. Nat Genet.
2001;28(1):49-52.

8. Baulac S, Huberfeld G, Gourfinkel-An [, Mitropoulou G,
Beranger A, Prud’homme J-F, et al. First genetic evidence of
GABA(A) receptor dysfunction in epilepsy: a mutation in the

Arch Iran Med, Volume 22, Issue 9, September 2019 521



IV epusD

swseds ajnueu]

910¢ UOAT 9p  (UaIp|iyd) sieah G| . o SWOIPUAS 1SN
0102 S|inD seoidsop) oysuuow ¢ seSy Ajuo ased/euonjeasasqQ :adAy Apms YN uceds S pajejdwod ch_mmw_wwcwo 8€58870IDN
L+ quawjjolug IN23[OW
219 SN paunuap!t aq [|im Asdajids jo swioy
‘spasnyesseiy ‘uojsog [edsoH s,uaipiyDe UOWLIOD Y}IM PIJRIDOSSE SJUBLIEA
SN ‘puejhreny . onauad pue ‘poojq syuedidiued wouy
‘ajownjeg ‘Ausianiun supydop suyofe IV :19pueD pajejost aq [Im YN “Asdajida jo *2)9 ‘swiseds
SN SANIN 095U swioj o1y19ads ym suosiad 3inioai 9|ljueul (dDdI)
‘opeiojoD 4eauaq ‘[endsoH s,usipiyd AtLe  ¥LOT T L i onte [IIM dDd3 :$2.nseat aWodNO . ‘Asdajids pajejel smeys  3199[o1d swousn
'S'N ‘elulofifed  -£00C M\AA_WEW,.__:U VN -uoljezi|eso| umousun /awouayd P0Z550010N
‘00SI1DURL{ UBS “BIUIOJI[BD) JO AJSIDAIUN o Jo Ausisnun (synpe pue ‘dWoIpUAs Asdayid3
‘SN ‘euoziy uRIp|IYP) sieak |01uod pelsnen-xouua
x_:wo:n_. w.:_u\__om_z jo mmo__ou Ritllle} \o\AmE. 09 0y dn a8y -ased/|euonealdsqQ 2dAy Apnig
$'N “eweqe]y ‘weySuiwilg 191uad) 05 Ly uawjoIug
Asdaid3 ‘weyBuiwig 1e eweqe|y jo Alsiaaiun
|1V :opuan) souad SulAyipow
oAus (synpe pue -aseasip Sunsad3ns ui sasAjeue swsedg sjnueju
‘A /10T POt m_v uaip|Iyd) sieak |z 2119U33 [9AOU JO SSAUBAINRYD dY) JO N swseds olnuell Suniniai Yim saljiuey
‘0peIo|o)) ‘eioiny ‘0peiojo) [endsoH s,uaIpiyd  -€10T _M _szUc% 01 shep | ¢ a8y UOQEUILLIBIS(] “S2INSEal SWOANNO VN BB oy DAY pue syuaned ui BLECLLOLN
HsIBAUN Fese] SOIPMS d1jPUIN)
8 AHEIE -A|1wey/[euoneAldsqo 2dA) Apnig
IV H19puad sianed Asdajida *0]9 ‘DWO0IpUAS
uohiepuno sioiuas  jo Supuanbas awoxa ajoym ysnoiys e
‘') ‘SNASNUDBSSeIN 10T X mEo__%c>m pue ‘synpe suonEINW dAIIESNED JUNSIXS 10 MdU - ‘auoIpuAs - mu_mﬁwm__%_ Em\”_O
‘uosog “[endsop] s,usIp|IL) UOISOg 0107 1oARIQ [BHASOH ‘Ualp|iyd 98y JO UONEDINUBP]| (SAINSEAW SWOdINO) V'N eIRYRIYO uniniooy [1e3 219n9S 87858 L01DN
’ ' S,usipjiys ) 40 soPULD
‘Ayredojeydadus
uoisod uawijjou [euonD9s ondayidy
005 3 fro1u3 -$5010 /[euoleAIasqQ 2dA) Apnig néont
(IR &=Vl
Ausionun (slo1uas 19pIosIp
('$'1) SONeIS PANUN SIOAMON 6007  [edIpa areisdn) \ pue ‘synpe J10J 9|qisuodsas uoneinw/euas Jo - o SR w:cﬁuumw_mwwmm_t_
‘asnoeIAg ‘Asiaaiun [eaipay aeisdn ANNS  -5002 10X MBN JO uaip|iyd) Japjo UONEINUIP] :$2INSEIW DWONO) V'N 1o "I1DI umous|un D !d 06916001ON
Aussoniun oyeyg  PUB Yiuow 9 a8y pPJIETIET)
) paseq
(Ot AEIEIeE -Ajiwey/jeuonealasqQ 2dA) Apms
suor si10jeloqe||0) d
neso7  sajeq J10suods uonendog sansuR)ORIRYD SUOIJUIAIR)U| SUOIIPUO)  JUIUINIDAY Pl J_qunN IDN

Asdoajid3 pazijesauan) onouan) Suissaippy S|eLi] [edIulD) PaMaIADY € d]qeL

Arch Iran Med, Volume 22, Issue 9, September 2019

522



>
v
o

i)
o

w

icine in

Personalized Med

[IV H49pusn
(s101uas d Apms (VD)
- mmﬂz pue ‘synpe .moSmMEEMwa___Jw Asdajid3 aouasqy
S9)BIS Pallu NI0A MaN IO, ‘ :
\ OIS POIIN WONTON TOA - oL0e IS RO waspiup) sopjo VN VD pawidwod POOYPIYD  S617000LON
MON ‘IeulS JUNOW J& SUIDIPIN JO [00YdS Uyedle  -8661 1€ SUIDIPI 4 pue s1eak ¢ a8y Supuanjuy
|ooys uyed|
] _O\ZCOU Souan) 10} ydiea§
581 Auswodul -ased/|euoljealasqQ adAy Apms
‘swoydwAs
ut a8ueyp [jesano sjuaned ay) jo
suonen[eAd [eqo|3 1oAI3aIed/JUaIR] e
|IV “49puaD 'sainzias doup ul uonaNpas %00 L
PUB %S/ T %085 T '%ST T YIMm
019 “§°M ‘Blquun|oD) Jo 121IsI ‘uo)Burysepn asoy) se pauyap siepuodsal Juawneas asop ysiy
I9JUa)) [BDIPAN [RUONEN S, UBIP[IYDe paJapisuod syuaned Jo Jusdiad e eje BWOIPUAS
SN A . eZeqo|d :8n. oz|[esouad B)SNEN)-XOUUd
\ \ S0 elwoEd 7107 nsnpuj sounzies doip o WezZeqopd :3nige POAIBOUSE  paropdwon  PEETEO 1 862910010N
sojaduy so7 ‘saja8uy so7 [eydsoH s,uaipjiyde  -500¢ D71 29gpunt 19qUINU 3y} Ul 3583108p 3} JO Jusdiad 950p MO| sdajidy LPIM Ssjuailed
'$'N “euozLy ‘X1usoy ‘eynnsu| (synpe pue ayp Suipsedal dnoid asop-mo| yum eje ul wezeqo|)
[e2180]0INAN MOUIRg e uaip|iyo) sieak og  dnouf asop-ySiy auy jo uosuedwiode  WeZEGO) Bnige
0] sieak g a8y 'saunzias doup Jo saquinu
dY) Ul 953.103P BY) JO JUIId e
1S9INSEa SWOJINQO)
g9:uawijoiu]  aseyd- om) /jeuonuaniaiu| :adAy Apnig
(eourUSUIRW
2I0W €} puee yeam-g 1) sainzias doip ui aseasdap
SalelS pajun ‘epuiol4 ‘edure] %001 ‘%S L2 ‘%05 ‘%SG T € YUm
‘systje1nadg ABojoinaN % Asdajid] oineipade asoy) se paulyep siopuodsal Juawieal
SN paJapIsuod syuaijed Jo JuadIRd e
‘ep1iol4 ‘edwe] ‘eproj4 Yinos Jo ANISIDAIUN Y] e ‘(potsad
‘S'N ‘epuiol4 SDURUSJUIRW %39M-7 | 3y} JO $399M
‘e|0oesudd “14 MN 0 493u23 @o_mswz PIYDe IV 59pUsD 1 1se]) sainzas dop Jo Jequinu ogeoed :8niqe
S'N ‘eplo|4 ‘@aydreyexo 9y} Ul 953103 BY) JO JUIId] e 3
. (synpe pue asop y3iy e je ‘
191ua)) Asdayid3 pue A3ojoinaN diieipade ‘(pousad adueUIUIRW MPIM-T | . QWOoIPUAS
'STN ‘“elquin|o)) Jo 121SI ‘Uodulysepr  Z10T Ansnpuj uaIp]I) s1eaA 09 ay Jo mv_wm.\s ¥ 9|ppIw) saINzZIs dosp wezeqopd :3nicle pazijeiauad pelIsnen-xouua
ne 1t ! ) 01 51094 7 108y ! ! 3SOp winipaw e je b pas|dwo) 1Z81S001DN
19)Ud)) [BJIPA [BUONHEN S,UBIP|IYDe  -£00T D71 Pagpunt O J2GUINU U1 3SEAI0IP B JO I ® ezbqop Brue ‘Asdayid3 Jim spuaied
'S’N ‘opelo]o) ‘eloiny ‘[eidsoH s,uaipjiyd ayLe ‘(porad sdourUSUIRW YIIM-T | BY) JO asop moj e Je ur wezeqo|y
'STN ‘elulofije) S39aM 1 1s11J) sainzias doip Jo Jaquinu wezeqop Snice
‘sa198uy s07 ‘saja8uy 07 [e)dsoH s,ualpjiyDe 9Y) Ul 95aI03P dY) JO JUSDI] e
SN *(pouad doueudjuIeW
‘BUOZIIY ‘X1U0Y{ ‘|e)dSOH S,uaIp|IYyD) XIUSOYJ e 3oam-z 1) sainzias dodp Jo laquinu
'S'N “euoZuy ‘XIudoyy 9y} Ul 953109P B} JO JUIID e
121ua)) [eDIPaWy pue [e)idsoH s,ydasof 1S e 1S3INSEaW SWOdINO)
‘SN ‘eweqe|y ‘O[IASUNH
‘weysuiwig 1e eweqe|y Jo Asioalun e ge quawijoiuy  aseyd-vaiy) /jeuonuaaiaiul :2dAy Apms
slojeloqe||0)
suonedo]  sajeq uonejndog sonstI)IRIRyD) SUONUIAIA)U| SUONIPUO)  JUAW)INIDAY Pl J_quinN IDN

/4osuodg

panunuoD *¢ d|qer

523

Arch Iran Med, Volume 22, Issue 9, September 2019



“Asdajida aouasqe pooyp|iyd ‘JyD) ‘@3041S pue siapiosi [ed180[0inaN Jo a1mnsu| jeuoneN ‘SANIN :SUONBIASIQY

‘pawiiopiad aq [|Im saInz1ds

JO SS9USNOLIBS BY) Ul JudWaAOIdwWI
aU) JO SIUDWISSASSE [[RIOAD @
'sonsne)s

aAndLdsap Jo pie sy yim pawiopad
aq |[IM A2eD1Y)9 JO uonen|enie
‘sguipuiy ge| [ed1ul|d pue

s3v Suniodas Aq pawiopad aq |jim BEIIEAER
|V 4opusn) uonenjeAs Ajijiqesajo) pue Ajojese P WL
Ansnpul 4ap|o pue synpe ut
0107 ‘999910 “ID'V'S pue s1eak g pale uaip|iyo pue synpe s Asdoyida J SLOLESIPSLIBLO
€00z ednnadewey Ul $2Inz[es d1Uo[d-01uoy pazijesuad  OVELEINCO} :anIq sounzipg  PORIGWOD  LIM UORBUIGWOD - #E/6Z00LON
Se|iD uassue( ay) pue sainzias ondajide swoupuAs ur uaAIg
neysen) xouua] ‘Asdajida B0y J0y areweldoy
Adeiayy Juean(pe se sjeweiidoy Jo Aages sy
|e10 JO A19Jes au) JO uonen|eAje Jo Apmis v/
1S2UNSEAW SWOIINO)
(s1o1uas
pue ‘synpe
‘uaIp|1yd) J1ap|o |euoneAsssqQ :2dA) Apms
pue sieak g a8y
€G] uawjjoiug
BETONE]
eiydjope|iyd _MM n M cUm Juadiad Jey Apoge
J0 [eydsopy Inpe p 100d Aq Aujenb suoge auounoy awoIpuAs SWOIPUAS
'S’ ‘elueA|Asuudg UeIseduRT  £10T s uaIDll USIPII) s1eaA 9 1$2INSeAW AWODINO Wmoi8 Sopnasd  umeInull ewol|3opnasq
DIUI|D UDIeasSaY YSIy pue|Aley Jo ANISIBAIUN  -€10T UaIpiyDe 0) s1edAh f 98y JUBUIGWIODD! !oop PIm 1s010doalsQ) 10} £I7I9101ON
puelAseny . juawssasse dnosd  uewny :jesidojolg sts010d0d1s0 SUOWLIOH YIMOID)
Jo Aysioniune 0 uswo1u3 -so|Suts/jeuonuansaiu) :adAy Apmg o
|V H4epusn B SWOIPUAS
'S’ ‘elueAjAsuuay (sHinpe pue 80] Jomo| pue wiealoy Jo |HOde SUWIOIPUAS ewoijopnasd
. g S10¢ puejAiepy  USIP|IYd) s1edk $9 . . ~siso10doa1sO)
I9)seOURT ‘DIUI|D YdIeasay ysiwy 010z 0 Asioaiun 01 51034 § 108y :S9INsesaw awWwodINO wniyy| :8nig ewol|8opnasd payojdwo) . 0801 LOIDON
puejAiei o Ausioaiun 40 AUSIaN -sisos0dosisO %
. paziwopuel 10§ 21RUOQIRD)
§ Auswijoiuy -uouy/[euonuasiu| :adA) Apmg Wwiniy Jo et
s10)eloqe[jo)
suonedo]  sajeq uonejndog sonstRdRIRYD SUONUAAIA)U] SUONIPUOD)  JUAUIINIDY SpIL  JequinN IDN

/osuodg

penunuoy °g ajqer

Arch Iran Med, Volume 22, Issue 9, September 2019

524



Personalized Medicine in Epilepsy

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

gamma2-subunit gene. Nat Genet. 2001;28(1):46-8. doi:
10.1038/88254

Jouvenceau A, Eunson LH, Spauschus A, Ramesh V, Zuberi
SM, Kullmann DM, et al. Human epilepsy associated with
dysfunction of the brain P/Q-type calcium channel. Lancet.
2001;358(9284):801-7. doi: 10.1016/S0140-6736(01)05971-2
Jafarian M, Karimzadeh F, Alipour F, Attari F, Lotfinia A,
Speckmann EJ, et al. Cognitive impairments and neuronal
injury in different brain regions of a genetic rat model of
absence epilepsy. Neuroscience. 2015;298:161-70. doi:
10.1016/j.neuroscience.2015.04.033.

Jafarian M, Karimzadeh F, Kazemi H, Divanbeigi A, Gorji A. A
review on absence epilepsy with focus on basic sciences. Razi
J Med Sci. 2013;20(112):24-35.

Trinka E, Baumgartner S, Unterberger |, Unterrainer J, Luef G,
Haberlandt E, et al. Long-term prognosis for childhood and
juvenile absence epilepsy. ] Neurol. 2004;251(10):1235-41.
doi: 10.1007/500415-004-0521-1

Loiseau P, Duche B, Pédespan JM. Absence epilepsies.
Epilepsia. 1995;36(12):1182-6.  doi: 10.1111/j.1528-
1157.1995.tb01060.x

Zaid A, Jaxybayeva A. Genetic (primary) idiopathic generalized
epilepsies. Int Neurol. 2016;13:111-4.

Saini J, Sinha S, Bagepally B, Ramchandraiah C, Thennarasu
K, Prasad C, et al. Subcortical structural abnormalities in
juvenile myoclonic epilepsy (JME): MR volumetry and vertex
based analysis. Seizure. 2013;22(3):230-5. doi: 10.1016/j.
seizure.2013.01.001.

Ghadiri T, Farhoudi M, Sharifzadeh M, Gorji A. Alterations of
GABAergic system which perturb GABA mediated inhibition in
temporal lobe epilepsy. J Exper Clin Neurosci. 2016;3(1):1-8.
doi: https://doi.org/10.13183/jecns.v3i1.47

Genton P, Gelisse P. The history of juvenile myoclonic epilepsy.
Epilepsy Behav. 2013;28(suppl 1):52-7. doi: 10.1016/j.
yebeh.2013.01.002.

Koepp MJ, Woermann F, Savic I, Wandschneider B. Juvenile
myoclonic epilepsy—neuroimaging findings. Epilepsy Behav.
2013;28 Suppl 1:540-4. doi: 10.1016/j.yebeh.2012.06.035.
Cossette P, Liu L, Brisebois K, Dong H, Lortie A, Vanasse M,
et al. Mutation of GABRAT1 in an autosomal dominant form
of juvenile myoclonic epilepsy. Nat Genet. 2002;31(2):184-9.
doi: 10.1038/ng885.

Escayg A, Heils A, MacDonald BT, Haug K, Sander T, Meisler
MH. A novel SCNTA mutation associated with generalized
epilepsy with febrile seizures plus—and prevalence of variants
in patients with epilepsy. Am ] Hum Genet. 2001,68(4):866-73.
doi: 10.1086/319524.

Ji GJ, Zhang Z, Xu Q, Zang YF, Liao W, Lu G. Generalized
tonic-clonic seizures: aberrant interhemispheric functional and
anatomical connectivity. Radiology. 2014;271(3):839-47. doi:
10.1148/radiol.13131638.

Beniczky S, Polster T, Kjaer TW, Hjalgrim H. Detection
of generalized tonic—clonic seizures by a wireless wrist
accelerometer: a prospective, multicenter study. Epilepsia.
2013;54(4):e58-61.  doi: 10.1111/epi.12120.

Shinnar S, Cnaan A, Hu F, Clark P, Dlugos D, Hirtz DG, et al.
Long-term outcomes of generalized tonic-clonic seizures in a
childhood absenceepilepsytrial. Neurology.2015;85(13):1108-
14. doi: 10.1212/WNL.0000000000001971.

Ko DY. Generalized Tonic-Clonic Seizures. Medscape. Available
from: https://emedicine.medscape.com/article/1184608-over-
view.

Vanni N, Fruscione F, Ferlazzo E, Striano P, Robbiano A, Traverso
M, et al. Impairment of ceramide synthesis causes a novel
progressive myoclonus epilepsy. Ann Neurol. 2014;76(2):206-
12. doi: 10.1002/ana.24170.

Manolio TA. Genomewide association studies and assessment
of the risk of disease. N Engl ] Med. 2010;363(2):166-76. doi:
10.1056/NEJMra0905980. Review.

Goldstein  DB. Common genetic variation and human
traits. N Engl ] Med. 2009;360(17):1696-8. doi: 10.1056/

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

NEJMp0806284.

Auer PL, Lettre G. Rare variant association studies:
considerations, challenges and opportunities. Genome Med.
2015;7(1):16.  doi: 10.1186/s13073-015-0138-2.

Cirulli ET, Goldstein DB. Uncovering the roles of rare variants
in common disease through whole-genome sequencing. Nat
Rev Genet. 2010;11(6):415-25. doi: 10.1038/nrg2779.
Steffens M, Leu C, Ruppert A-K, Zara F, Striano P, Robbiano A,
et al. Genome-wide association analysis of genetic generalized
epilepsies implicates susceptibility loci at 1q43, 2p16. 1, 2g22.
3 and 17g21. 32. Hum Mol Genet. 2012;21(24):5359-72. doi:
10.1093/hmg/dds373.

Poduri A. Meta-Analysis Revives Genome-Wide Association
Studies in Epilepsy. Epilepsy Curr. 2015;15(3):122-3. doi:
10.5698/1535-7597-15.3.122.

Consortium  TILAE. Genetic determinants of common
epilepsies: a meta-analysis of genome-wide association
studies. Lancet Neurol. 2014;13(9):893-903. doi: 10.1016/
S1474-4422(14)70171-1.

Mefford HC, Yendle SC, Hsu C, Cook J, Geraghty E, McMahon
JM, et al. Rare copy number variants are an important cause of
epileptic encephalopathies. Ann Neurol. 2011;70(6):974-85.
doi: 10.1002/ana.22645.

Stankiewicz P, Lupski JR. Genome architecture, rearrangements
and genomic disorders. Trends Genet. 2002;18(2):74-82.

Lee JA, Carvalho CM, Lupski JR. A DNA replication mechanism
for generating nonrecurrent rearrangements associated with
genomic disorders. Cell. 2007;131(7):1235-47. doi: 10.1016/j.
cell.2007.11.037

de Stahl TD, Sandgren ], Piotrowski A, Nord H, Andersson
R, Menzel U, et al. Profiling of copy number variations
(CNVs) in healthy individuals from three ethnic groups using
a human genome 32 K BAC-clone-based array. Hum Mutat.
2008;29(3):398-408. doi: 1 0.1002/humu.20659

Mefford HC, Muhle H, Ostertag P, von Spiczak S, Buysse
K, Baker C, et al. Genome-wide copy number variation in
epilepsy: novel susceptibility loci in idiopathic generalized
and focal epilepsies. PLoS Genet. 2010;6(5):e1000962. doi:
10.1371/journal.pgen.1000962.

De Kovel CG, Trucks H, Helbig I, Mefford HC, Baker C, Leu
C, et al. Recurrent microdeletions at 15q11. 2 and 16p13.
11 predispose to idiopathic generalized epilepsies. Brain.
2010;133(Pt 1):23-32. doi: 10.1093/brain/awp262.
Dibbens LM, Mullen S, Helbig I, Mefford HC, Bayly MA,
Bellows S, et al. Familial and sporadic 15q13. 3 microdeletions
in idiopathic generalized epilepsy: precedent for disorders with
complex inheritance. Hum Mol Genet. 2009;18(19):3626-31.
doi: 10.1093/hmg/ddp311.

Heinzen EL, Radtke RA, Urban TJ, Cavalleri GL, Depondt C,
Need AC, et al. Rare deletions at 16p13. 11 predispose to a
diverse spectrum of sporadic epilepsy syndromes. Am J Hum
Genet. 2010;86(5):707-18. doi: 10.1016/j.ajhg.2010.03.018.
Mgller RS, Weber YG, Klitten LL, Trucks H, Muhle H, Kunz
WS, et al. Exon-disrupting deletions of NRXNT1 in idiopathic
generalized epilepsy. Epilepsia. 2013;54(2):256-64. doi:
10.1111/epi.12078.

Lal D, Trucks H, Maller RS, Hjalgrim H, Koeleman BP, Kovel CG,
et al. Rare exonic deletions of the RBFOX1 gene increase risk
of idiopathic generalized epilepsy. Epilepsia. 2013;54(2):265-
71.doi: 10.1111/epi.12084.

Lal D, Ruppert AK, Trucks H, Schulz H, de Kovel CG, Trenité
DK-N, et al. Burden analysis of rare microdeletions suggests
a strong impact of neurodevelopmental genes in genetic
generalised epilepsies. PLoS Genet. 2015;11(5):e1005226.
doi:  10.1371/journal.pgen.1005226.

Garofalo S, Cornacchione M, Di Costanzo A. From Genetics to
Genomics of Epilepsy. Neurol Res Int. 2012;2012:876234. doi:
10.1155/2012/876234.

MollerRS, Dahl HA, Helbig 1. The contribution of next generation
sequencing to epilepsy genetics. Expert Rev Mol Diagn.
2015;15(12):1531-8. doi: 10.1586/14737159.2015.1113132.

Arch Iran Med, Volume 22, Issue 9, September 2019 525


https://emedicine.medscape.com/article/1184608-overview
https://emedicine.medscape.com/article/1184608-overview

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Lemke JR, Riesch E, Scheurenbrand T, Schubach M, Wilhelm
C, Steiner I, et al. Targeted next generation sequencing
as a diagnostic tool in epileptic disorders. Epilepsia.
2012;53(8):1387-98.doi: 10.1111/j.1528-1167.2012.03516.x.
Mei D, Parrini E, Marini C, Guerrini R. The Impact of Next-
Generation Sequencing on the Diagnosis and Treatment of
Epilepsy in Paediatric Patients. Mol Diagn Ther. 2017;21(4):357-
373. doi: 10.1007/s40291-017-0257-0.

Wang J, Gotway G, Pascual JM, Park JY. Diagnostic yield of
clinical next-generation sequencing panels for epilepsy. JAMA
Neurol.2014;71(5):650-1. doi: 10.1001/jamaneurol.2014.405.
Ottman R, Hirose S, Jain S, Lerche H, Lopes-Cendes |, Noebels
JL, et al. Genetic testing in the epilepsies--report of the ILAE
Genetics Commission. Epilepsia. 2010;51(4):655-70. doi:
10.1111/j.1528-1167.2009.02429 .x.

Nieh SE, Sherr EH. Epileptic encephalopathies: new genes and
new pathways. Neurotherapeutics. 2014;11(4):796-806. doi:
10.1007/s13311-014-0301-2.

Pal DK, Pong AW, Chung WK. Genetic evaluation and
counseling for epilepsy. Nat Rev Neurol. 2010;6(8):445-53.
doi:  10.1038/nrneurol.2010.92.

Pal DK, Durner M, Klotz |, Dicker E, Shinnar S, Resor S, et
al. Complex inheritance and parent-of-origin effect in
juvenile myoclonic epilepsy. Brain Dev. 2006;28(2):92-8. doi:
10.1016/j.braindev.2005.05.009

Parker D, Sanders EJ, Burghardt K]. Pharmacogenetics
of antiepileptic drugs: A brief review. Ment Health Clin.
2016;6(1):28-34. doi: 10.9740/mhc.2016.01.028.
Madeja M, Margineanu DG, Gorji A, Siep E, Boerrigter P,
Klitgaard H, et al. Reduction of voltage-operated potassium
currents by levetiracetam: a novel antiepileptic mechanism

of action? Neuropharmacology. 2003;45(5):661-71. doi:
10.1016/s0028-3908(03)00248-x
Benbadis SR, Tatum WO, Gieron M. Idiopathic

generalized epilepsy and choice of antiepileptic drugs.
Neurology. 2003;61(12):1793-5. doi: 10.1212/01.
wnl.0000098891.76373.15

Pavlovi¢ M, Jovi¢ N, Pekmezovi¢ T. Antiepileptic drugs
withdrawal in  patients with idiopathic generalized
epilepsy.  Seizure.  2011;20(7):520-5.  doi:  10.1016/].
seizure.2011.03.007.

Kaminski RM, Rogawski MA, Klitgaard H. The potential of
antiseizure drugs and agents that act on novel molecular
targets as antiepileptogenic treatments. Neurotherapeutics.
2014;11(2):385-400. doi:  10.1007/s13311-014-0266-1.
Rogawski MA, Loscher W. The neurobiology of antiepileptic
drugs. Nat Rev Neurosci. 2004;5(7):553-64.

Rogawski MA, Bazil CW. New molecular targets for
antiepileptic drugs: & 2 8, SV2A, and KV 7/KCNQ/M potassium
channels. Curr Neurol Neurosci Rep. 2008;8(4):345-52.
Meldrum BS, Rogawski MA. Molecular targets for antiepileptic
drug development. Neurotherapeutics. 2007;4(1):18-61. doi:
10.1016/j.nurt.2006.11.010

Kashyap PV, Bansal N, Khreme D, Kumar A, Varma A. Use of
different antiepileptic drugs in idiopathic generalized epilepsy:
a clinical study. Int ) Sci Res Publicat. 2015;5(9):1-4.

French JA, Kanner AM, Bautista ], Abou-Khalil B, Browne
T, Harden CL, et al. Efficacy and Tolerability of the New
Antiepileptic Drugs, I: Treatment of New-Onset Epilepsy: Report
of the TTA and QSS Subcommittees of the American Academy
of Neurology and the American Epilepsy Society. Epilepsia.
2004;45(5):401-9. doi: 10.1111/j.0013-9580.2004.06204.x
Balestrini S, Sisodiya SM. Pharmacogenomics in epilepsy.
Neurosci  Lett. 2018 Feb;667:27-39. doi: 10.1016/j.
neulet.2017.01.014.

Loscher W, Klotz U, Zimprich F, Schmidt D. The clinical impact
of pharmacogenetics on the treatment of epilepsy. Epilepsia.
2009;50(1):1-23. doi: 10.1111/j.1528-1167.2008.01716.x.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Walker L, Mirza N, Yip V, Marson A, Pirmohamed M.
Personalized medicine approaches in epilepsy. ] Intern Med.
2015;277(2):218-234.  doi:  10.1111/joim.12322

Lee CR, Goldstein JA, Pieper JA. Cytochrome P450 2C9
polymorphisms: a comprehensive review of the in-vitro and
human data. Pharmacogenetics. 2002;12(3):251-63.
Depondt C, Godard P, Espel R, Da Cruz A, Lienard P, Pandolfo
M. A candidate gene study of antiepileptic drug tolerability
and efficacy identifies an association of CYP2C9 variants with
phenytoin toxicity. Eur J Neurol. 2011;18(9):1159-64. doi:
10.1111/j.1468-1331.2011.03361 .x.

Seo T, Nagata R, Ishitsu T, Murata T, Takaishi C, Hori M, et
al. Impact of CYP2C19 polymorphisms on the efficacy of
clobazam therapy. Pharmacogenomics. 2008;9(5):527-37. doi:
10.2217/14622416.9.5.527.

Hashi S, Yano I, Shibata M, Masuda S, Kinoshita M, Matsumoto
R, et al. Effect of CYP2C19 polymorphisms on the clinical
outcome of low-dose clobazam therapy in Japanese patients
with epilepsy. Eur J Clin Pharmacol. 2015;71(1):51-8. doi:
10.1007/s00228-014-1773-z.

Ma CL, Wu XY, Jiao Z, Hong Z, Wu ZY, Zhong MK. SCNTA,
ABCC2 and UGT2B7 gene polymorphisms in association with
individualized oxcarbazepine therapy. Pharmacogenomics.
2015;16(4):347-60. doi: 10.2217/pgs.14.186.

Grover S, Talwar P, Gourie-Devi M, Gupta M, Bala K, Sharma
S, et al. Genetic polymorphisms in sex hormone metabolizing

genes and drug response in women with epilepsy.
Pharmacogenomics. 2010;11(11):1525-34. doi: 10.2217/
pgs.10.120.

Talwar P, Kanojia N, Mahendru S, Baghel R, Grover S, Arora
G, et al. Genetic contribution of CYPTAT1 variant on treatment
outcome in epilepsy patients: a functional and interethnic
perspective. Pharmacogenomics J. 2017;17(3):242-251. doi:
10.1038/tp}.2016.1.

Siddiqui A, Kerb R, Weale ME, Brinkmann U, Smith A, Goldstein
DB, et al. Association of multidrug resistance in epilepsy with
a polymorphism in the drug-transporter gene ABCB1. N Engl |
Med. 2003;348(15):1442-8. doi: 10.1056/NEJM0a021986
Bournissen FG, Moretti ME, Juurlink DN, Koren G, Walker
M, Finkelstein Y. Polymorphism of the MDRT/ABCB1 C3435T
drug-transporter and resistance to anticonvulsant drugs: A meta-
analysis. Epilepsia. 2009;50(4):898-903. doi: 10.1111/j.1528-
1167.2008.01858.x.

Haerian BS, Lim KS, Tan CT, Raymond AA, Mohamed Z.
Association of ABCB1 gene polymorphisms and their haplotypes
with response to antiepileptic drugs: a systematic review and
meta-analysis. Pharmacogenomics. 2011;12(5):713-25. doi:
10.2217/pgs.10.212.

Bechi G, Rusconi R, Cestele S, Striano P, Franceschetti S,
Mantegazza M. Rescuable folding defective NaV 1.1 (SCNTA)
mutants in epilepsy: Properties, occurrence, and novel
rescuing strategy with peptides targeted to the endoplasmic
reticulum. Neurobiol Dis. 2015;75:100-14. doi: 10.1016/j.
nbd.2014.12.028.

Thompson CH, Kahlig KM, George Jr AL. SCNTA splice variants
exhibit divergent sensitivity to commonly used antiepileptic
drugs. Epilepsia. 2011;52(5):1000-9. doi: 10.1111/j.1528-
1167.2011.03040.x.

Skjei KL, Church EW, Harding BN, Santi M, Holland-Bouley
KD, Clancy RR, et al. Clinical and histopathological outcomes
in patients with SCNTA mutations undergoing surgery for
epilepsy. ] Neurosurg Pediatr. 2015;16(6):668-74. doi:
10.3171/2015.5.PEDS14551.

Smith LA, Ullmann JF, Olson HE, Achkar CME, Truglio G,
Kelly M, et al. A model program for translational medicine in
epilepsy genetics. ] Child Neurol. 2017;32(4):429-436. doi:
10.1177/0883073816685654.

© 2019 The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.
org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

526

Arch Iran Med, Volume 22, Issue 9, September 2019



