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1. Introduction  

 

Epilepsy is a disorder of the brain characterized by an enduring 

predisposition to generate epileptic seizures and by the neurobiological, 

cognitive, psychological, and social consequences of this condition. The 

definition of epilepsy requires the occurrence of at least one epileptic seizure. 

[1] It is estimated that 50 million people actually suffer from epilepsy in the 

world; in Italy they are estimated in about 500.000. The incidence is 30-50 

per 100.000 in the general population (WHO Data). [2] 
The distribution by age has a “U” trend, with two peaks in infancy and 

childhood and in senile age.  

In 2001, the ILAE (International League Against Epilepsy) [3] had 

classified epilepsy by etiology in: 

- Idiopathic epilepsy: epilepsy of predominately genetic or presumed 

genetic origin and in which there is no gross neuroanatomic or 

neuropathological abnormality. Included here are epilepsies of 

presumed multigenic or complex inheritance, but for which currently 

the genetic basis has not been elucidated. 

 

- Symptomatic epilepsy: epilepsy of an acquired or genetic cause, 

associated with gross anatomic or pathologic abnormalities, and/or 

clinical features, indicative of an underlying disease or condition. We 

thus include in this category developmental and congenital disorders 

where these are associated with cerebral pathologic changes, whether 

genetic or acquired (or indeed cryptogenic) in origin.  
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- Provoked epilepsy: epilepsy in which a specific systemic or 

environmental factor is the predominant cause of the seizures and in 

which there are no gross causative neuroanatomic or 

neuropathological changes. The reflex epilepsies are included in this 

category (which are usually genetic) as well as the epilepsies with a 

marked seizure precipitant. 

 

- Cryptogenic epilepsy: epilepsy of presumed symptomatic nature in 

which the cause has not been identified. The number of such cases is 

diminishing, but currently this is still an important category, 

accounting for at least 40% of adult-onset cases of epilepsy. 

 

In 2011, Berg & Scheffer [4] proposed a new classification in: 

- Genetic: the epilepsy is a direct result of a genetic cause, in terms of a 

pathological mechanism determined by genic mutations: 

channelopathies are the best example of genetic epilepsies. 

However, this term would also apply to electroclinical syndromes 

for which twin or family segregation studies reproducibly show 

clinical evidence of a genetic basis (e.g., in the case of the genetic 

generalized epilepsies).  

 

- Structural-Metabolic: the epilepsy is the secondary result of a separate 

structural or metabolic condition.  

It is not possible to strictly split epilepsies in these categories: structural 

brain lesions, including many malformations of cortical development, 

often have genetic causes [5] and most metabolic disorders are of genetic 

origin.  
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In the following section, main genes involved in different epileptic 

phenotypes will be illustrated. 

 

Epileptic Encephalopathies  

The term epileptic encephalopathy refers to a condition in which the 

epileptic activity itself may contribute to severe cognitive and behavioral 

impairments above and beyond what might be expected from the underlying 

pathology alone (e.g., cortical malformation), and that these can worsen over 

time. [6] 

The general characteristics of Epileptic Encephalopathies are: the early 

onset (usually in the first year of life), the high frequency of seizures that 

may be of different type in an individual patient, the highly expressed EEG 

paroxysmal activity which varies according to the age (primarily burst–

suppression patterns in the neonatal period, hypsarrhythmia in infancy and 

slow generalized spike-wave discharges (GSWD) in early childhood). In 

most cases, cognitive, behavioral and neurological deficits are associated. [6] 

The following epileptic encephalopathies have their onset in the neonatal 

period, infancy and early childhood: early myoclonic encephalopathy, 

Ohtahara syndrome, West syndrome, Dravet syndrome (severe myoclonic 

epilepsy in infancy- SMEI), Lennox–Gastaut syndrome, Landau–Kleffner 

syndrome, epilepsy with continuous spike-and-waves during slow-wave 

sleep (ESES - other than Landau-Kleffner syndrome), myoclonic status in 

non-progressive encephalopathies. [6] 

 

For many of these electro-clinical syndromes, a genetic etiology has been 

identified. 
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Ohtahara syndrome (also called “Early Infantile Epileptic 

Encephalopathy1” – EIEE1) is related to mutations in ARX, STXBP1 and 

SPTAN. [7, 8, 9]  

In West Syndrome mutations in CDKL5, STXBP1, KCNQ2, and GRIN2A 

have been reported [10]; mutations in the latter have been also reported in 

patients with Landau–Kleffner syndrome. [11]  

Dravet syndrome is mostly due to mutations, deletions or insertions in 

SCN1A, but recently other genes are associated with Dravet phenotype such 

as SCN2A, GABRG2, GABRA1, PCHD19 and HCN1. [12, 13, 14] 

It is in early infantile epileptic encephalopathy (EIEE) that the largest 

genetic heterogeneity is found; in OMIM more than 50 phenotypes are 

classified as EIEE, associated to mutations in the following genes. 

(https://www.omim.org/phenotypicSeries/PS308350):  

AARS, ALG13, AP3B2, ARHGEF9, ARV1, CACNA1A, CAD, CDKL5, 

DENND5A, DNM1, DOCK7EEF1A2, FGF12, FRRS1L, GABRA1, 

GABRB1, GABRB3, GNAO1, GRIN2B, GRIN2D, GUF1, HCN1, ITPA, 

KCNA2, KCNB1, KCNQ2, KCNT1, NECAP1, PCDH19, PIGA, PLCB1, 

PNKP, SCN1A, SCN2A, SCN8A, SCN9A, SIK1, SLC12A5, SLC13A5, 

SLC1A2, SLC25A12, SLC25A22, SLC35A2, SPTAN1, STXBP1, SZT2, 

ST3GAL3, TBC1D24, UBA5, WWOX.  

 

Progressive myoclonic epilepsies  

Progressive myoclonic epilepsies (PMEs) comprise a group of rare, 

heterogeneous genetic disorders, mainly with autosomal recessive 

inheritance, characterized by cortical myoclonus, other types of epileptic 

seizures, and progressive neurocognitive impairment.  

https://www.omim.org/phenotypicSeries/PS308350
https://www.omim.org/entry/602166
https://www.omim.org/entry/300429
https://www.omim.org/entry/611647
https://www.omim.org/entry/601011
https://www.omim.org/entry/114010
https://www.omim.org/entry/300203
https://www.omim.org/entry/615730
https://www.omim.org/entry/615730
https://www.omim.org/entry/601513
https://www.omim.org/entry/604574
https://www.omim.org/entry/137160
https://www.omim.org/entry/137190
https://www.omim.org/entry/137192
https://www.omim.org/entry/139311
https://www.omim.org/entry/138252
https://www.omim.org/entry/602717
https://www.omim.org/entry/617064
https://www.omim.org/entry/602780
https://www.omim.org/entry/147520
https://www.omim.org/entry/176262
https://www.omim.org/entry/600397
https://www.omim.org/entry/602235
https://www.omim.org/entry/608167
https://www.omim.org/entry/611623
https://www.omim.org/entry/300460
https://www.omim.org/entry/311770
https://www.omim.org/entry/607120
https://www.omim.org/entry/605610
https://www.omim.org/entry/182389
https://www.omim.org/entry/182390
https://www.omim.org/entry/600702
https://www.omim.org/entry/603415
https://www.omim.org/entry/605705
https://www.omim.org/entry/606726
https://www.omim.org/entry/608305
https://www.omim.org/entry/600300
https://www.omim.org/entry/609302
https://www.omim.org/entry/314375
https://www.omim.org/entry/182810
https://www.omim.org/entry/602926
https://www.omim.org/entry/615463
https://www.omim.org/entry/606494
https://www.omim.org/entry/613577
https://www.omim.org/entry/610552
https://www.omim.org/entry/605131
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PMEs usually present in late childhood or adolescence, which distinguishes 

them from epileptic encephalopathies that start with polymorphic seizures in 

early infancy. [15] 

PMEs share common neurological signs that include progressively 

worsening cortical myoclonus and epileptic seizures, with classic onset in 

late childhood and adolescence. Other neurological symptoms, namely 

dementia and ataxia, are typically associated with myoclonus-epilepsy 

syndromes, and occasionally further signs and symptoms are due to the 

specific impairment of nervous or other systems. [16] 

The ‘core’ symptom of PMEs is multifocal reflex (action-induced) 

myoclonus. This type of myoclonus has cortical origin, since it is typically 

associated with ‘subtle’ central EEG changes that can be studied using EEG-

EMG relationship analysis (including jerk-locked back-averaging and other 

techniques). Moreover, cortical myoclonus is coupled with 

neurophysiological features reflecting neocortical hyperexcitability, such as 

‘giant’ evoked potentials and enhanced long-loop reflexes. [15] 

PMEs are derived from heterogeneous genetic disorders, probably with 

distinct pathological mechanisms, including neural degeneration 

(Unverricht-Lundborg and dentatorubralpallidoluysian atrophy- DRPLA), 

storage disorders (Lafora disease, neural-ceroid-lipofuscinoses, sialidoses, 

Gaucher III, Niemann Pick type C, and action myoclonus-renal failure 

syndrome), mitochondrial disorders (myoclonic epilepsy associated with 

ragged red fibers), and ion channel dysfunction. [15] 
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Table 1: Distinguishing features of some of the more common inherited progressive 

myoclonus epilepsies and relative genes (from Turnbull, 2016) [17] 
Progressive 

Myoclonic 

Epilepsies 

Inheritance  Onset 

(years) 

 

Suggestive clinical 

signs 

Pathologic 

features 

Gene(s) 

 

Unverricht-

Lundborg 

disease (EPM1) 

 

AR  6-15  

 

Slow progression; 

mild and late cerebellar 

impairment; late or 

absent dementia 

 

None  

 

CSTB 

Lafora disease 

(EPM2)  

 

AR  

 

6-19 Visual symptoms Polyglucosan 

inclusions 

(Lafora bodies) 

 

EPM2A 

EPM2B 

Myoclonic 

epilepsy with red 

ragged fibres 

(MERRF) 

 

Maternal  Any age Lactic acidosis Ragged red fibres MTTK 

(tRNALys) 

 

Neuronal ceroid 

lipofuscinoses 

(NCLs) 

 

AR, AD  

 

Variable Macular 

degeneration and visual 

impairment 

(except adult  

form) 

 

Lipopigment 

deposits; 

granular 

osmiophilic, 

curvilinear or 

fingerprints 

inclusions 

 

CLN1–CLN14 

Sialidoses  AR  

 

 

8-15  Gradual cerebellar 

impairment; cherry-

red spot maculopathy 

Urinary 

oligosaccharides, 

fibroblast 

neuraminidase 

deficit 

 

NEU 

PPGB 

 

Idiopathic epilepsies  

The term “idiopathic epilepsies” has been recently replaced by “genetic 

generalized epilepsy” (GGE) [4] to underscore their likely etiology.  

Several twin studies, starting with those by William G. Lennox in the 

1940s, suggest that the concordance in identical twins exceeds 90%. This, 

compared with the much lower concordance in non-identical twins, suggests 
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that on a population level, the vast majority of causative factors are genetic. 

This important role of genetic factors is reflected in genetic epidemiological 

studies, which suggest that the recurrence in siblings for Childhood Absence 

Epilepsy (CAE), Juvenile Absence Epilepsy (JAE), and Juvenile Myoclonic 

Epilepsy (JME) is higher than in other epilepsies. [18] 

Genetic studies in large families with GGE identified mutations in 

GABRG2 in families with absence epilepsy as the predominant phenotype 

[19, 20] and GABRA1 in families with juvenile myoclonic epilepsy. [21] 

Variants in CACNA1H, coding for a T-type calcium channel important in the 

thalamocortical circuitry, may predispose to GGE. [22]  

The term GEFS+ (Genetic epilepsy with febrile seizures plus) refers to a 

familial constellation of clinical symptoms, in which the febrile seizures are 

the main feature. However, in contrast to familial febrile seizures, affected 

individuals and/or family members have additional seizures types or epilepsy 

syndromes. The clinical recognition of the diverse GEFS+ phenotypes in a 

single family as the variable expression of a single genetic disease rather than 

random association of diverse phenotypes was the key step to identifying 

SCN1A, SCN1B, and GABRG2 as genes for monogenic epilepsies. [18] 

SCN1A and SCN1B code for subunits of voltage-gated sodium channels; 

GABRG2 is the gene for the gamma-2 subunit of the GABA-A receptor. All 

three findings were pivotal in establishing the channelopathy concept of 

human epilepsies, postulating ion channel alterations as the main 

pathological correlate of human seizure disorders. Recently, whole-exome 

sequencing in independent large pedigrees identified co-segregating STX1B 

mutations in in fever-associated epilepsy syndromes. [23] 

Copy number variations (CNVs) emerged as significant risk factors for the 

GGE. Three microdeletions are established as risk factors: microdeletion of 
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15q13.3, 15q11.2, and 16p13.11 in GGE and intellectual disability. [24, 25, 

26, 27] 

Genome-wide studies revealed significant associations for GGEs at 2p16.1 

and 17q21.32. The search for syndrome-related susceptibility alleles 

identified significant associations for Absences epilepsies at 2q22.3 and at 

1q43 for JME. Suggestive evidence for an association with GGEs was found 

in the 2q24.3 region, nearby the SCN1A gene, which is currently the gene 

with the largest number of known epilepsy-related mutations. The associated 

regions harbor high-ranking candidate genes: CHRM3 at 1q43, VRK2 at 

2p16.1, ZEB2 at 2q22.3, SCN1A at 2q24.3 and PNPO at 17q21.32. [26] 

CHD2 mutation is the first identified cause of eyelid myoclonia with 

absences (Jeavon’s Syndrome) the archetypal generalized photosensitive 

epilepsy syndrome. [29] The same gene has been described in myoclonic-

atonic epilepsy (MAE). [30] Recent evidences showed that MAE is 

associated to a heterozygous mutation in the SLC6A1 gene on chromosome 

3p25. [31] 

Mutations in SLC2A1 were identified in patients with rare generalized 

epilepsies including frequencies of up to 10% in early-onset absence epilepsy 

(EOAE) and MAE. [32, 33] 
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Figure 1: Gene discovery in generalized epilepsy; 1: linkage era; 2: gene sequencing 

era; 3: CNV and GWAS era; 4: Next generation sequencing era. [18]  
 

Focal epilepsies 

Few focal epilepsies are related to gene mutations. Using exome 

sequencing, mutations in DEPDC5 gene, involved in mTOR pathway, in 

GATOR complex, are found in autosomal dominant familial focal epilepsy 

with variable foci (FFEVF), in which family members have seizures 

originating from different cortical regions. [34] Mutations in NPRL3, one of 

three genes of the same complex together with NPRL2, have recently been 

reported to cause focal cortical dysplasia with focal epilepsy. [35] 

Mutations in nicotinic acetylcholine receptor (nAChR) subunits CHRNA4, 

CHRNB2, and CHRNA2 determine autosomal dominant nocturnal frontal 

lobe epilepsy (ADNFLE) [36].  For the same phenotype, but more severe 

and with early onset, mutations in KCNT1 have also been reported. [37] 
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Epilepsy in epilepsies amenable to specific treatment.  

SLC2A1 or GLUT1 codes for the major glucose transporter in the 

mammalian blood–brain barrier. Initially described in patients with severe 

epileptic encephalopathies it is now clear that the mutation, which impairs 

the transport of glucose from blood to the brain, is associated with a wide 

spectrum of phenotypes, which may also include less severe epilepsies.  [38, 

39] An early diagnosis is critical for the patient because it allows a prompt 

initiation of the ketogenic diet, which improves symptoms, providing ketone 

bodies as an alternative source of fuel for the brain. [40, 41]  

Mutations in the PNPO gene cause pyridoxamine 5-prime-phosphate 

oxidase deficiency (PNPOD), an autosomal recessive inborn error of 

metabolism resulting in vitamin B6 deficiency that manifests as neonatal-

onset severe seizures and subsequent encephalopathy. [42] Same metabolic 

pathway is involved in pyridoxine-dependent epilepsy (PDE), caused by 

mutations in the ALDH7A1 gene. These syndromes are characterized by a 

combination of various seizure types, usually occur in the first hours of life 

and are unresponsive to standard anticonvulsants, but they respond only to 

immediate administration of pyridoxine hydrochloride or pyridoxal-5′-

phosphate. There are some reports that affirm that early treatment can be 

associated with normal neurodevelopment in childhood in PNPOD. [43] 
 

Malformation of cortical development 

These pathologies have been classified in three large categories: a) 

malformations secondary to abnormal neuronal and glial proliferation or 

apoptosis (microcephaly and megalencephaly); b) malformations due to 

abnormal neuronal migration (periventricular heterotopia, lissencephaly, 
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subcortical heterotopia) c) malformations due to abnormal postmigrational 

development (polimicrogyria, focal cortical dysplasia).  

Progress has been made in understanding neuronal migration at the 

intracellular level. The importance of microtubule transport, centrosomal 

positioning, nuclear transport (associated with LIS1), microtubule 

stabilization (associated with DCX), vesicle trafficking and fusion 

(ARFGEF2 and FLNA), and neuroependymal integrity (MEKK4 and FLNA) 

in neuronal migration is well known. Mutations affecting microtubule 

proteins TUBA1A, TUBA8, TUBB2B and TUBB3 are associated with 

abnormal neuronal migration (lissencephaly) and postmigrational 

development (polymicrogyria or polymicrogyria-like dysplasias). [5] 

Schizencephaly is associated to mutations in COL4A1 gene, also described 

(together with mutation in COL4A2) in familial and sporadic porencephaly. 

[44, 45].  

 

Epilepsy associated to other conditions 

In numerous pathologies, epilepsy is associated with other symptoms such 

intellectual disability, autism and/or movement disorders.  

A paradigmatic example is Rett Syndrome, an X-linked 

neurodevelopmental disorder that manifests in early childhood with 

developmental stagnation, loss of speech and hand use, followed by the 

appearance of characteristic hand stereotypies, severe cognitive impairment, 

and autistic features. About 60% of patients have epilepsy, that occurs before 

the age of 3 years. [46] MECP2 gene alterations are present in >90% of 

patients with typical Rett syndrome but only in 50-70% of atypical cases. 

Over the last years, intragenic or genomic alterations of the CDKL5 and 

FOXG1 genes have been associated with severe cognitive impairment, early 
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onset epilepsy and, often, dyskinetic movement disorders, which have 

variably been defined as Rett variants. [46]  

Other genetic syndromes in which epilepsy occur, associated to 

developmental delay and dysmorphic features are Kabuki Syndrome, caused 

by mutations in KMT2D [47] and KMD6A gene [48], and Pitt-Hopkins 

Syndrome, due to mutation in the TCF4 gene. [49] 

 

Genetic study in epilepsy  

The importance of identifying genetic background in epileptic patients is 

essential for many reasons: 

- The definitive diagnosis allows to avoid a series of laborious, 

expensive, and often stressful diagnostic procedures for patient and 

family; 

- It is possible to provide genetic counseling to patient and relatives 

concerning the risk of recurrence; 

- In some instances, the recognition of a causative gene mutation allows 

a tailored treatment in some syndromes (e.g. ketogenic diet in Glut1 

deficiency syndrome, Na+ channel blockers in SCN2A mutations) and 

to avoid potentially worsening drugs in others (e.g. Na+ channel 

blockers in Dravet syndrome due to SCN1A mutation); 

When a genetic etiology is suspected, there are numerous tests to be 

performed, from single-gene sequencing to genome-wide techniques.  

Karyotype and Comparative Genomic Hybridization (CGH) Array allow to 

exclude structural chromosomic abnormalities and copy number variations 

(CNV), i.e. deletions and duplications. If the diagnostic suspect is directed 

to a single gene, it is possible to perform specific sequencing, with PCR 
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(Polymerase Chain Reaction) or Sanger, that they amplify the DNA, 

allowing the sequence study of the investigated gene.  

 

Contribute of Next Generation Sequencing in the Genetic Diagnosis of 

Epilepsies 

During the last decade, Next Generation Sequencing (NGS) technologies 

such as targeted gene panels, whole exome sequencing and whole genome 

sequencing have led to an explosion of gene identifications in monogenic 

epilepsies including both familial epilepsies and severe epilepsies, often 

referred to as epileptic encephalopathies. The increased knowledge about 

causative genetic variants has had a major impact on diagnosis of genetic 

epilepsies and has already been translated into treatment recommendations 

for a few genes. [50] Furthermore, these techniques allow the analysis of a 

large number of genes in a single experiment, shortening the time to reach a 

definite diagnosis, and contribute to save costs. 

In 2001, the International Human Genome Sequencing Consortium 

reported a draft sequence of the euchromatic portion of the human genome, 

and the results of this process have been published in 2004. [51] This 

important study allowed the whole genome sequencing (also known as 

WGS, full genome sequencing, complete genome sequencing, or entire 

genome sequencing), the process of determining the complete DNA 

sequence of genome at a single time.  

Whole exome sequencing (WES or WXS) is a technique applied to 

sequence all of the genes expressed in the genome (known as “exome”). It 

consists of two steps: the first step selects only the portion of DNA that 

encodes proteins; these regions are known as exons: (humans have about 
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180,000 exons, constituting about 1% of the human genome, or 

approximately 30 million base pairs). The second step is the sequence of the 

exonic DNA by means of any high-throughput DNA sequencing technology. 

[52] Targeted sequencing (by use of “gene panels”) is aimed to isolating and 

sequencing a subset of genes or regions of the genome, which are known to 

be relevant for a specific disease (e.g. genes associated with epileptic 

encephalopathies or genetic epilepsies with seizures triggered by fever). This 

technique had a cost-efficient advantage over WGS/WES since it screens 

only the relevant genes related to the putative disease. Moreover, the “gene 

panel” approach reduces the risk of “unexpected finding”, a relevant ethical 

issue for WES.  

 

Diagnostic rate of Targeted Next-Generation Sequencing  

Targeted next-generation sequencing panels increased the genetic diagnostic 

yield between less than 10% to over than 25% in patients with epileptic 

encephalopathy. [53]  

Diagnostic efficacy reaches 50% when patients have a putative genetic 

epilepsy and a very high number of genes are analyzed [54]. In early-onset 

epileptic encephalopathy, using targeted next generation sequencing 

analysis, the genetic background was identified in 20-40 % of probands [55, 

56, 57] 

 

Selection of genes based on phenotypic definition and current genetic 

knowledge 

As summarized, a large number of genes is related to epileptic 

encephalopathies, epileptic syndromes or pathological conditions in which 
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epilepsy is associated with other symptoms, e.g. intellectual disability or 

movement disorders.  Moreover, some genes encode for “accessory 

proteins” that are associated to genes/proteins involved in epileptogenesis 

(e.g. PEX5L is associated to HCN), and therefore worth to be included. To 

set up a “gene panel”, the first step is the choice of genes to be included. 

Selection of resulting variants  

The high-throughput sequencing imposes a great effort in the interpretation 

of the results, in which not only geneticists but also the clinicians who 

request that analysis are involved. 

For each subject analyzed, all resulting gene variants must be studied, first 

performing a comparison with the variants already described in specific 

databases. The variant is a polymorphism, mutation that falls within the 

interindividual variability, if its frequency is > 1% in the general population. 

The variant can be identified as "benign" if it does not alter the structure and 

the function of the transcribed protein; conversely, if it is already described 

for its deleterious function, it will be defined as “causative or pathogenic" 

or "variant of unclear significance" (VUS) (see Figure 2 [14]). The nature of 

the last variant is not currently attributable to a pathogenic or non-pathogenic 

category: it may have a not yet proven causative meaning, predisposing the 

onset of the clinical phenotype, or simply to be a polymorphic variant. 

 

 
Figure 2: Classification of genetic variants (from Ream, 2015) 
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Aim of the research  

The DNA from 81 pediatric epileptic patients was analyzed with a gene 

panel, set up by child epileptologists, neurophysiologists and geneticists. 

The gene panel included 55 genes, later extended to 91, whose mutations 

had been described in patients with epilepsy, associated or not to 

intellectual disability or neurological involvement, and complex 

malformations. Screened patients were diagnosed and are currently 

followed up by the Operative Unit of Neuropsychiatry; the genetic 

analysis was performed in the Unit of Genetics of Neurodegenerative and 

Metabolic Diseases, at the “Fondazione IRCCS Istituto Neurologico Carlo 

Besta”, Milan. 

The aim of this research was to identify gene variants underlying 

epilepsies with a challenging etiologic classification.  

 

 

2. Materials and Methods  

Cohort 

Patients who present epileptic encephalopathy, generalized epilepsy and 

focal epilepsy, diagnosed according to ILAE (International League Against 

Epilepsy) criteria have been selected. [58] 
Patients that did not present seizures but cerebral malformations, associated 

to developmental delay and/or intellectual disability, neurological signs 

and/or movement disorders were also included. 

All patients were extensively characterized through the collection of data 

concerning family, perinatal and physiological history; clinical, 
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neurophysiological and neuropsychological evaluation were carried out at 

seizure onset and during the follow-up.  

 

Genetic testing  

Genetic analysis was performed between April 2015 and December 2016. 

Genomic DNA was extracted from peripheral blood lymphocytes, 

according to standard procedures.  

First panel was composed by 55 genes (Table 2) analyzed through TruSeq 

Custom Amplicon (TSCA) (Illumina), with mean coverage of 88%.  

The technique is based on the use of specific primers, designed with a 

software developed by Illumina (Studio Design), which amplified DNA 

fragments from 250 to 500 bp.  Each of these primers hybridizes one 

specific genic region to amplify and sequencing and they contain target 

regions for univocal identification of the samples.  

We used the NGS MiSeq Illumina sequencer (Illumina Inc.). The obtained 

sequences have been aligned to the reference genome (GRCh38.p5), using 

the software MiSeq Reporter (Illumina Inc.). The resulting variants were 

filtered based on their recurrence in the population (rare polymorphism or 

novel variants, never described). Possible effects on mutated protein have 

been predicted by in silico simulations (Polyphen-2, SIFT). 
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Table 2: Genes analyzed with TruSeq Custom Amplicon (TSCA) 

EPILEPTIC ENCEPHALOPATHIES 

Gene Protein Locus 

 

Inheritance Phenotype-Gene Relationships - 

#OMIM 

ARX ARISTALESS-RELATED 

HOMEOBOX 

Xp21.3 XLR EIEE1 Ohtahara sdr# 308350 

CDKL5 CYCLIN-DEPENDENT 

KINASE-LIKE 5 

Xp22.13 XLD EIEE2 Atypical Rett sdr#300672 

CHD2 CHROMODOMAIN 

HELICASE DNA-BINDING 

PROTEIN 2 

15q26.1 AD EEOC # 615369 

FOXG1 FORKHEAD BOX G1 

 

14q12 IC Rett syndrome, congenital variant 

#613454 

GABRB3 GAMMA-

AMINOBUTYRIC ACID 

RECEPTOR, BETA-3 

 

15q12 AD ECA5- Epilepsy, childhood absence 5 # 

612269 

GRIN2A GLUTAMATE 

RECEPTOR, IONOTROPIC, 

N-METHYL-D-

ASPARTATE, 

SUBUNIT 2A 

16p13.2 AD Epilepsy, focal, with speech disorder 

and with or without mental retardation 

# 245570 

GRIN2B GLUTAMATE 

RECEPTOR, IONOTROPIC, 

N-METHYL-D-

ASPARTATE, SUBUNIT 

2B 

12p13.1 AD EIEE27 # 616139 

HCN1 HYPERPOLARIZATION-

ACTIVATED CYCLIC 

NUCLEOTIDE-GATED 

POTASSIUM CHANNEL 1 

5p12 AD Epileptic encephalopathy, early 

infantile, 24 #615871 
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KCNQ2 POTASSIUM CHANNEL, 

VOLTAGE-GATED, KQT-

LIKE SUBFAMILY, 

MEMBER 2 

20q13.33 

 

AD Epileptic encephalopathy, early 

infantile, 7 #613720 

KCNQ3 POTASSIUM CHANNEL, 

VOLTAGE-GATED, KQT-

LIKE SUBFAMILY, 3 

8q24.22 AD Epileptic encephalopathy, early 

infantile [59] 

KCNT1 POTASSIUM CHANNEL, 

SUBFAMILY T, MEMBER 

1 

9q34.3 

 

AD Epileptic encephalopathy, early 

infantile, 14 #614959 

MECP2 METHYL-CPG-

BINDING PROTEIN 2 

Xq28 XLD Rett sdr, preserved speech variant # 

312750 

PLCB1 PHOSPHOLIPASE C, 

BETA-1 

20p12.3 AR Epileptic encephalopathy, early 

infantile, 12 # 613722 

 

STXBP1 SYNTAXIN-BINDING 

PROTEIN 1 

9q34.11 

 

AD Epileptic encephalopathy, early 

infantile, 4 # 612164 

UBE3A UBIQUITIN-PROTEIN 

LIGASE E3A 

15q11.2 IC Angelman Sdr # 105830 

MAGI2 

MEMBRANE-

ASSOCIATED 

GUANYLATE KINASE, 

WW AND PDZ DOMAINS-

CONTAINING, 2 

7q21.11  Infantile spasms [10] 

 

«BENIGN» EPILEPSY 

ATP1A2 ATPASE, NA+/K+ 

TRANSPORTING, ALPHA-

2 POLYPEPTIDE 

1q23.2 AD familial hemiplegic Migraine, 2 

(associated to Epilepsy ) [60] 

KCNQ2 POTASSIUM CHANNEL, 

VOLTAGE-GATED, KQT-

LIKE SUBFAMILY, 

MEMBER 2 

20q13.33 

 

AD Seizures benign neonatal 1 #121200 
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KCNQ3 POTASSIUM CHANNEL, 

VOLTAGE-GATED, KQT-

LIKE SUBFAMILY, 

MEMBER 

8q24.22 AD Benign familial neonatal Seizures, 2 

## 121201 

PRRT2 PROLINE-RICH 

TRANSMEMBRANE 

PROTEIN 2 

16p11.2 AD Benign familial infantile Seizures, 2 

#605751 

Convulsions, familial infantile, with 

paroxysmal choreoathetosis #602066 

 

EPILEPSY AMENABLE TO SPECIFIC TREATMENT  

Gene PROTEIN Locus Inheritance Phenotype-Gene Relationships 

ALDH7A1-

A16 

ALDEHYDE 

DEHYDROGENASE 7 

FAMILY, MEMBER A1 

5q23.2 AR Epilepsy, pyridoxine-dependent

 #266100 

PHGDH PHOSPHOGLYCERATE 

DEHYDROGENASE 

1p12 AR Neu-Laxova syndrome - 

neurometabolic disorder associated with 

reduced L-serine biosynthesis [61] 

 
PNPO PYRIDOXAMINE 5-

PRIME-PHOSPHATE 

OXIDASE 

17q21.32 AR Pyridoxamine 5-prime-phosphate 

oxidase deficiency 

SLC2A1 SOLUTE CARRIER 

FAMILY 2 (FACILITATED 

GLUCOSE 

TRANSPORTER), 

MEMBER 1 

1p34.2 AD 

AR 

GLUT1 deficiency syndrome 1, 

infantile onset 

SLC6A8 SOLUTE CARRIER 

FAMILY 6 

(NEUROTRANSMITTER 

TRANSPORTER, 

CREATINE), MEMBER 8 

Xq28 XLR Cerebral creatine deficiency syndrome 

1 

 

EPILEPSY IN PROGRESSIVE DISEASES 

Gene PROTEIN Locus Inheritance Phenotype-Gene Relationships 
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CTSD CATHEPSIN D 11p15.5 AR Ceroid lipofuscinosis, neuronal, 10

 610127 

POLG POLYMERASE DNA, 

GAMMA 

15q26.1 AR 

 

 

AD 

Mitochondrial DNA depletion 

syndrome 4A (Alpers type) 

Progressive external ophthalmoplegia, 

autosomal dominant 1 

PPT1 

(CLN1) 

PALMITOYL-PROTEIN 

THIOESTERASE 1 

1p34.2 AR Ceroid lipofuscinosis, neuronal, 1

 #256730 

TWINKLE 

C10ORF2 

CHROMOSOME 10 

OPEN READING FRAME 2 

10q24.31 AD Progressive external Ophthalmoplegia 

with mitochondrial DNA deletions, 

autosomal dominant 3 #609286 

 

EPILEPSY AND EPILEPTIC ENCEPHALOPATHIES WITH FEBRILE SEIZURES 

Gene PROTEIN Locus Inheritance Phenotype-Gene Relationships 

CACNA1A CALCIUM CHANNEL, 

VOLTAGE-DEPENDENT, 

P/Q TYPE, ALPHA-1A 

SUBUNIT 

19p13.13 

 

AD Epileptic encephalopathy, early 

infantile, 42 

#617106 

 

GABRG2 GAMMA-

AMINOBUTYRIC ACID 

RECEPTOR, GAMMA-2 

5q34 AD Epilepsy, generalized, with febrile 

seizures plus, type 3 

HCN2 HYPERPOLARIZATION-

ACTIVATED CYCLIC 

NUCLEOTIDE-GATED 

POTASSIUM CHANNEL 2 

 

19p13.3  GEFS+; Idiopathic Generalized 

epilepsy 

PCDH19 PROTOCADHERIN 19 Xq22.1 

 

XL Epileptic encephalopathy, early 

infantile, 9 #300088 

 

SCN1A SODIUM CHANNEL, 

NEURONAL TYPE 1, 

ALPHA SUBUNIT 

2q24.3 AD Dravet Sdr #607208 



25 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

 

 

SCN1B SODIUM CHANNEL, 

NEURONAL TYPE I, BETA 

SUBUNIT 

19q13.11 AD Epilepsy, generalized, with febrile 

seizures plus, type 1 #604233 

SCN2A SODIUM CHANNEL, 

NEURONAL TYPE 2, 

ALPHA SUBUNIT 

2q24.3 AD Epileptic encephalopathy, early 

infantile, 11 

613721 

SCN8A SODIUM CHANNEL, 

NEURONAL TYPE 8, 

ALPHA SUBUNIT 

12q13.13 

 

 

AD Epileptic encephalopathy, early 

infantile, 13 

#614558 
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NEURONAL MIGRATING DISORDERS 

Gene PROTEIN Locus Inheritance Phenotype-Gene 

Relationships 

COL4A1 COLLAGEN, TYPE IV, ALPHA-1 13q34 AD Porencephaly 1

 #175780 

COL4A2 COLLAGEN, TYPE IV, ALPHA-2 13q34 AD Porencephaly 2

 #614483 

DCX DOUBLECORTIN Xq23 XL Subcortical laminal 

heteropia, X-linked

 #300067 

EMX2 EMPTY SPIRACLES, 

DROSOPHILA, 2, HOMOLOG OF 

10q26.11 ? Schizencephaly

 #269160 

FLNA FILAMIN A Xq28 XLD Heterotopia, 

periventricular

 #300049 

GPR56 G PROTEIN-COUPLED 

RECEPTOR 56 

16q21 AR Polymicrogyria, bilateral 

frontoparietal

 #606854 

HESX1 HOMEOBOX GENE EXPRESSED 

IN ES CELLS 

3p14.3 AD, AR Septooptic dysplasia

 #182230 

PAFAH1B1/LIS1 PLATELET-ACTIVATING 

FACTOR ACETYLHYDROLASE, 

ISOFORM 1B, ALPHA SUBUNIT 

17p13.3 IC Lissencephaly 1

 #607432 

RELN REELIN 7q22.1 

 

AR 

 

AD 

Lissencephaly 2 

(Norman-Roberts type)

 #257320 

Epilepsy, familial 

temporal lobe, 7

 #616436 

SRPX2 SUSHI REPEAT-CONTAINING 

PROTEIN, X-LINKED, 2 

Xq22.1 XL Polymicrogiria, Rolandic 

epilepsy, mental 

retardation, and speech 

dyspraxia #300643 
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TUBA1A TUBULIN, ALPHA-1A 12q13.12 AD Lissencephaly 3

 #611603 

TUBB2B TUBULIN, BETA-2B; 6p25.2 AD Polymicrogyria, 

symmetric or asymmetric 

#610031 

TUBB3 TUBULIN, BETA-3 16q24.3 AD Cortical dysplasia, 

complex, with other brain 

malformations 1

 #614039 

TUBB8 TUBULIN, BETA-8 10p15.3 AD Oocyte maturation defect 

2 #616780 

VLDLR VERY LOW DENSITY 

LIPOPROTEIN RECEPTOR 

9p24.2 AR Cerebellar hypoplasia 

and mental retardation with 

or without quadrupedal 

locomotion 1 #224050 

OTHER GENES ASSOCIATED TO EPILEPSY  

CAV3 

Caveolin 3 

(Channel protein) 

 

3p25.3  Long QT #611818 [62] 

HCN4 HYPERPOLARIZATION-

ACTIVATED CYCLIC 

NUCLEOTIDE-GATED 

POTASSIUM CHANNEL 4 

 

15q24.1 AD Brugada Syndrome 

#613123 

Sick sinus syndrome 2

 #163800 

 

APBA2 

AMYLOID BETA A4 

PRECURSOR PROTEIN-BINDING, 

FAMILY A, MEMBER 2 

 

15q13.1  
Autism spectrum 

disorder #209850 

ATP1A3 

ATPASE, NA+/K+ 

TRANSPORTING, ALPHA-3 

POLYPEPTIDE 

19q13.2 AD Alternating 

hemiplegia of childhood 

#614820 
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Legend: Early Infantile Epileptic Encephalopathy (EEIE), Childhood-onset epileptic encephalopathy 

(EEOC), Autosomal Dominant (AD), Autosomal Recessive (AR), X –linked Dominant (XLD), X –linked 

recessive (XLR) 

Successively, the panel has been enlarged to 91 genes (all TSCA genes plus 
other 33, see Table 3) and another technique, Nextera Rapid Capture 
(Illumina), with mean coverage of 96%, has been selected. This technology 
is based on enzymatic fragmentation and tagmentation of selected DNA 
regions, the genes that compose the panel. Tagmentation is a procedure that 
combines fragmentation, end-polishing, and adaptor-ligation steps (Protocol 
in supplementary materials). In our experiment, 12 samples are 
simultaneously analyzed.  
 

 

Table 3 – Genes analyzed with Nextera Rapid Capture 

 

GRASP TAMALIN 12q13.13  
Protein associated to 

membrane trafficking [63] 

KCNE2 POTASSIUM CHANNEL, 

VOLTAGE-GATED, ISK-RELATED 

SUBFAMILY, MEMBER 2 

 

21q22.11 AD Long QT syndrome 6 

#13693  

PEX5L 

(TRIP8b) 

PEROXISOME BIOGENESIS 

FACTOR 5-LIKE 

Auxiliary subunit of the 

HYperpolarization-activated cyclic-

nucleotide-gated (HCN) channels, 

3q26.33 - Absence seizures [64] 

SYNGAP1 

 

SYNAPTIC RAS-GTPASE-

ACTIVATING PROTEIN 1 

6p21.32 AD Autistic spectrum 

disorder, generalized 

epilepsy, intellectual 

disability [65] 
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EPILEPSY IN PROGRESSIVE DISEASES 

 

Gene Protein Locus  Inheritance 
Phenotype-Gene 

Relationships #OMIM 

AFG3L2 
ATPase FAMILY GENE 3-LIKE 2 

 

18p11.21 AR 

Spastic ataxia 5, 

autosomal recessive 

#614487 

(associated to 

myoclonic epilepsy - 

Pierson T. 2011)  

PROGRESSIVE MYOCLONIC EPILEPSIES 

CERS1 

CERAMIDE SYNTHASE 1 

 

19p13.11 AR PME, 8 #616230 

CLN5 

CEROID LIPOFUSCINOSIS, 

NEURONAL, 5 

 

13q22.3 AR 
Ceroid lipofuscinosis, 

neuronal, 5 #256731 

CLN6 

CEROID LIPOFUSCINOSIS, 

NEURONAL, 6 

 

15q23 

AR 

AR 

Ceroid lipofuscinosis, 

neuronal, 6 #601780 

Ceroid lipofuscinosis, 

neuronal, Kufs type,  

adult onset #204300 

CSTB 
CYSTATIN B 

 

21q22.3 AR 
PME 1A  

(Unverricht and 

Lundborg) #254800 

EPM2A 
LAFORIN 6q24.3 

AR 

 

Epilepsy, progressive 

myoclonic 2A (Lafora) 

#254780 
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GBA 
GLUCOSIDASE, BETA, ACID 

 

1q22 AR 

Gaucher disease, type 

III (neuropathic) 

#231000 

 

 

GOSR2 

GOLGI SNAP RECEPTOR COMPLEX 

MEMBER 2 

 

17q21.32 AR PME 6 #614018 

KCNC1 

POTASSIUM CHANNEL, VOLTAGE-

GATED, SHAW-RELATED SUBFAMILY, 

MEMBER 1 

 

11p15.1 AD PME 7 #616187 

KCTD7 

POTASSIUM CHANNEL 

TETRAMERIZATION DOMAIN-

CONTAINING PROTEIN 7 

 

7q11.21 AR 

PME 3, with or 

without intracellular 

inclusions #611726  

CLN14 

NEU1 
NEURAMINIDASE 1 

 

6p21.33 AR 
Sialidosis, type I and 

II #256550 

NHLRC1 

(EPM2B) 

 

NHL REPEAT-CONTAINING 1 

 

6p22.3 AR 
PME, 2B (Lafora) 

#254780 

NPC1 
NPC1 18q11.2 AR 

Niemann-Pick disease, 

type C1 #257220 

NPC2 
EPIDIDYMAL SECRETORY 

PROTEIN; HE1 

14q24.3 AR 
Niemann-pick disease, 

type C2 #607625 

PRICKLE1 
EPILEPSY, PROGRESSIVE 

MYOCLONIC, 1B 

12q12 AR 
Epilepsy, progressive 

myoclonic 1B #612437 

SCARB2 
SCAVENGER RECEPTOR CLASS B, 

MEMBER 2 

4q21.1 AR 

PME 4, with or 

without renal failure # 

254900 
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TPP1 TRIPEPTIDYL PEPTIDASE I 
11p15.4 AR 

Ceroid lipofuscinosis, 

neuronal, 2 #204500 

GENERALIZED and FOCAL EPILEPSY 

 

Gene Protein Locus Inheritance 
Phenotype-Gene 

Relationships 

CHRNA2 

CHOLINERGIC RECEPTOR, 

NEURONAL NICOTINIC, ALPHA 

POLYPEPTIDE 2 

8p21.2 AD 

Epilepsy, nocturnal 

frontal lobe, type 4 

#610353 

CHRNB2 

CHOLINERGIC RECEPTOR, 

NEURONAL NICOTINIC, BETA 

POLYPEPTIDE 2 

1q21.3  
Epilepsy, nocturnal 

frontal lobe, 3 #605375 

DEPD5 
DEP DOMAIN-CONTAINING 

PROTEIN 5 

22q12.2-

q12.3 
AD 

Epilepsy, familial 

focal, with variable foci 

1 #604364 

TBC1D24 
TBC1 DOMAIN FAMILY, MEMBER 

24 

16p13.3 AR 

EEIE, 16 #615338  

Myoclonic epilepsy, 

infantile, familial 

#605021 

 

 

EPILEPSY AND COGNITIVE DEFICIT 

Gene PROTEIN Locus Inheritance 
Phenotype-Gene 

Relationships 

KDM6A 

LYSINE-SPECIFIC DEMETHYLASE 6 

 

Xp11.3 XLD 
Kabuki syndrome 2 

#300867 
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MBD5 

METHYL-CpG-BINDING DOMAIN 

PROTEIN 5 
2q23.1 AD 

Mental retardation, 

autosomal dominant 1 

#156200 

MEF2C 

MADS BOX TRANSCRIPTION 

ENHANCER FACTOR 2, POLYPEPTIDE 

C 

5q14.3 AD 

Mental retardation, 

stereotypic movements, 

epilepsy, and/or cerebral 

malformations #613443 

MLL2 

(KMT2D) 

LYSINE-SPECIFIC 

METHYLTRANSFERASE 2D 
12q13.12 

AD 

 

Kabuki syndrome 1 

#147920 

PIGA 

PHOSPHATIDYLINOSITOL GLYCAN 

ANCHOR BIOSYNTHESIS CLASS A 

PROTEIN, PSEUDOGENE 1, INCLUDED 

Xp22.2 XLR 

Multiple congenital 

anomalies-hypotonia-

seizures syndrome 2 

#300868 

ROGDI 
DROSOPHILA, HOMOLOG OF ROGDI 16p13.3 AR 

Epilepsy, dementia, 

and amelogenesis 

imperfecta 

Kohlschutter 

syndrome #226750 

SLC9A6 
SOLUTE CARRIER FAMILY 9, 

MEMBER 6 

Xq26.3 XLD 

Mental retardation, X-

linked syndromic, 

Christianson type 

#300243 

SMS SPERMINE SYNTHASE 
Xp22.11 XLR 

Mental retardation, X-

linked, Snyder-Robinson 

type #309583 

TCF4 TRANSCRIPTION FACTOR 4 
18q21.2 AD 

Pitt-Hopkins 

syndrome #610954 
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Legend: Autosomal Dominant (AD), Autosomal Recessive (AR), X –linked Dominant (XLD), X –linked 

recessive (XLR), Progressive Myoclonic Epilepsy (PME), Epileptic encephalopathy, early infantile (EEIE) 

 

 

The obtained sequences have been aligned to the reference genome 

(GRCh37/hg19) using MiSeq software. Data analysis was obtained using the 

following software: Illumina MiSeq Reporter vs 2.4.60, Illumina Variant 

Studio vs 2.2, Qiagen CLC Genomics Workbench vs 7.0.  

Variants with MAF> 1% reported in the dbSNP database, 1000 Genome, 

EVS were considered benign variants and excluded from the report. 

At the end of the experiment, if the coverage of each gene is lower to 95% 

 (at depth of 20X for each nucleotide), it was suggested to repeat the analysis.  

The variants at 3’ and 5’UTR, intronic, synonymous and high frequency are 

excluded from the study.  

In order to predict the functional effect of the novel variants we queried 

PolyPhen software (http://genetics.bwh.harvard.edu/pph2/) and SIFT 

(http://sift.jcvi.org/). ASSP algorithm (http://wangcomputing.com/assp/) 

was used for alternative splice site prediction and ESE Finder Software 3.0 

(http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home) for 

evaluating disruption of putative exonic splicing enhancers (ESEs).  

WWOX 
WW DOMAIN-CONTAINING 

OXIDOREDUCTASE 

16q23.1-

q23.2 
AR EEIE, 28 #616211 

ZEB2 
ZINC FINGER E BOX-BINDING 

HOMEOBOX 2 

2q22.3 AD 
Mowat-Wilson 

syndrome #235730 
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The novel detected variations were studied by searching in EVS database 

(http://evs.gs.washington.edu/), 1000 Genomes 

(http://www.1000genomes.org/) and dbSNP server 

(http://www.ncbi.nlm.nih.gov/SNP). 

Additional support for the functional/pathological significance of each 

variant came from the study of degree of evolutionary conservation of the 

amino acid residues involved in various orthologous related proteins  

The obtained variants were confirmed with Sanger and, when possible, the 

family have been enrolled for segregation analysis.  

All results were discussed by geneticists, clinicians and 

neurophysiologists, in order to determine the genotype - phenotype 

relationship and eventually to schedule other investigations.  

 

3. Results 

NGS was performed in 81 patients affected by: epileptic encephalopathy (34,5 

% - 28 pts), generalized epilepsy (30,9 % - 25 pts), focal epilepsy (27,1% - 22 

pts), focal and generalized seizures (not epileptic encephalopathy, 3,7% - 3 

pts); cerebral malformations associated to developmental delay, neurological 

signs and/or movement disorders without seizure (3,7% - 3 patients).  

Most patients (77,7%) had developmental delay or intellectual disability of 

mild to severe degree.  

Seventy-nine pts (97,5%) underwent brain MRI. In 53 (65%) patients MRI 

was normal; pathological findings, including polymicrogyria (6 patient), 

cerebellar malformations or atrophy (5 patients), isolated lyssencephaly (1 

patient) periventricular heterotopia (1 patient), subcortical band heterotopia (2 

patients) focal cortical dysplasia (1 patient) basal ganglia abnormalities (1 

patient)and cortical-subcortical abnormalities (6 patients). 

http://www.ncbi.nlm.nih.gov/SNP
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Previous genetic investigations had been performed in 90,5% of patients: 

karyotype analysis in 62,9%, CGH array in 70,3% and preliminary screening 

of the most common genes associated with specific phenotypes - gene-target 

(e.g. SLC2A, SCN1A, MECP2, UBE3A) in 67,8%.  

Thirty-five patients have been analyzed by TSCA, 50 patients by Nextera, 

(including 4 cases for which TSCA was unrevealing).  

 

Table 4: Patient clinical, radiologic and genetic data. TSCA was performed 

in patients from S1654 to NMD298, from GLUT38 was performed Nextera. 

In GLUT39, S1775, S1776 and GLUT183 was perfomed both. 
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TRUSEQ CUSTOM AMPLICON 

Pathogenetic mutations have been identified in 5 patients among 35 

(diagnostic rate 14,2%): 

The patients are all female, affected by early onset epileptic 

encephalopathy. Discovered mutations involved FOXG1, KCNQ3, 

KCNQ2, and CDKL5 in two cases (Table 5).  

All mutations are novel, except a mutation in compound heterozygous in 

KCNQ3, and they have a prediction in silico as “probably damaging”.  
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NEXTERA RAPID CAPTURE 

Pathogenetic mutations have been identified in 9 patients out 50 

(diagnostic rate 18%). The following mutations were found:  

- TBC1D24, in two patients, females, one affected by progressive 

myoclonic encephalopaty with epilepsia partialis continua (S2012), 

the other affected by epilepsia partialis continua and alternating 

hemiplegia (GLUT39);  

- SLC2A1, in a female with generalized epilepsy with absences and 

periventricular heterotopia (S1778); 

- SCN1A e SCN2A, in a patient, female, with Dravet Syndrome but 

cognitive impairment worse than usually expected in “classic” 

phenotypes (S1756);  

- MBD5, in a male with moderate intellectual disability and epilepsy 

with absences (S2037); 

- GPR56, in a male with severe cortical and subcortical 

malformation, associated to focal epilepsy and severe intellectual 

disability (S1829); 

- SCN2A, in a patient, male, with early onset epileptic 

encephalopathy (S1630); 

- MEF2C, in a male with febrile seizures, developmental delay and 

autism (S1967); 

- PRRT2, in a female with myoclonic and focal seizures and normal 

psychomotor development (S2124).  

Clinical and genetic details are specified in Table 6.  

All mutations have a prediction in silico as “probably damaging”.  
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4. Discussion 

In our cohort of 81 patients, 14 pathogenetic mutations have been revealed, 

with a diagnostic rate of 17.2%. The diagnostic efficiency amounts to 14.2% 

with TSCA and to 18% with Nextera. 

On a genetic point of view all mutations involve highly-conserved amino 

acids; ten of these mutations have not yet been described. These two aspects, 

combined with the prediction data, allowed us to consider them as causative. 

Furthermore, the phenotype previously described as associated to the 

mutations, was fitting with the clinical picture of our patients.  

The largest part (90,5%) of our patients had already had previous unrevealing 

genetic investigations (cytogenetics or at least one single-gene analysis). 

This indicates that our population was highly selected, since the gene panel 

had not been considered as the first step of genetic investigation.  

The examination of gene panel results improved our diagnostic abilities and 

allowed us to speed up the diagnostic work-up in patients not yet studied; 

following the detection of a given mutation, we were able to extend the single 

gene analysis in patients with similar phenotypes. For example, the 

discovery of mutations of TBCID24 in a patient with EPC and recurrent 

myoclonic status led to successfully analyze the same gene in three further 

patients with similar phenotype, including a first cousin of the proband. 

Some “unexpected results” in our series deserve consideration: a patient with 

focal seizures, periventricular nodular heterotopia and borderline cognitive 

abilities, was investigated through NGS, to search for mutations in genes 

related to malformation of cortical development. The unexpected and 

surprising result was the detection of a pathogenic SLC2A1 mutation 
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(causally related to GLUT1 deficiency syndrome) which led to re-evaluate 

the clinical history, diagnostic work up and therapy: besides partial seizures, 

the patient had had recent onset of “absences” (also recorded with EEG), and 

cognitive deterioration; the genetic data prompted CSF examination which 

revealed hypoglycorrhachia. The patient was given the ketogenic diet that 

led to the seizure control and improvement of cognitive performances.   

Another unexpected finding was the detection of pathogenic variants in 

HCN4 and SCN1B, which are associated with cardiac arrhythmias, in three 

patients. Based on this finding, the genetic analysis was extended to the 

family members, and appropriate cardiologic examination performed.  

The absence of pathogenetic mutations in the large part of cohort indicate 

that the alteration may be in many other genes not present in our panel, 

highlighting the high genetic heterogeneity of epilepsy 

 

Our study confirms the utility of the Next Generation Sequencing in the 

diagnosis of rare child epilepsy, and underscores the key role of the 

discussion between physicians and geneticists in selecting the candidate 

patients and in evaluating the implication of the results. 

This concept is mostly important when the detected mutations involve 

genes associated with multiple phenotypes, as in the case of mutations in 

KCNQ2, which are associated both with benign familial neonatal seizures 

(BNFE), and neonatal epileptic encephalopathy (NEE). [59] 

Secondary aim of our research was, to pinpoint the indications to genetic 

analysis by target sequencing technique. Based on our results it appears that, 

to save time and costs, sequencing of single gene is worth doing in patients 

with “classic” phenotype, suggestive of specific and well defined epileptic 
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syndromes, such as Dravet syndrome, PCDH19 mutations o GLUT1DS. By 

contrast, sequencing a large amount of genes by NGS is indicated in patients 

with epileptic syndromes (e.g. early onset encephalopathy) which may be 

associated with mutations in several putative genes.  

Finally, we would once again underscore that NGS analysis must not be 

considered a screening examination, and that it requires multidisciplinary 

approach in selecting patients, and in reading into expected and 

unexpected results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

5. References 

[1] Fisher RS, van Emde Boas W, Blume W, Elger C, Genton P, Lee P, Engel J Jr. 
Epileptic seizures and epilepsy: definitions proposed by the International League 
Against Epilepsy (ILAE) and the International Bureau for Epilepsy (IBE). Epilepsia. 
2005 Apr;46(4):470-2. 

[2] WHO Data Epilepsy: http://www.who.int/mediacentre/factsheets/fs999/en/ 

[3] Shorvon, Simon D.- The etiologic classification of epilepsy. Epilepsia. 2001 52 – 6. 
http://dx.doi.org/10.1111/j.1528-1167.2011.03041.x 

[4] Berg AT, Scheffer IE. New concepts in classification of the epilepsies: entering the 
21st century. Epilepsia. 2011 Jun;52(6):1058-62. doi: 10.1111/j.1528-
1167.2011.03101. 

[5] Barkovich AJ, Guerrini R, Kuzniecky RI, Jackson GD, Dobyns WB. A 
developmental and genetic classification for malformations of cortical development: 
update 2012. Brain. 2012 May;135(Pt 5):1348-69. doi: 10.1093/brain/aws019. 

[6] Panayiotopoulos CP. Epileptic Encephalopathies in Infancy and Early Childhood in 
Which the Epileptiform Abnormalities May Contribute to Progressive Dysfunction - 
Chapter 7: The Epilepsies: Seizures, Syndromes and Management. Oxfordshire 
(UK): Bladon Medical Publishing; 2005 

[7] Kato, M., Saitoh, S., Kamei, A., Shiraishi, H., Ueda, Y., Akasaka, M., Tohyama, J., 
Akasaka, N., Hayasaka, K. A longer polyalanine expansion mutation in the ARX gene 
causes early infantile epileptic encephalopathy with suppression-burst pattern 
(Ohtahara syndrome). Am. J. Hum. Genet. 81: 361-366, 2007.  

[8] Saitsu H, Kato M, Matsumoto N. Haploinsufficiency of <i>STXBP1</i> and 
Ohtahara syndrome. In: Noebels JL, Avoli M, Rogawski MA, Olsen RW, Delgado-
Escueta AV, editors. Jasper's Basic Mechanisms of the Epilepsies [Internet]. 4th edition. 
Bethesda (MD): National Center for Biotechnology Information (US); 2012. 

[9] Mastrangelo M, Leuzzi V. Genes of early-onset epileptic encephalopathies: from 
genotype to phenotype. Pediatr Neurol. 2012 Jan;46(1):24-31. doi: 
10.1016/j.pediatrneurol.2011.11.003 

[10] Boutry-Kryza N, Labalme A, Ville D, de Bellescize J, Touraine R, Prieur F, 
Dimassi S, Poulat AL, Till M, Rossi M, Bourel-Ponchel E, Delignières A, Le Moing 



54 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

AG, Rivier C, des Portes V11, Edery P, Calender A, Sanlaville D, Lesca G. Molecular 
characterization of a cohort of 73 patients with infantile spasms syndrome. Eur J Med 
Genet. 2015 Feb;58(2):51-8. doi: 10.1016/j.ejmg.2014.11.007. Epub 2014 Dec 11. 

[11] Lesca G, Rudolf G, Bruneau N, Lozovaya N, Labalme A, Boutry-Kryza N, Salmi 
M, Tsintsadze T, Addis L, Motte J, Wright S, Tsintsadze V, Michel A, Doummar D, 
Lascelles K, Strug L, Waters P, de Bellescize J, Vrielynck P, de Saint Martin A, Ville 
D, Ryvlin P, Arzimanoglou A, Hirsch E, Vincent A, Pal D, Burnashev N, Sanlaville D, 
Szepetowski P. GRIN2A mutations in acquired epileptic aphasia and related childhood 
focal epilepsies and encephalopathies with speech and language dysfunction. Nat 
Genet. 2013 Sep;45(9):1061-6. doi: 10.1038/ng.2726. 

[12] Depienne C, Bouteiller D, Keren B, Cheuret E, Poirier K, Trouillard O, Benyahia 
B, Quelin C, Carpentier W, Julia S, Afenjar A, Gautier A, Rivier F, Meyer S, Berquin 
P, Hélias M, Py I, Rivera S, Bahi-Buisson N, Gourfinkel-An I, Cazeneuve C, Ruberg 
M, Brice A, Nabbout R, Leguern E. Sporadic infantile epileptic encephalopathy caused 
by mutations in PCDH19 resembles Dravet syndrome but mainly affects females. PLoS 
Genet. 2009 Feb;5(2):e1000381. doi: 10.1371/journal.pgen.1000381. Epub 2009 Feb 
13. 

[13] Nava C, Dalle C, Rastetter A, Striano P, de Kovel CG, Nabbout R, Cancès C, Ville 
D, Brilstra EH, Gobbi G, Raffo E, Bouteiller D, Marie Y, Trouillard O, Robbiano A, 
Keren B, Agher D3, Roze E, Lesage S, Nicolas A, Brice A, Baulac M, Vogt C, El Hajj 
N, Schneider E17, Suls A, Weckhuysen S, Gormley P, Lehesjoki AE, De Jonghe P, 
Helbig I, Baulac S, Zara F, Koeleman BP; EuroEPINOMICS RES Consortium, Haaf T, 
LeGuern E, Depienne C. De novo mutations in HCN1 cause early infantile epileptic 
encephalopathy. Nat Genet. 2014 Jun; 46(6):640-5. doi: 10.1038/ng.2952. Epub 2014 
Apr 20. 

[14] Ream MA, Patel AD. Obtaining genetic testing in pediatric epilepsy. Epilepsia. 
2015 Oct;56(10):1505-14. doi: 10.1111/epi.13122 

[15] Minassian BA, Striano P, Avanzini G. Progressive Myoclonus Epilepsies: State-
of-the-Art. Epileptic Disord 2016; 18(Suppl. 2): S1-158. 

[16] Marseille Consensus Group. Classification of progressive myoclonus epilepsies 
and related diseases. Ann Neurol. 1990;28:113-116. 

[17] Turnbull J, Erica Tiberia E, Pasquale Striano P, Genton P, Carpenter S, Ackerley 
CA, Minassian BA. Lafora disease. Epileptic Disord 2016; 18 (Suppl. 2): S38-S62 



55 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

[18] Helbig I. Genetic Causes of Generalized Epilepsies. Semin Neurol. 2015 
Jun;35(3):288-92. doi: 10.1055/s-0035-1552922. Epub 2015 Jun 10. 

[19] Baulac S, Huberfeld G, Gourfinkel-An I , et al. First genetic evidence of GABA(A) 
receptor dysfunction in epilepsy: a mutation in the gamma2-subunit gene. Nat Genet 
2001; 28 (1) 46-48 

[20] Wallace RH, Marini C, Petrou S , et al. Mutant GABA(A) receptor gamma2-
subunit in childhood absence epilepsy and febrile seizures. Nat Genet 2001; 28 (1) 49-
52 

[21] Cossette P, Liu L, Brisebois K , et al. Mutation of GABRA1 in an autosomal 
dominant form of juvenile myoclonic epilepsy. Nat Genet 2002; 31 (2) 184-189 

[22] Chen Y, Lu J, Pan H , et al. Association between genetic variation of CACNA1H 
and childhood absence epilepsy. Ann Neurol 2003; 54 (2) 239-243 

[23] Schubert J, Siekierska A, Langlois M , et al; EuroEPINOMICS RES Consortium. 
Mutations in STX1B, encoding a presynaptic protein, cause fever-associated epilepsy 
syndromes.Nat Genet 2014; 46 (12) 1327-1332 

[24] Dibbens LM, Mullen S, Helbig I, et al. Familial and sporadic 15q13.3 
microdeletions in idiopathic generalized epilepsy: precedent for disorders with complex 
inheritance. Hum Mol Genet 2009;18:3626–3631  

[25] Helbig I, Mefford HC, Sharp AJ, et al. 15q13.3 microdeletions increase risk of 
idiopathic generalized epilepsy. Nat Genet 2009;41:160–162  

[26] de Kovel CG, Trucks H, Helbig I, et al. Recurrent microdeletions at 15q11.2 and 
16p13.11 predispose to idiopathic generalized epilepsies. Brain 2010;133:23–32  

[27] Mefford HC, Muhle H, Ostertag P, et al. Genome-wide copy number variation in 
epilepsy: novel susceptibility loci in idiopathic generalized and focal epilepsies. PLoS 
Genet 2010;6:e1000962.  

[28] EPICURE Consortium.; EMINet Consortium., Steffens M, Leu C, Ruppert AK, 
Zara F, Striano P, Robbiano A, Capovilla G, Tinuper P, Gambardella A, Bianchi A, La 
Neve A, Crichiutti G, de Kovel CG, Kasteleijn-Nolst Trenité D, de Haan GJ, Lindhout 
D, Gaus V, Schmitz B, Janz D, Weber YG, Becker F, Lerche H, Steinhoff BJ, Kleefuß-
Lie AA, Kunz WS, Surges R, Elger CE, Muhle H, von Spiczak S, Ostertag P, Helbig I, 
Stephani U, Møller RS, Hjalgrim H, Dibbens LM, Bellows S, Oliver K, Mullen S, 
Scheffer IE, Berkovic SF, Everett KV, Gardiner MR, Marini C, Guerrini R, Lehesjoki 



56 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

AE, Siren A, Guipponi M, Malafosse A, Thomas P, Nabbout R, Baulac S, Leguern E, 
Guerrero R, Serratosa JM, Reif PS, Rosenow F, Mörzinger M, Feucht M, Zimprich F, 
Kapser C, Schankin CJ, Suls A, Smets K, De Jonghe P, Jordanova A, Caglayan H, 
Yapici Z, Yalcin DA, Baykan B, Bebek N, Ozbek U, Gieger C, Wichmann HE, 
Balschun T, Ellinghaus D, Franke A, Meesters C, Becker T, Wienker TF, Hempelmann 
A, Schulz H, Rüschendorf F, Leber M, Pauck SM, Trucks H, Toliat MR, Nürnberg P, 
Avanzini G, Koeleman BP, Sander T. Genome-wide association analysis of genetic 
generalized epilepsies implicates susceptibility loci at 1q43, 2p16.1, 2q22.3 and 
17q21.32. Hum Mol Genet. 2012 Dec 15;21(24):5359-72. doi: 10.1093/hmg/dds373. 

[29] Galizia EC, Myers CT, Leu C, de Kovel CG, Afrikanova T, Cordero-Maldonado 
ML, Martins TG, Jacmin M, Drury S, Krishna Chinthapalli V, Muhle H, Pendziwiat M, 
Sander T, Ruppert AK, Møller RS, Thiele H, Krause R, Schubert J, Lehesjoki AE, 
Nürnberg P, Lerche H; EuroEPINOMICS CoGIE Consortium., Palotie A, Coppola A, 
Striano S, Gaudio LD, Boustred C, Schneider AL, Lench N, Jocic-Jakubi B, Covanis 
A, Capovilla G, Veggiotti P, Piccioli M, Parisi P, Cantonetti L, Sadleir LG, Mullen SA, 
Berkovic SF, Stephani U, Helbig I, Crawford AD, Esguerra CV, Kasteleijn-Nolst 
Trenité DG, Koeleman BP, Mefford HC, Scheffer IE, Sisodiya SM. CHD2 variants are 
a risk factor for photosensitivity in epilepsy. Brain. 2015 May;138(Pt 5):1198-207. doi: 
10.1093/brain/awv052. 

[30] Trivisano M, Striano P, Sartorelli J, Giordano L, Traverso M, Accorsi P, 
Cappelletti S, Claps DJ, Vigevano F, Zara F, Specchio N. CHD2 mutations are a rare 
cause of generalized epilepsy with myoclonic-atonic seizures. Epilepsy Behav. 2015 
Oct;51:53-6. doi: 10.1016/j.yebeh.2015.06.029. 

[31] Carvill, G. L., McMahon, J. M., Schneider, A., Zemel, M., Myers, C. T., Saykally, 
J., Nguyen, J., Robbiano, A., Zara, F., Specchio, N., Mecarelli, O., Smith, R. L., and 13 
others. Mutations in the GABA transporter SLC6A1 cause epilepsy with myoclonic-
atonic seizures. Am. J. Hum. Genet. 96: 808-815, 2015. 

[32] Suls A, Mullen SA, Weber YG , et al. Early-onset absence epilepsy caused by 
mutations in the glucose transporter GLUT1. Ann Neurol 2009; 66 (3) 415-419 

[33] Mullen SA, Marini C, Suls A , et al. Glucose transporter 1 deficiency as a treatable 
cause of myoclonic astatic epilepsy. Arch Neurol 2011; 68 (9) 1152-1155 

[34] Dibbens LM, de Vries B, Donatello S, Heron SE, Hodgson BL, Chintawar S, 
Crompton DE, Hughes JN, Bellows ST, Klein KM, Callenbach PM, Corbett MA, 
Gardner AE, Kivity S, Iona X, Regan BM, Weller CM, Crimmins D, O'Brien TJ, 
Guerrero-López R, Mulley JC, Dubeau F, Licchetta L, Bisulli F, Cossette P, Thomas 



57 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

PQ, Gecz J, Serratosa J, Brouwer OF, Andermann F, Andermann E, van den 
Maagdenberg AM, Pandolfo M, Berkovic SF, Scheffer IE. Mutations in DEPDC5 cause 
familial focal epilepsy with variable foci. Nat Genet. 2013 May;45(5):546-51. doi: 
10.1038/ng.2599. 

[35] Sim JC, Scerri T, Fanjul-Fernández M, Riseley JR, Gillies G, Pope K, van 
Roozendaal H, Heng JI, Mandelstam SA, McGillivray G, MacGregor D, Kannan L, 
Maixner W, Harvey AS, Amor DJ, Delatycki MB, Crino PB, Bahlo M, Lockhart PJ, 
Leventer RJ. Familial cortical dysplasia caused by mutation in the mammalian target of 
rapamycin regulator NPRL3. Ann Neurol. 2016 Jan;79(1):132-7. doi: 
10.1002/ana.24502. 

[36] Combi R, Ferini-Strambi L, Tenchini ML CHRNA2 mutations are rare in the 
NFLE population: evaluation of a large cohort of Italian patients. Sleep Med. 2009 Jan; 
10(1):139-42. 

[37] Heron SE, Smith KR, Bahlo M, Nobili L, Kahana E, Licchetta L, et al. Missense 
mutations in the sodium-gated potassium channel gene KCNT1 cause severe autosomal 
dominant nocturnal frontal lobe epilepsy. Nat Genet. 2012;44:1188–90. 

[38] Seidner G, Alvarez MG, Yeh JI, O'Driscoll KR, Klepper J, Stump TS, Wang D, 
Spinner NB, Birnbaum MJ, De Vivo DC: GLUT-1 deficiency syndrome caused by 
haploinsufficiency of the blood-brain barrier hexose carrier. Nat Genet 1998, 18:188-
191. 

[39] Weber YG, Storch A, Wuttke TV, Brockmann K, Kempfle J, Maljevic S, Margari 
L, Kamm C, Schneider SA, Huber SM, et al: GLUT1 mutations are a cause of 
paroxysmal exertion-induced dyskinesias and induce hemolytic anemia by a cation 
leak. J Clin Invest 2008, 118:2157-2168. 

 

[40] Klepper J, Scheffer H, Leiendecker B, Gertsen E, Binder S, Leferink M, Hertzberg 
C, Näke A, Voit T, Willemsen MA: Seizure control and acceptance of the ketogenic 
diet in GLUT1 deficiency syndrome: a 2- to 5-year follow-up of 15 children enrolled 
prospectively. Neuropediatrics 2005, 36:302-308. 

 

[41] Kass HR, Winesett SP, Bessone SK, Turner Z, Kossoff EH: Use of dietary 
therapies amongst patients with GLUT1 deficiency syndrome. Seizure 2016, 35:83-87. 



58 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

 

[42 Plecko, B., Paul, K., Mills, P., Clayton, P., Paschke, E., Maier, O., Hasselmann, O., 
Schmiedel, G., Kanz, S., Connolly, M., Wolf, N., Struys, E., Stockler, S., Abela, L., 
Hofer, D. Pyridoxine responsiveness in novel mutations of the PNPO gene. Neurology 
82: 1425-1433, 2014 

 

[43] Hatch J, Coman D, Clayton P, Mills P, Calvert S, Webster RI, Riney K. Normal 
deurodevelopmental Outcomes in PNPO Deficiency: A Case Series and Literature 
Review. 

JIMD Rep. 2016;26:91-7. doi: 10.1007/8904_2015_482. 

[44]Yoneda, Y., Haginoya, K., Kato, M., Osaka, H., Yokochi, K., Arai, H., Kakita, A., 
Yamamoto, T., Otsuki, Y., Shimizu, S., Wada, T., Koyama, N., and 21 others. 
Phenotypic spectrum of COL4A1 mutations: porencephaly to schizencephaly. 

[45] Yoneda, Y., Haginoya, K., Arai, H., Yamaoka, S., Tsurusaki, Y., Doi, H., Miyake, 
N., Yokochi, K., Osaka, H., Kato, M., Matsumoto, N., Saitsu, H. De novo and inherited 
mutations in COL4A2, encoding the ty pe IV collagen alpha-2 chain cause 
porencephaly. Am. J. Hum. Genet. 90: 86-90, 2012. 

[46] Guerrini R, Parrini E. Epilepsy in Rett syndrome, and CDKL5- and FOXG1-gene-
related encephalopathies. Epilepsia. 2012 Dec;53(12):2067-78. doi: 10.1111/j.1528-
1167.2012.03656.x. Review 

[47] Lederer D, Shears D, Benoit V, Verellen-Dumoulin C, Maystadt I. A three 
generation X-linked family with Kabuki syndrome phenotype and a frameshift mutation 
in KDM6A. Am J Med Genet A. 2014 May;164A(5):1289-92. doi: 
10.1002/ajmg.a.36442  

[48] Ng SB, Bigham AW, Buckingham KJ, Hannibal MC, McMillin MJ, Gildersleeve 
HI, Beck AE, Tabor HK, Cooper GM, Mefford HC, Lee C, Turner EH, Smith JD, 
Rieder MJ, Yoshiura K, Matsumoto N, Ohta T, Niikawa N, Nickerson DA, Bamshad 
MJ, Shendure J. Exome sequencing identifies MLL2 mutations as a cause of Kabuki 
syndrome. Nat Genet. 2010 Sep; 42(9):790-3. 

[49] de Pontual, L., Mathieu, Y., Golzio, C., Rio, M., Malan, V., Boddaert, N., Soufflet, 
C., Picard, C., Durandy, A., Dobbie, A., Heron, D., Isidor B., and 12 others. Mutational, 



59 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

functional, and expression studies of the TCF4 gene in Pitt-Hopkins syndrome. Hum. 
Mutat. 30: 669-676, 2009.  

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

[51] International Human Genome Sequencing Consortium. Finishing the euchromatic 
sequence of the human genome Nature 431, 931-945(21 October 2004) 
doi:10.1038/nature03001 

[52] Ng SB, Turner EH, Robertson PD, Flygare SD, Bigham AW, Lee C, Shaffer T, 
Wong M, Bhattacharjee A, Eichler EE, Bamshad M, Nickerson DA, Shendure J. Nature. 
Targeted Capture and Massively Parallel Sequencing of Twelve Human Exomes. 2009 
Sep 10; 461(7261): 272–276. doi: 10.1038/nature08250 

[53] Mercimek-Mahmutoglu S, Patel J, Cordeiro D, Hewson S, Callen D, Donner EJ, 
Hahn CD, Kannu P, Kobayashi J, Minassian BA, Moharir M, Siriwardena K, Weiss 
SK, Weksberg R, Snead OC 3rd. Diagnostic yield of genetic testing in epileptic 
encephalopathy in childhood. Epilepsia. 2015 May;56(5):707-16. doi: 
10.1111/epi.12954. 

[54] Lemke JR, Riesch E, Scheurenbrand T, Schubach M, Wilhelm C, Steiner I, Hansen 

J, Courage C, Gallati S, Bürki S, Strozzi S, Simonetti BG, Grunt S, Steinlin M, Alber 

M, Wolff M, Klopstock T, Prott EC, Lorenz R, Spaich C, Rona S, Lakshminarasimhan 

M, Kröll J, Dorn T, Krämer G, Synofzik M, Becker F, Weber YG, Lerche H, Böhm D, 

Biskup S. Targeted next generation sequencing as a diagnostic tool in epileptic 

disorders. Epilepsia. 2012 Aug;53(8):1387-98. doi: 10.1111/j.1528-

1167.2012.03516.x. 

[55] Parrini E, Marini C, Mei D, Galuppi A, Cellini E, Pucatti D, Chiti L, Rutigliano D, 

Bianchini C, Virdò S, De Vita D, Bigoni S, Barba C, Mari F, Montomoli M, Pisano T, 

Rosati A; Clinical Study Group., Guerrini R. Diagnostic Targeted Resequencing in 349 

Patients with Drug-Resistant Pediatric Epilepsies Identifies Causative Mutations in 30 

Different Genes. Hum Mutat. 2017 Feb;38(2):216-225. doi: 10.1002/humu.23149. 



60 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

[56] Trump N, McTague A, Brittain H, Papandreou A, Meyer E, Ngoh A, Palmer R, 

Morrogh D, Boustred C, Hurst JA, Jenkins L, Kurian MA, Scott RH. Improving 

diagnosis and broadening the phenotypes in early-onset seizure and severe 

developmental delay disorders through gene panel analysis. J Med Genet. 2016 

May;53(5):310-7. doi: 10.1136/jmedgenet-2015-103263. 

[57] Gokben S, Onay H, Yilmaz S, Atik T, Serdaroglu G, Tekin H, Ozkinay F. Targeted 

next generation sequencing: the diagnostic value in early-onset epileptic 

encephalopathy. Acta Neurol Belg. 2016 Oct 12. 

[58] Berg AT, Berkovic SF, Brodie MJ, Buchhalter J, Cross JH, van Emde Boas W, 

Engel J, French J, Glauser TA, Mathern GW, Moshé SL, Nordli D, Plouin P, Scheffer 

IE. Revised terminology and concepts for organization of seizures and epilepsies: report 

of the ILAE Commission on Classification and Terminology, 2005-2009. Epilepsia. 

2010 Apr;51(4):676-85. doi: 10.1111/j.1528-1167.2010.02522.x. Epub 2010 Feb 26. 

[59] Miceli F, Soldovieri MV, Ambrosino P, De Maria M, Migliore M, Migliore R, 

Taglialatela M. Early-onset epileptic encephalopathy caused by gain-of-function 

mutations in the voltage sensor of Kv7.2 and Kv7.3 potassium channel subunits. J 

Neurosci. 2015 Mar 4;35(9):3782-93. doi: 10.1523/JNEUROSCI.4423-14.2015. 

[60] Costa C, Prontera P, Sarchielli P, Tonelli A, Bassi MT, Cupini LM, Caproni S, 

Siliquini S, Donti E, Calabresi P. A novel ATP1A2 gene mutation in familial 

hemiplegic migraine and epilepsy. Cephalalgia. 2014 Jan;34(1):68-72. doi: 

10.1177/0333102413498941 

[61] Klomp LW, de Koning TJ, Malingré HE, van Beurden EA, Brink M, Opdam FL, 

Duran M, Jaeken J, Pineda M, Van Maldergem L, Poll-The BT, van den Berg IE, Berger 

R. Molecular characterization of 3-phosphoglycerate dehydrogenase deficiency--a 

neurometabolic disorder associated with reduced L-serine biosynthesis. 

Am J Hum Genet. 2000 Dec;67(6):1389-99. 



61 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

[62] DiFrancesco D. HCN4, Sinus Bradycardia and Atrial Fibrillation. Arrhythm 

Electrophysiol Rev. 2015 May;4(1):9-13. doi: 10.15420/aer.2015.4.1.9. 

[63] Venkataraman A, Nevrivy DJ, Filtz TM, Leid M. Grp1-associated scaffold protein 

(GRASP) is a regulator of the ADP ribosylation factor 6 (Arf6)-dependent membrane 

trafficking pathway. Cell Biol Int. 2012;36(12):1115-28. doi: 10.1042/CBI20120 

[64] Santoro B, Hu L, Liu H, Saponaro A, Pian P, Piskorowski RA, Moroni A, 

Siegelbaum SA. TRIP8b regulates HCN1 channel trafficking and gating through two 

distinct C-terminal interaction sites. J Neurosci. 2011 Mar 16;31(11):4074-86. doi: 

10.1523/JNEUROSCI.5707-10.2011. 

[65] Mignot C, von Stülpnagel C, Nava C, Ville D, Sanlaville D, Lesca G, Rastetter A, 

Gachet B, Marie Y, Korenke GC, Borggraefe I, Hoffmann-Zacharska D, Szczepanik E, 

Rudzka-Dybała M, Yiş U, Çağlayan H, Isapof A, Marey I, Panagiotakaki E, Korff C, 

Rossier E, Riess A, Beck-Woedl S, Rauch A, Zweier C, Hoyer J, Reis A, Mironov M, 

Bobylova M, Mukhin K, Hernandez-Hernandez L, Maher B, Sisodiya S, Kuhn M, 

Glaeser D, Wechuysen S, Myers CT, Mefford HC, Hörtnagel K, Biskup S; 

EuroEPINOMICS-RES MAE working group., Lemke JR, Héron D, Kluger G, 

Depienne C. Genetic and neurodevelopmental spectrum of SYNGAP1-associated 

intellectual disability and epilepsy. J Med Genet. 2016 Aug;53(8):511-22. doi: 

10.1136/jmedgenet-2015-103451. Erratum in: J Med Genet. 2016 Oct;53(10):720. 

 

 

 

  



62 

Salis Barbara- “Next Generation Sequencing in rare childhood epilepsy of suspected genetic etiology” 

 Tesi di Dottorato in Scienze Biomediche, Curriculum Neuroscienze  

Università degli Studi di Sassari  

6. Supplementary materials 

 

Nextera Technology 

The Nextera™ DNA Sample Prep Kit is designed to prepare genomic 

DNA libraries compatible with the Illumina® Genome Analyzer I and II 

and HiSeq™ 2000 sequencers. Nextera technology employs in vitro 

transposition to simultaneously fragment and tag DNA in a single-tube 

reaction, and prepare sequencer-ready libraries in under 2 hours.  

The Nextera library preparation procedure is a significant improvement 

upon current procedures, which generally consist of distinct DNA 

fragmentation, end-polishing, and adaptor-ligation steps. The Nextera 

library preparation procedure combines these steps into one 

(tagmentation), uses only 50 ng of starting DNA, and allows incorporation 

of platform-specific tags and optional barcodes. 

Target DNA is fragmented and tagged with Nextera Enzyme Mix 

containing transposon ends appended with sequencing primer sites. 

Limited-cycle PCR with a four-primer reaction adds bridge PCR (bPCR)-

compatible adaptors to the core sequencing library. Optional bar codes can 

be added between the downstream bPCR adaptor and the core sequencing 

library adaptor (see Figure S1for preparation details).  
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Figure S1: preparation of samples for Nextera.  
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