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1.	Introduction	
1.1	Epilepsy	
 

Epilepsy is a common neurological disorder that affects 40-50 million people in the world and it is 

most common in childhood1, 70 per 100000 children aged younger than 2 years2. Epilepsy is defined 

by the occurrence of at least two unprovoked seizures occurring more than 24 hours apart. 

Pediatric epilepsies are a highly heterogeneous group of neurologic disorders that encompass a 

number of syndromes with variable severity, ranging from benign with early spontaneous remission 

to progressive encephalopathy refractory to treatment. Epilepsy syndromes are highly heterogeneous 

in terms of seizure types, age of onset, clinical features, electroencephalographic expression, and 

response to treatment. 

Figure 1. Types of seizures. 
 

Seizures are the manifestation of abnormal hypersynchronous discharges of cortical neurons lasting 

for several seconds, minutes, or longer. The clinical presentation of seizures depends upon both the 

location of the epileptic discharges in the cortex and the extent and pattern of propagation of the 

electrical discharges in the brain. In many cases, seizures result in convulsions and loss of 

consciousness. Seizures may also manifest in other ways that affect personality, mood, memory, 

sensation, and/or movement. Blank stares, lip smacking, intermittent eye movements, and jerking 

movements of the extremities are all examples of possible manifestations of seizures. Seizures can be 

classified into various categories (Figure 1).  

Epilepsy may be an isolated neurological symptom, or it may occur as part of a more complex 

syndrome. There are many different causes of epilepsy, including genetic disorders, metabolic 

diseases, and structural brain abnormalities. However, in some cases, the cause of epilepsy is not 



 
4 

known. The International League against Epilepsy (ILAE) has described the underlying causes of 

epilepsy as the following3: 

Genetic: “The concept of genetic epilepsy is that epilepsy is, as best as understood, the direct result 

of a known or presumed genetic defect(s) in which seizures are the core symptom of the disorder3.” 

The genetic contribution must be evident by extensive and replicable molecular studies or familial 

studies (e.g., SCN1A gene has been demonstrated to be associated with GEFS+4). 

Structural/metabolic: If there is a specific structural or metabolic disorder that has been proven in 

various studies to be associated with increased risk of epilepsy, the cause of epilepsy can be defined 

as structural or metabolic. The cause for such disorder can be acquired (e.g., trauma, stroke, infection), 

genetic (e.g., malformations of cortical development) or both (e.g., West syndrome). 

Unknown cause: This means that the underlying cause is yet unknown. Epilepsy might be presenting 

because of either some genetic defect or as a result of disorder that is not yet recognized. Epilepsies 

of unknown cause are classically divided into two main aetiological categories, symptomatic and 

idiopathic: 

• “idiopathic” epilepsies are thought to be caused by a genetic predisposition; 

• “presumed symptomatic” epilepsies are those whose cause is suspected to be induced 

by a pathology that is below the limit of detection of the available diagnostic tests; 

• “symptomatic” epilepsies are caused by an obvious brain abnormality, which can in 

turn be genetically determined or by external factors acting prenatally or after birth5. 

The task is much more complex when the genetic cause is hidden and will only be 

recognizable or hypothesizable later during the course, when a given electro-clinical 

pattern or syndrome will become obvious. For this reason, the category of “genetic 

epilepsy” which has recently been proposed is controversial and, perhaps, somewhat 

uncertain as what is presumed to be symptomatic today, may become genetic after a 

molecular screening, or remain as such if screening is unavailable. 

 

Genetic research in epilepsy represents an area of great interest for both clinical purposes and for 

understanding of the mechanisms underlying epilepsy. 

Epilepsy represents a clinical manifestation that is often observed as part of complex 

neurodevelopmental disorders including intellectual disability and autism6. Although ion channel 

genes represent the gene family most frequently causally related to epilepsy, other genes have 

gradually been associated with complex developmental epilepsy conditions, revealing the pathogenic 

role of mutations affecting diverse molecular pathways that regulate membrane excitability, synaptic 

plasticity, presynaptic neurotransmitter release, postsynaptic receptors, transporters, cell metabolism, 
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and many formative steps in early brain development, such as the proliferation and migration of 

neuronal precursors, dendritogenesis, synaptogenesis, cell and glial biology7. 

 

1.2	Genetic	epilepsy	syndromes	without	structural	brain	abnormalities	
 

The idiopathic epilepsies, including 30% of all epilepsies8, are characterized by age-related onset, 

normal neurological and cognitive development, and absence of brain damage. The study of 

electroencephalogram (EEG) anomalies while awake and during sleep is useful to characterize the 

different forms. For some forms with Mendelian inheritance the genetic defect has been identified. 

In a limited number of patients rare forms of idiopathic epilepsies with a dominant pattern of 

inheritance are observed, which occur with repeated seizures in the neonatal or early infantile period, 

and with febrile, generalized, or partial seizures that persist into adulthood. They are of great interest 

as they are caused by alterations in genes that encode voltage-gated ion channel subunits or receptor 

subunits. The identified mutations are located in the neuronal nicotinic acetylcholine receptor in 

familial forms of frontal epilepsy, the K+ channels in benign familial neonatal seizures, the Na+ 

channels in a particular form of generalized epilepsy with febrile seizures, and the gamma 

aminobutyric acid (GABA) receptor in a variant of juvenile myoclonic epilepsy9. However, for the 

most common forms of idiopathic epilepsy, that do not follow a simple Mendelian pattern of 

inheritance, the molecular bases have not yet been defined. It is possible that different mutations can 

cause similar phenotypes in different families or in patients from different geographical areas. The 

phenotypic variability in some families has been ascribed to genetic modifiers (polymorphisms) or 

environmental factors that influence phenotypic expression10. 

 
1.2.1 Severe myoclonic epilepsy of infancy or Dravet syndrome 
 
Dravet syndrome (DS), otherwise known as severe myoclonic epilepsy of infancy (SMEI) [MIM 

607208], is an epileptic encephalopathy presenting in the first year of life11. DS starts at about 6 

months of age in previously healthy infants, typically with prolonged generalized or hemiclonic 

febrile seizures. Between 1 and 4 years, other types of seizures appear, including myoclonic, partial, 

and absence seizures. Hyperthermia, such as fever or a warm bath, often precipitates seizures12. 

Development in the first year of life is normal but subsequently slows and may regress. The EEG 

may be normal until age 2 years when generalized spike wave activity is seen; approximately 10% of 

patients are photosensitive. The magnetic resonance imaging (MRI) scan is either normal or shows 

non-specific features13. Therefore, Dravet syndrome is considered an EE, that is a disorder in which 

epileptic seizures and epileptiform electrical activity impair brain function, although this causal link 

has not yet been clearly demonstrated. The discovery of mutations in the neuronal sodium channel 
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α1 subunit gene (SCN1A) on chromosome 2q in DS14 prompted deeper molecular analysis of this 

severe epilepsy syndrome. Neuronal Na+ channels are essential for excitability, and consist of a 

principal α subunit and accessory β subunits. The frequency of SCN1A mutations in DS is 

approximately 85%15. The majority of patients exhibiting mutations of this gene carry de novo 

mutations (90%); about 40% of these mutations are truncation and 40% are missense mutations. 10% 

of patients who are negative on sequence-based mutational analysis, have copy number variations 

including exonic deletions or duplications that can involve several exons or the whole gene16. Some 

rare patients have a mutation in the GABRG2 gene17 or in SCN1B sodium channel β1 subunit18. 

Germline mosaicism may result in siblings with Dravet syndrome born from an unaffected or mildly 

affected parent carrying a low level of mosaicism for the mutation19,20. SCN1A mutations are also 

commonly found in the border line variant of severe myoclonic epilepsy of infancy (SMEI), whose 

separation from Dravet syndrome may be arbitrary21. Mutations are less commonly found in patients 

that have been categorized within different subgroups exhibiting various elements of Dravet 

syndrome11,22,23. 

In vitro functional studies of many missense SCN1A mutations in human embryonic kidney cells or 

Xenopus oocytes has revealed both gain- and loss-of-function mechanisms, but loss-of function 

without negative dominance seems to be the predominant mechanism of action of both truncations 

and missense mutations causing FS and GEFS+ , which is in agreement with genetic and functional 

studies in Dravet syndrome24. Studies on animal model suggest that Dravet syndrome, and maybe the 

other SCN1A linked seizure disorders, are caused by a decreased excitability of GABAergic 

interneurons owing to SCN1A haploinsufficiency25,26. GABA receptors were long suspected to be 

involved in epileptogenesis. Functional expression of some GABRG2 (Gamma-aminobutyric Acid 

Receptor Type A gamma 2 Subunit) mutations, identified in patients with GEFS+, revealed a 

pronounced loss-of-function by altered gating or defective trafficking and reduced surface expression 

as a common pathogenic mechanism24. Hence, these mutations reduce the main mechanism for 

neuronal inhibition in the brain, which can explain the occurrence of seizures. 

Recent functional studies carried out using human neurons differentiated form induced pluripotent 

stem cells have generated controversial results27–29, similarly to the first functional studies in 

transfected cells. Phenotypes with some clinical features resembling Dravet syndrome have also been 

associated with protocadherin 19 (PCDH19) mutations in a few female patients. See the description 

of the spectrum of PCDH19-related epilepsies in the paragraph below. 
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1.2.2 Generalized epilepsy with febrile seizures plus 
 

Generalized epilepsy with febrile seizures plus (GEFS+) is a familial epilepsy syndrome. It describes 

families who have at least two individuals from different generations with phenotypic heterogeneity 

including: febrile seizures (FS), usually tonic-clonic associated, with a high temperature nearly 

always happen during a period of illness, such as a viral infection, and febrile seizures plus (FS+), 

this is similar to febrile seizures, but the child has seizures beyond the normal age range. Overlap 

with classical idiopathic generalized epilepsy (IGE) is also seen. The course and response to 

antiepileptic drugs may be considerably variable within the same family. GEFS+ was originally 

recognized because of remarkable large autosomal dominant pedigrees with 60-70% penetrance. It is 

likely that most cases, however, occur in small families or are sporadic30. Mutations in genes that 

encode alpha and beta subunits of the voltage-gated Na+ channel (SCN1A and SCN1B) have been 

associated with GEFS+31. In about 10% of families are found missense mutations in SCN1A, resulting 

the commonest identified molecular abnormalities32. In some families, mutations in the gene 

encoding the gamma 2 subunit of the GABAA receptor (GABRG2) have been identified33. The 

phenotypic variability observed in GEFS+ could be linked to the combined action of mutations in 

different genes. Some SCN1A mutations can cause phenotypes extending from different types of 

epilepsy to familial hemiplegic migraine34. It has also been shown that a SCN1A missense mutations, 

identified in families with extreme phenotypes, including Dravet syndrome, cause loss of function 

because of folding defects, which can be rescued by molecular interactions with associated proteins 

or pharmacological chaperones35. These results have been confirmed and extended to typical GEFS+ 

families and Dravet syndrome patients with de novo mutations36. This mechanism may generate 

phenotypic variability and also possibly be used in the development of therapeutic approaches. 

Animal models have confirmed that GEFS+ mutations cause loss of function of SCN1A and reduced 

excitability of GABAergic neurons37. Functional expression of some GABRG2 mutations, identified 

in patients with GEFS+ revealed a pronounced loss of function by altered gating or defective 

trafficking, and reduced surface expression as a common pathogenic mechanism38. Hence, these 

mutations reduce the main mechanism for neuronal inhibition in the brain, similarly to SCN1A 

mutations, which can explain the occurrence of seizures. 

 

1.2.3 Benign epilepsies of the first year of life 
 

The clinical manifestations, which occur in asymptomatic babies, regress and eventually disappear 

spontaneously in benign epilepsies of the first year of life. The regression or the disappearance of 

symptoms is the reason because this group of syndromes are defined as “benign”. These forms are 



 
8 

transmitted with an autosomal dominant pattern of inheritance and are quite rare. Molecular 

diagnosis, where possible, is important in order to avoid unnecessary invasive testing and support 

genetic counselling. The clinical manifestations of these forms of epilepsy are rather similar, the age 

of onset of these forms of epilepsy is variable but the clinical manifestations are quite similar. 

 
Benign familial neonatal seizures (BFNS) 
Recurrent seizures appear from the first days of life up to the 3rd month and disappear spontaneously 

after weeks to months. The seizures can be focal, when involve only one side of the brain, or 

generalized when involve both sides. 

Many infants have generalized tonic-clonic seizures that involve both sides of the brain and affects 

the entire body, causing muscle rigidity, convulsions, and loss of consciousness. EEG is usually 

normal. The risk of seizures recurring later in life is about 15%39. An increasing number of cases with 

learning disability have recently been described40, but usually psychomotor development is normal. 

The inheritance model that characterized BFNS is autosomal dominant with a penetrance of 85%. 

The most mutated gene in patients with BFNS is KCNQ2, encoding the K+ channel voltage-

dependent, KQT-like subtype member, and the mutations are mostly deletions/duplications41. 

In literature a small proportion of BFNS families carrying mutations in KCNQ3 that encodes for 

voltage-dependent K+ channel, KQT-like subtype, member 3, have been also described. 

Both genes form a heteromeric K+ channel, which determines the M-current, influencing the 

membrane potential at rest42. 

The reduction of about 20-30% in the resulting potassium current due to co-expression of the 

heteromeric wild-type and mutant KCNQ2/3 channels is apparently sufficient to cause BFNS43. 

It is not still fully understood why seizures preferentially occur in neonates44, although the reduction 

of the potassium current can cause epileptic seizures by a subthreshold membrane depolarization, 

which increases neuronal firing. Probably this occurs because or the neonatal brain could be more 

vulnerable to changes, even small, of neuronal excitability; or KCNQ2 and KCNQ3 channels, when 

mutated, are replaced by other K+ channels that become functional after the first months of life. 

 
Benign familial neonatal-infantile seizures (BFNIS) 
Seizures observed are similar to seizures observed in children with BFNS. The mean onset age of 

seizures is 3 months and it ranges from the neonatal period to infancy. Remission occurs by 12 months 

with a very low risk of later seizures45,46. SCN2A is the most mutated gene in families with BFNS47. 
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Benign familial infantile seizures (BFIS) 
The seizures are characterized by onset age of seizures around 6 months39 but are very similar to 

seizure observed in BNFS , and in some children in later childhood appear paroxysmal dyskinesia 

(infantile convulsions and choreoathetosis)48. 

Mutations of the PRRT2 gene, in the pericentromeric region of chromosome 16, have been associated 

with familial infantile convulsions, paroxysmal kinesigenic or exercise-induced dyskinesia, migraine, 

or hemiplegic migraine, or in various combinations49. PRRT2 mutations appear to have a high 

prevalence in patients with benign familial infantile seizures (or epilepsy), either alone or in 

association with paroxysmal kinesigenic orexercise-induced dyskinesia (from 40% to 90%), but are 

only rarely detected in sporadic cases and only rarely cause other types of epilepsy. 

A recurrent and frequent frameshift mutation (c.649_650insC, p.R217Pfs*8), found in a large number 

of patients from different ethnic backgrounds, as well as a considerable number of loss-of-function 

and missense amino acid-changing mutations, were identified in PRRT2. The location and type of 

mutation within PRRT2 do not appear to predict the clinical phenotype50. 

Confirmation of PRRT2 mutations in infants with infantile seizures, paroxysmal dyskinesia, or both, 

provides families and clinicians with reassurance that seizures are likely to be self-limited, with an 

excellent prognosis50. Linkage studies have identified another locus on chromosome 1948,51. Several 

families with mutations in the ATP1A2 gene have benign infantile seizures in conjunction with 

hemiplegic migraine52. Rare families with mutations in SCN2A or KCNQ2 have also been described 

in which only infantile seizures occur53,54. 

 
1.2.4 Autosomal dominant nocturnal frontal lobe epilepsy 
 

Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) includes frequent, usually brief, 

seizures occurring from childhood (average seizures onset around 10 years of age), with 

hyperkineticor tonic manifestations, typically in clusters at night during slow-wave sleep. The 

phenotype include also paroxysmal arousals, dystonia-like attacks, and epileptic nocturnal 

wanderings55. Penetrance is estimated at approximately 70-80%. Ictal video-EEG studies suggested 

a defect of a broader network reveling partial seizures originating from the frontal lobe but also from 

parts of the insula and temporal lobe56,57. 

This form of epilepsy is characterized by mutations in the CHRNA4 gene encoding the a4-subunit of 

a neuronal nicotinic acetylcholine receptor58, the CHRNB2 gene encoding the beta2-subunit of 

neuronal nicotinic acetylcholine receptor, and the CHRNA2 gene, encoding the neuronal nicotinic 

acetylcholine receptor alpha2-subunit4,59–61.  
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These receptors are hetero pentamers consisting of various combinations of subunits. The alpha4-

beta2 combination is the most represented in the thalamus and cerebral cortex. All the identified 

mutations are located in the pore-forming M2 transmembrane segments. Functional studies of nAchR 

have produced controversial results, which makes the underlying pathogenic mechanisms unclear. 

Heron et al. reported 4 unrelated families with a severe form of ADNFLE, in which patients had an 

earlier mean age of onset (6 years) than other ADNFLE forms, and frequently showed psychiatric 

features and intellectual disability62. They carried missense mutations in the sodium-gated potassium 

channel gene KCNT1, but no functional analysis was performed. 

 
1.2.5 Autosomal dominant temporal lobe epilepsy 
 

Autosomal dominant temporal lobe epilepsy (ADTLE) is a form of autosomal dominant partial 

epilepsy characterized by focal seizures with prominent auditory symptoms and audiogenic seizures. 

The first clinical manifestations, usually occurring during childhood or adolescence, are auditory 

hallucinations, sometimes accompanied by vision or olfactory manifestations, or dizziness63,64. A 

pathogenic variant in the LGI1 gene encoding a secreted leucine-rich protein that is expressed in brain 

and plays a role in regulating postnatal glutamatergic synapse development65, has been identified in 

approximately one third of families with ADTLE66,67. The LGI1 pathogenetic mechanism remains to 

be clarified. Functional inactivation of one allele leads to ADTLE, whereas silencing of both alleles 

has been observed in several high-gradegliomas68. 

A pathogenic variant in RELN, encodes a secreted protein, Reelin, which has important functions in 

both the developing and adult brain and is also found in the blood serum, has been identified also in 

several affected families69. ADLTE-related mutations significantly decrease serum levels of Reelin, 

suggesting an inhibitory effect of mutations on protein secretion69. 

Data obtained from animal models are more consistent with a direct presynaptic epileptogenic 

mechanism, whereas postsynaptic effects may be more involved in glutamatergic synapse maturation 

and dendritic pruning70,71. 

 

1.2.6 Familial Focal Epilepsy with Variable Foci 
 

Seizures may be generated in different cortical regions (frontal, temporal, frontotemporal, parietal, or 

occipital) and the age of onset varies from infancy to adulthood in affected member within the same 

family. Affected individuals do not show cognitive deficits, although some family members exhibit 

intellectual disability.  
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Recent studies have identified in some of these families mutations in Dishevelled, Egl-10 and 

Pleckstrin domain-containing protein (DEPDC5), the function of which is still unclear, but it might 

be involved in membrane trafficking, G protein signaling and/or modulation of the mammalian target 

of rapamycin complex72–74. Most mutations resulted in a truncated protein and are consistent with 

loss of function. 

 
1.2.7 Febrile seizures 
 

Febrile seizures (FS) affect 2-4% of children between the ages of 3 months and 6 years75. The 

differential diagnosis includes seizures with fever in a child with epilepsy, seizures with central 

nervous system infection, or an acute metabolic disturbance75. FS are classified as a nosological entity 

distinct from epilepsy. The recurrence risk ratios is of 3-5 in first-degree relatives76 where positive 

family history is one of the few known risk factors. About 3-6% of children with FS will have epilepsy 

later in life, including idiopathic generalized epilepsy and temporal lobe epilepsy with hippocampal 

sclerosis that might be related to prolonged FS77. Segregation analysis of a population-based sample 

showed that most FS have polygenic inheritance, although a small proportion have autosomal-

dominant inheritance78. Using large, multigeneration families with presumed autosomal dominant 

inheritance, four loci for FS have been identified (FEB1-FEB4), but no gene defect has yet been 

identified79. 

 

1.2.8 Single gene severe epilepsies and epileptic encephalopathies 
 

With the molecular revolution a genetic basis is also being recognized for an increasing number of 

epileptic encephalopathies of infancy and childhood. Epileptic encephalopathies comprise a 

heterogeneous group of severe epilepsies characterized by several seizure types, frequent epileptiform 

activity on EEG, and developmental slowing or regression that are often having early seizure onset 

and developmental delay, but diverse, sometime distinctive, phenotypes. The number of known 

monogenic determinants underlying epileptic encephalopathies has grown rapidly. De novo dominant 

mutations are frequently identified; somatic mosaicism and recessive disorders are also seen. Several 

genes can cause one electroclinical syndrome, and, conversely, one gene might be associated with 

phenotypic pleiotropy. 

In this section some examples of mutated genes identified in patients with particular forms of severe 

epilepsy are described. 
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PCDH19 (protocadherin 19) 
Protocadherin 19 is a 1148 amino acid transmembrane protein belonging to the protocadherin delta2 

subclass of the cadherin superfamily, which is highly expressed in neural tissues and at different 

developmental stages80. The precise functions of the protein remain so far unknown. 

PCDH19 mutations were first reported to cause epilepsy and mental retardation limited to females 

(EFMR)80, an X-linked disorder surprisingly affecting only females and sparing transmitting males, 

but also often appearing de novo81. PCDH19 associated phenotype is characterized by a variable 

clinical presentation, onset of seizures is between 6 and 36 months, variable degree of psychomotor 

delay and cognitive impairment, ranging from mild to severe mental retardation80,82. The epilepsy 

spectrum associated with PCDH19 mutations is in turn variable and includes mild focal epilepsy 

starting in infancy or epilepsy with recurrent episodes of focal or generalized seizures in series or 

status epilepticus triggered by fever81. 

Males which are hemizygous for PCDH19 mutations have a normal cognitive level and no epilepsy. 

Cellular interference has been proposed to explain the discrepancy between the clinical 

manifestations of heterozygous females and hemizygous males83. This model suggests that if an 

individual has an admixture of two populations of protocadherin cells (mutated and non-mutated) 

then a pathological phenotype occurs. According this model, a normal female or a transmitting male 

have only one protocadherin population of cells, protocadherin wildtype or protocadherin-mutant 

cells, respectively, and therefore they do not present a pathological phenotype. The development of 

genetically modified animal models will allow this puzzling disease mechanism to be better explored. 

 
ARX (Aristaless-Related Homeobox) 
The ARX gene, on chromosome Xp22, is a transcription factor that encodes the Aristaless-related 

homeobox protein, which belongs to the Aristaless-related subset of the paired (Prd) class of 

homeodomain proteins. ARX acts as both a transcriptional repressor and activator in an incompletely 

characterized biochemical cascade and plays an important role in embryogenesis, especially in the 

development of the central nervous system84. 

ARX mutations have been identified in about 10 different clinical conditions, with or without brain 

malformations85–87. A phenotype-genotype correlation has been proposed, malformation phenotypes, 

including X-linked lissencephaly with abnormal genitalia(XLAG), X-linked lissencephaly with 

abnormal genitalia with severe hydrocephalus, and Proud syndrome (agenesis of the corpus callosum 

with abnormal genitalia) are associated with protein truncation mutations and missense mutations in 

the homeobox85,88. On the other hand, non malformation phenotypes, including X-linked infantile 

spasms (ISSX)/West syndrome, Partington syndrome (mental retardation with mild distal dystonia), 

and non-specific X-linked mental retardation (XLMR)85,88 are known to be associated with missense 

mutations outside of the homeobox or expansion of the second polyA tract. 
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Expansions in the first polyA tract are known to cause ISSX/West syndrome (tonic spasms with 

clustering, severe psychomotor delay, and hypsarrhythmia on EEG)89,90, a severe epileptic-dyskinetic 

encephalopathy86, tonic seizures and dystonia without infantile spasms91 and Ohtahara syndrome92. 

 

CDKL5 (cyclin-dependent, kinase-like 5) 
CDKL5 gene, on chromosome Xp22.13, is a member of Ser/Thr protein kinase family and encodes a 

phosphorylated protein with protein kinase activity. 

Mutations in this gene cause early onset intractable seizures, severe developmental delay and, often, 

subsequent appearance of Rett syndrome (RTT) like features93. The phenotypic spectrum associated 

with CDKL5 mutations also includes X-linked infantile spasms syndrome (ISSX)94, a form of 

myoclonic encephalopathy95, and severe encephalopathy with refractory seizures96. Mutations in 

CDKL5 are mainly found in females, suggesting gestational lethality in males, although in some 

papers males harboring mutations in CDKL5 have been described97. Parental germline mosaicism has 

been reported98. In affected females, a seemingly normal early development, followed by onset of 

intractable seizures between the first days and 4th month of life are the early key diagnostic criteria. 

Severe developmental delay with regression become apparent after seizures onset. Seizures are 

usually manifested as infantile spasms, or prolonged tonic seizures followed by spasms and 

myoclonus, with a peculiar electro-clinical pattern99 variably associated with migrating focal seizures 

during the course. Overall, 16.3% of girls with early-onset intractable epilepsy, with or without 

infantile spasms, exhibit either mutations or genomic deletions involving CDKL5100. 

 
STXBP1 (syntaxin binding protein 1) 
STXBP1 gene encodes a syntaxin-binding protein that appears to play a role in release of 

neurotransmitters via regulation of syntaxin, a transmembrane attachment protein receptor101. 

Mutations in this gene have been associated with Ohtahara syndrome or early infantile epileptic 

encephalopathy (EIEE), characterized by early onset of tonic spasms, seizure intractability, a 

characteristic suppression-burst pattern on the EEG and poor outcome with severe psychomotor 

retardation102,103. STXBP1 mutations have also been found in some children with infantile 

spasms104,105. The transition from EIEE to West syndrome occurs in 75% of individuals with 

EIEE102,103. 

 

1.2.9 Epilepsy Aphasia Syndromes 
 

Epilepsy aphasia syndromes including Landau-Kleffner syndrome and continuous spike-

waves in slow sleep are a group of rare, severe EEs with a characteristic EEG pattern and 

developmental regression affecting language, in particular.  
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The lack of evident brain magnetic resonance imaging abnormalities, in addition to a frequent 

positive family history of epilepsy or EEG abnormalities, has always raised the suspicion of 

a genetic etiology. Mutations in the GRIN2A gene encoding the α2 subunit of the N-methyl-

D-aspartate glutamate receptor (also known as GluNR2A) have been identified in 5% of 

patients with centro-temporal spikes, and 20% of nonlesional continuous spike-waves in slow 

sleep and Landau-Kleffner syndrome; functional analysis using in vitro systems has shown a 

gain of function mechanism106–108. Mutations in the GRIN2B gene, encoding the β2 subunit 

of the N-methyl-D-aspartate glutamate receptor, have also been recently identified. The 

GRIN2B associated phenotypes include West syndrome and focal epilepsy with intellectual 

disability, and appear to be very different from that due to GRIN2A mutations109 . 
 

1.2.10 Progressive myoclonus epilepsies 
 

Progressive myoclonus epilepsies (PMEs) represent less than 1% of all epilepsy cases and have a 

variable geographic and ethnic distribution. 

The age onset, the rapid progression of the symptoms, and the prognosis are different and depend on 

the specific aetiology and on the type of causative mutations. 

These genetically heterogeneous disorders share clinical features that include action myoclonus, 

myoclonic jerks that are segmental and arrhythmic, appearing both at rest and as stimulus sensitive 

manifestations, epileptic seizures, predominantly generalized tonic–clonic. Progressive mental 

deterioration, cerebellar and extrapyramidal signs are also present in a variable proportion of 

patients110. Most PMEs result from the intracellular accumulation of abnormal deposit material111. 

Many gene defects underlying PMEs have been identified such as CSTB (Unverricht-Lundborg 

disease), EPM2A, NHLRC1 (Lafora disease), and CLN (3,4,5,6,8,9) gene family (Neuronal ceroid-

lipofuscinoses), but in a considerable proportion of patients the cause remains unknown. 

All forms progress relentlessly, leading to severe disability or death in matter of years, with the 

exception of the Unverricht-Lundborg disease, although disabling, can reach a degree of stabilization. 

 

1.2.11 Genetic Generalized Epilepsy (GGE) with Complex Inheritance 
 
Mode of inheritance 
20-30% of all epilepsies are represented by genetic generalized epilepsies (GGEs) and are 

characterized by absence seizures, myoclonus, and generalized tonic-clonic seizures. 
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There is a partial overlap in age of onset, type, and frequency of seizures, prognosis, and response to 

treatment. In the GGEs are included several sub-syndromes such as: childhood absence epilepsy 

(CAE), juvenile absence epilepsy (JAE), juvenile myoclonic epilepsy (JME), and epilepsy with 

generalized tonic–clonic seizures alone. Generalized spike-wave activity and normal background are 

observed in the EEG. 

Among epilepsies with complex inheritance, GGEs seem very suitable for genetic studies because 

they are common, have a relatively well-defined phenotype and occur in familial clusters. 

Close relatives of GGE probands have 4-10% risk of developing epilepsy112. Higher risk is seen in 

sibling and offspring, and is lower in second-degree relatives. In contrast to monogenic inheritance, 

polygenic inheritance leads to a more rapid decrease of the risk in relatives as the distance from the 

affected individuals increases113. GGEs have a genetic aetiology with complex inheritance. It has 

been suggested that they might result from the interaction of two or more genes114. However a high 

degree of complexity is operating as large-scale exome sequencing of ion channels reveals that rare 

missense variation in known Mendelian disease genes are equally prevalent in healthy individuals 

and in those with idiopathic generalized epilepsy, revealing that even deleterious ion channel 

mutations confer an uncertain risk to an individual depending on the other variants with which they 

are combined115. 

 
Molecular basis 
Linkage studies on a large number of families with GGE have identified several susceptibility loci 

(18q, 2q, 3q, and 14q)116. In rare families, pathogenic mutations in single genes have been reported 

such as: mutations in the GABRG2 gene in families with febrile seizures and childhood absence 

epilepsy117, mutations in the GABRA1 gene in family with dominantly inherited juvenile myoclonic 

epilepsy118, and mutations in CLCN2 in families with heterogeneous GGE phenotypes, including 

childhood absences epilepsy119. Rare variants in CACNA1H have been identified in childhood 

absence epilepsy and other generalized epilepsy phenotypes120. Finally, other susceptibility genes for 

GGE are GABRD121, ME2122, BRD2123, and NEDD4L124. 
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1.2.12 Phenotypic and Genetic heterogeneity 
 
In epilepsy phenotypic heterogeneity or pleiotropy is increasingly recognized, mutations in a single 

gene cause different phenotypes (Table 1). 

Epilepsy syndromes  

 

Onset 

age 

Gene 

>= 50% 

of cases 

10–50% 

of case 

5–10% of 

cases 

< 5% of 

cases 

unknown % of cases 

Early myoclonic 

encephalopathy  

0-3 

months 

    PIGA, SETBP1, SIK1, 

SLC25A22 

Early-onset epileptic 

encephalopathy 

0-3 

months 

 KCNQ2, 

CDKL5, 

SCN2A, 

STXBP1 

 GNAO1 AARS, CACNA2D2, 

NECAP1, PIGA, QARS, 

SCN8A, ARX, DOCK7, 

SLC25A22, SLC35A2, 

WWOX 

Early infantile 

epileptic 

encephalopathy 

(Ohtahara syndrome) 

0-3 

months 

 CDKL5, 

SCN2A, 

STXBP1 

 GNAO1, 

KCNQ2 

KCNT1, PIGQ, ARX, 

DOCK7, SLC25A22, 

SLC35A2, WWOX 

Dravet syndrome 6-12 

months 

SCN1A    GABRA1, GABRG2, 

HCN1, KCNA2, SCN1B, 

STXBP1 

Infantile spasms 3-12 

months 

 CDKL5, 

SCN2A, 

STXBP 

 GNAO1 ALG13, DNM1, FOXG1 

duplications, GABRA1, 

GABRB3, GRIN1, 

GRIN2A, GRIN2B, 

IQSEC2, KCNT1, 

MAGI2, MEF2C, 

NEDDL4, NDP, NRXN1, 

PIGA, PLCB1, PTEN, 

SCA2, SCN1A, SCN2A, 

SCN8A, SETBP1, SIK1, 

SLC25A22, SLC35A2, 

SPTAN1, 

ST3GAL3, STXBP1, 

TBC1D24, TCF4, ARX, 

DOCK7, SLC25A22, 
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SLC35A2, WWOX, 

Epilepsy of infancy 

with migrating focal 

seizures 

0-6 

months 

KCNT1 SCN2A, 

SCN1A 

  PLCB1, QARS, SCN8A, 

SLC25A22, TBC1D24, 

SLC12A5 

Other predominantly 

myoclonic epilepsies 

0–1 

years 

    EEF1A2, MEF2C, 

SCN1A, SLC2A1, 

SPTAN1, SYNGAP1, 

TBC1D24 

>1 year     CHD2, MEF2C, 

SYNGAP1, UBE3A 

Other predominantly 

focal or multifocal 

epilepsies 

 

0–6 

months 

     ARHGEF9, DEPDC5, 

SCN1A, TBC1D24, 

PNKP, SLC2A1 

6–12 

months 

    ARHGEF9, DEPDC5, 

FOXG, MBD5, PIGO, 

SLC13A5 

>1 year     ARHGEF9, DEPDC5, 

MBD5, PCDH19, POLG, 

TNK2, ZEB 

Epilepsy with 

myoclonic–atonic 

seizures 

>1 year   SLC2A1 SLC6A1 GABRA1, GABRG2, 

SCN1A, SCN1B 

Lennox-Gastaut 

syndrome 

>1 year     ALG13, DNM1, FLNA, 

GABRB3, GLI3, 

HNRNPU, SCN1A, 

SCN2A, SCN8A, STXBP1 

Epilepsy–aphasia 

spectrum 

>1 year  GRIN2A    

Table 1. Genetic causes of epilepsy syndromes. Only non-chromosomal, non-malformative, and non-metabolic disorders are included. 
Only genes with more than one case reported are included125. 
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Many factors contribute to phenotypic heterogeneity, including the following: 

• type and timing of mutations during development; 

• timing and location of physiological gene expression; 

• epigenetic factors; 

• modifier genes126–128. 

The epilepsy syndromes associated with a gene might range from a benign seizure disorder to an 

epileptic encephalopathy. 

For example, KCNQ2 mutations cause the benign familial neonatal epilepsy syndrome129. This 

disorder results from autosomal dominant inheritance with high penetrance. KCNQ2 mutations are 

also associated with a severe neonatal onset epileptic encephalopathy characterized by tonic seizures 

and profound developmental impairment, sometimes presenting as Ohtahara syndrome130. These 

patients often have de novo KCNQ2 mutations, which might be dominant negative, with far more 

profound negative effect on channel function than those that cause benign familial neonatal 

epilepsy131. 

The severity of the epilepsy syndrome not only might differ with mutations in a specific gene, but the 

nature of the syndrome might be surprisingly different. 

Mutations in KCNT1 gene, that encode for sodium activated potassium channel, cause one of the most 

severe epileptic encephalopathies, epilepsy of infancy with migrating focal seizures. De novo 

mutations in KCNT1 are observed in 50% of cases and leading to a three times gain in channel 

function132. KCNT1 mutations were identified also in severe autosomal dominant nocturnal frontal 

lobe epilepsy133 and rarely observed also in case of Ohtahara syndrome and West syndrome134. 

Functional studies show a possible phenotype-genotype association, with a 13 times increase in 

channel amplitude in Ohtahara syndrome135. Although autosomal dominant nocturnal frontal lobe 

epilepsy and epilepsy of infancy with migrating focal seizures share focal seizures and a genetic 

aetiology, their electroclinical pattern is quite distinct. 

Genetic heterogeneity occurs in every epilepsy syndrome. Even in the prototypical genetic epileptic 

encephalopathy, Dravet syndrome, in which more than 80% of patients have a SCN1A mutation, other 

genes (eg, STXBP1 and GABRA1) account for a small proportion of cases136. 
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Analysis of larger numbers of genetically homogeneous cases could demonstrate clinical features that 

distinguish the phenotype. For example, epilepsy with myoclonic-atonic seizures, described by 

Doose137, is associated with mutations in CHD2 or SLC2A1 in a small proportion (4%) of cases; 

CHD2 is associated with clinical photosensitivity and SLC2A1 is associated with paroxysmal 

exercise-induced dyskinesia138. Each genetic entity might show subtly different phenotypic features 

that help diagnosis and, in turn, might have treatment implications, such as the ketogenic diet in 

glucose transporter 1 deficiency due to mutations in SLC2A1. 

The knowledge of genetic causes of epilepsy is likely to further expand, since WES and multigene 

panels are applied to epilepsy syndromes and identification of causative mutations becomes more 

straight forward from a bioinformatic perspective. 

1.3	Next	Generation	Sequencing	
 

The sequencing revolution began right about 10 years ago with the invention of massive parallel 

sequencing techniques139. When only a few genes, mostly for ion channels, had been causally 

associated with epilepsy in large, multigenerational pedigrees, and the overall feeling was that the 

Mendelian epilepsy syndrome was the consequence of mutations affecting one gene alone and very 

few genes were involved. 

In the Next Generation Sequencing (NGS) technologies, fragmented DNA is amplified and sequenced 

in parallel, then aligned to the reference genome and evaluated for nucleotide changes and small 

insertions/deletions by bioinformatics software. The first human genome sequencing published in 

2001 took 15 years to complete and cost approximately $3 billion140. The new Illumina HiSeq X Ten 

System can sequence 40 to 50 whole genomes per day at a cost of around $1000 per genome with an 

average coverage depth of approximately 30X141. 

DNA sequencing capabilities have been increasing at an outstanding rate, with the data output of 

NGS more than doubling each year. NGS sequencing experiments produce millions to billions of 

short sequence “reads” at a high speed generating a huge amounts of raw data. For example, the raw 

data produced by Illumina HiSeq2500 platform add up to 1TB per run, covering 150-180 human 

whole exome sequencing (WES) samples at a depth of 50x or higher (Illumina Inc.). The increasing 

of data production has shifted the bottleneck of NGS from producing sequence data to data 

management, analysis, and summarization. 

Three basic approaches have been used to study the role of rare variation in mendalian disorders: trio-

based studies, case-control studies, and familial segregation studies. 
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Trio-based studies: To identify de novo mutations in patients, the patient and both unaffected parents 

(referred to as a trio) are sequenced to identify genomic sites where the patient, or “proband,” has an 

allele that is not observed in either parent. 

Trio-based assessments of inherited mutations: The same exome sequence data used to identify de 

novo mutations can, of course, also be used to study inherited variants. Because trios are ascertained 

on the basis of the affected proband, mutations that increase disease risk will be preferentially 

transmitted. 

Case-Control Studies: Rare variation from exome and genome sequencing can be studied using a 

case-control study design that looks for enrichment at the variant, gene, or gene-set level. There are 

generally insufficient copies of the rare alleles to have sufficient power to test a single variant. 

Consequently, rare variants must be grouped together across a gene, or sets of biologically linked 

genes, for case-control association testing. The most straightforward way to study rare variants 

collectively is a collapsing analysis, whereby the total number of rare alleles in cases for a particular 

gene or pathway is tested against the number of equivalent alleles in controls142. 

Many patients, who receive conventional clinical evaluation and targeted genetic testing performed 

with Sanger sequencing, remain without specific diagnosis even after extensive workup. This has 

serious consequences for patients and their families, preventing the access to the right treatment or 

accurate counseling for pregnancies and prognosis. 

Not surprisingly, NGS has led to a large number of genetic discoveries and increase the knowledge 

of epilepsy genetics143. From 2007 to 2013, OMIM entries for new Mendelian diseases increased by 

87%, with many of those discoveries associated with neurologic disorders144. 

Next-generation sequencing technology first changed the approach for genetic research and discovery 

and is now transforming clinical testing145,146. 

The emergence of faster NGS technologies has led to new diagnostic strategies with increasing levels 

of complexity, each with its pros and cons. These include panel testing, whereby between two and 

several hundred genes are sequenced in parallel, as well as whole exome sequencing (WES) that is 

not limited to selected genes, as for gene panels, but includes the coding of almost all the known 

human genes (about 20.000) and full-scale whole genome sequencing (WGS) which sequencing the 

entire genome. 
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1.3.1 Whole Genome Sequencing (WGS) 
 

Whole-genome sequencing delivers a comprehensive view of the entire genome, unlike focused 

approaches such as exome sequencing or targeted resequencing, which analyze a limited portion of 

the genome. It is ideal for discovery applications, such as identifying causative variants and novel 

genome assembly. 

WGS has been mostly used to identify the genetic bases of disease in single families147,148. 

A single WGS study has been published in a small cohort of patients with epilepsy134 which makes 

an assessment of this technique in genetic epilepsies still premature (Table 2). 

Whole-genome sequencing can detect single nucleotide variants (SNV), insertions/deletions, copy 

number variants (CNVs), and large structural variants (SV). 

Rapidly dropping sequencing costs and the ability to produce large volumes of data with today’s 

sequencers make whole-genome sequencing a powerful tool for genomics research. Advantages of 

WGS are so many, i.e.: provides a high-resolution, base-by-base view of the genome, captures both 

large and small variants that might otherwise be missed, identifies potential causative variants for 

further follow-on studies of gene expression and regulation mechanisms and delivers large volumes 

of data in a short amount of time to support assembly of novel genomes. 

This approach produces library without any capture related-issues because overcame the targeting 

capture, and leads to obtain very homogenous coverage. Coverage is the average number of reads 

that align known reference bases, and it is calculated at a single nucleotide level and more the reads 

overlapping a region higher will be the coverage. This peculiarity permits to detect large structural 

variants and copy number variants. 

The pro of WGS, the huge amount of data produced, become also its con, because we are not still so 

strength in the evaluation of single nucleotide polymorphisms (SNPs) or CNV in the no coding 

regions of human genome. Usually the data analysis of WGS is focused only on the 1-2% of genome, 

coding for proteins. WGS is only for research use so far, although probably it will become soon a 

new diagnostic tool147,149. 

 

  



 
22 

 
1.3.2 Whole Exome Sequencing (WES) 
 

Whole exome sequencing (WES), focusing on the most informative regions of the genome, and 

scanning thousands of genes simultaneously, is an alternative to gene-panel testing and locus specific 

analysis to investigate the molecular basis of genetic disorders in research and clinical diagnostics 

set-ups. 

WES is less complex and expensive than WGS since sequencing the coding regions only reduces 

wet-lab, computational and data storage costs. An obvious advantage of WES is that all coding 

regions of all genes (about 20.000) are sequenced simultaneously, but technological limitations mean 

that some regions of the genome are not covered as well as others, and larger deletions/duplications 

usually cannot be detected. CES indicates a WES analysis performed in a laboratory certified by 

Clinical Laboratory Improvement Amendment (CLIA), College of American Pathology (CAP), or by 

the International Organization for laboratories. These quality and competence management systems 

ensure that the quality of the results is sufficient to be reported to the patient by a physician and 

entered in the patient’s medical record150. Whole exome sequencing (WES) is typically seen the final 

stop on the diagnostic odyssey; however, it may make sense to bypass panels and go straight to WES 

for patients with additional features suggestive of a genetic syndrome (e.g. dysmorphic features, 

multiple congenital anomalies, etc.). 

The WES diagnostic yield observed in clinical diagnostic testing of suspected monogenic diseases 

ranges from 22 to 31% but depends on several factors including phenotype (with early age of onset, 

consanguinity or recurrence in sibling considerably raising the rate of positive findings) and the 

sequencing strategy used (trios analysis for de novo mutations; quartets analysis for recessive or 

compound heterozygous conditions)145. In the epilepsies of suspected genetic origin, the molecular 

yield of WES ranges from 17% to 72%. These considerably different values are probably due to both 

the small number of enrolled patients in some studies and characteristics of the population studied. 

In a large cohort of unselected and consecutively enrolled patients with epilepsy, which might have 

provided a reasonably unbiased estimate of the diagnostic yield of WES/CES in epilepsy, Helbig et 

al. reported 38.2% solved cases151 (Table 2). 

The rate of variants with uncertain significance (VUS) compared to NGS panels is much lower 

because most WES is done on a trio basis (patient plus both parents). Systematic reanalysis of WES 

data often leads to a diagnosis, so reanalysis of WES data may be beneficial, typically at least 12 

months after the initial uninformative result, when WES results come back as “negative”. 
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If we considered diagnostic yield alone, WES would seem like the appropriate first step for all 

patients. However, for example for a patient with Dravet syndrome, if we tested only with WES, you 

would run the risk of missing a clinically relevant deletion of the SCN1A gene that could be detected 

using different testing strategies. So when deciding which test to order, it’s best to take some time to 

decide which option is best for each case. 

Although WES and CES have been already proposed as diagnostic tools in epilepsy146, gene panel 

sequencing represents, at present, the most widely adopted method for the clinical diagnosis of 

genetic epilepsies, offering a rapid and cost-effective approach to identify mutations. 
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Reference 

 

N° of patients Phenotype(s) NGS method N° of cases 

with likely 

pathogenic 

mutation 

Diagnostic 

yield (%) 

134 6 sporadic severe early-

onset epilepsy 

WGS 4 66% 

147 10 epilepsy (7 out of 10 

with EE) 

WES 7 70% 

152 11 epilepsy  WES 8 72% 

153 18 IS WES 5 28% 

154 50 EOEE WES (data analysis 

restricted to an in 

silico panel of 137 

genes) 

11 22% 

155 84 PME WES 26 31% 

156 264 IS & LGS WES 44 17% 

151 293 epilepsy DES/CES 112 38.2% 

157 356 EE WES 61 17% 

Table 2. Summary of the WGS/WES/CES studies (sorted according to the number of patients) Abbreviations: IS infantile spasms; 
EOEE early onset epileptic encephalopathy; PME progressive myoclonic epilepsy; LGS Lennox-Gastaut syndrome; WGS whole 
genome sequencing 158. 
 
1.3.3 Gene panels 
 

Gene panels contain a select set of genes or gene regions that have known or suspected associations 

with the disease or phenotype under study. Gene panels can be purchased with preselected content or 

custom designed to include genomic regions of interest. Multiple genes can be assessed across many 

samples in parallel, saving time and reducing costs associated with running multiple separate assays. 

Targeted gene sequencing also produces a smaller, more manageable data set compared to broader 

approaches such as whole-genome sequencing, making analysis easier. 
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Regions included in the panel design must be enriched by target capture approaches that are usually 

based upon a multiplexed PCR amplification reaction, DNA hybridization to a capture 

oligonucleotide (either on an array or in solution) or DNA capture via molecular inversion probe 

circularization159. 

Gene panels are increasingly used in a diagnostic setting, replacing a single-gene approach with a 

panel approach of various candidate genes. Gene panels have been used widely for testing for a 

genetic etiology in various epilepsies. 

The first gene panel study was published by Lemke et al. in 2012 using a gene panel of 265 genes on 

a cohort of 33 index patients with various epilepsy phenotypes106. The authors identified presumed 

disease-causing mutations in 16 of 33 patients, demonstrating that gene panel approaches are useful 

diagnostic tools. 

Several studies utilizing gene panels of 35-265 genes have been reported in the literature, with 

diagnostic yields ranging between 10% and 48.5%160–163. 

The diagnostic yield likely depends on the number of genes included on the panel and the phenotypes 

of the patients selected for the analysis. A gene panel with a high number of genes is invariably likely 

to give a high diagnostic yield. However, a higher number of variants of unknown significance may 

also be expected, blurring the interpretation of causative findings due to excessive validation analysis. 

Most studies applying gene panels have not used systematic exon-level deletion and duplication 

testing, possibly missing small structural genomic variants in causative genes. 

The variety of gene panel approaches used in the literature raises the issue of optimal gene panel 

design, which remains an unanswered question to date. 

Considering the rapid advances in the area of epilepsy genetics, a gene panel might become obsolete 

very soon. A possible strategy to keep pace with rapid advances in gene discovery is to develop and 

validate custom gene panels. A better solution seems to be the use of virtual gene panel approach, 

where patients are genotyped by exome sequencing, but only a selected number of known epilepsy 

genes are analyzed and reported. The existing exome data can be reanalyzed when new genes are 

published in the literature. Due to technical reasons, the coverage of individual genes on a designed 

gene panel is superior to the coverage on exomes, but it is not known at this point whether this impacts 

diagnostic yield146. However a well-developed custom gene panel offers a better coverage of the 

targeted genes near to 100%, and this outweighs, at present, these WES/CES potential benefits in a 

diagnostic setting164. 
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1.3.4 Impact of NGS in epilepsy 
 

NGS technology has certainly improved the turnaround time for molecular diagnosis and therefore 

favored more timely decision making for management. A major impact of NGS, has arisen from the 

growing evidence that many sporadic developmental disorders, especially severe early onset 

epilepsies, once considered as potentially recessive in nature, have been demonstrated to arise from 

de novo mutations of dominant genes, with remarkable consequences on genetic counselling and 

prenatal diagnostic procedures165,166. Although inherited mutations in known epilepsy genes only 

account for a small minority of patients7, following the advent of NGS in the field of genetic 

epilepsies, the number of genes that have been associated with monogenic epilepsies has rapidly 

increased to exceeded the number of150,167, highlighting the role of an increasingly broad spectrum of 

biological pathways. NGS has also contributed to delineating the phenotypic spectrum associated 

with known monogenic epilepsy genes. The mass effect of these discoveries is rapidly changing our 

comprehension of the relations between early onset severe epilepsy and the associated neurological 

impairment, progressively narrowing the concept of epileptic encephalopathies and thereby 

influencing treatment choices. 

Several genes have been identified sequencing large cohorts of sporadic patients, such as the Epi4K 

and Euroepinomics Consortia, but also through the study of small cohorts of patients168. The most 

successful NGS studies have been performed in sporadic patients with severe epilepsies (especially 

the early-onset epileptic encephalopathies) using a trios analysis consisting in the WES or WGS 

sequencing of the proband and healthy parents. Through this approach several novel genes have been 

identified carrying de novo mutations causing sporadic epilepsies, thus further highlighting the 

genetic heterogeneity of these conditions125,168. 

Focusing on the analysis to those genes identified in the last four years, Myers and Mefford168 

highlighted that, with a few exceptions, the majority of novel identified epilepsy genes account for 

less than a few dozen of patients. All these findings make it clear how the attempts to correlate 

epileptic syndromes to single genes are, at most, not easy. In addition, there is growing evidence that 

the same gene can be associated to a broader phenotypic spectrum than originally believed169. The 

traditional molecular genetics and the related conceptual approach that have guided clinicians in 

addressing genetic testing has long been one of single-gene sequencing test. The initial gene to be 

tested was selected based of the clinical picture and in patients with epilepsy, on 

electroencephalographic (EEG) and imaging findings.  
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If a disease-causing mutation was not identified, further genetic testing could be subsequently 

requested with specific genes being tested in succession based of their likely association with the 

phenotype. However, this process is expensive and time consuming, at times leading to late 

identification of potentially treatable conditions. 

NGS has significantly changed the diagnostic workflow making it possible to simultaneously 

sequence a large number of genes and to obtain, in a short time, a molecular diagnosis in an increasing 

number of patients. 

 

1.3.5 Bioinformatic behind NGS 
 

Bioinformatics is a recently defined discipline that develops and applies advanced computational 

tools to analyze and interpret high dimensional biological data. 

NGS-based bioinformatics tools are designed to convert signals to data, data to interpretable 

information, and information into actionable knowledge. This process can be conceptualized as170 

(Figure 2): 

 
• Primary analyses: consists of processing raw sequencing instrument signals into nucleotide 

base and short-read data; 

• Secondary analyses: analysis involves the alignment to a reference sequence or de novo 

assembly of the NGS nucleotide reads and subsequent variant detection; 

• Tertiary analyses: provide context to the information generated during an NGS experiment 

by associating the sample-specific genomic profile with disparate descriptive annotations. 

 
 
 
 



 
28 

 
Figure 2. Flow diagram illustrating the major components of a clinical NGS analytical pipeline171. 
 
 
Primary analysis 
Primary analysis convert the raw signals generated by the sequencing instruments into nucleotide 

bases with associated quality scores, and ultimately, short nucleotide sequences or “reads.” In some 

instances, the primary analysis also includes demultiplexing of multiple samples indexed and pooled 

into a single sequencing run. It is a process that has become highly integrated with the sequencing 

instruments and associated onboard software. 

 
Secondary analysis 
Secondary analysis consists of a variable collection of methods that operate together to detect 

genomic aberrations from quality-scored sequence data (Table 3). 

The class of genomic variation profiled can includes: 

• single nucleotide variants, 

• small insertions and deletions, 

• larger alterations like structural rearrangements and copy number changes 

Furthermore, genomic variations can be either constitutional (de novo or inherited) or somatic 

(acquired), affecting only a subset of the body’s cells, such as in cancer. 

 
 
 
 
 



 
29 

Category Tools Available via 

Aligners   

 BWA http://bio-bwa.sourceforge.net/ 

Novoalign http://www.novocraft.com 

Bowtie http://bowtie-bio.sourceforge.net/bowtie2 

Germline callers   

 GATK 

(UnifiedGenotyper/ 

Haplotype Caller) 

https://www.broadinstitute.org/gatk/download 

SAMtools http://samtools.sourceforge.net/ 

Varscan2 http://varscan.sourceforge.net 

SNVMix http://compbio.bccrc.ca/software/snvmix/ 

Somatic callers   

 SomaticSniper http://gmt.genome.wustl.edu/somatic-sniper 

JoinSNVMix2 https://code.google.com/p/joint-snv-mix/ 

Mutect  

SVb tools   

 Delly https://github.com/tobiasrausch/delly 

Breakdancer http://breakdancer.sourceforge.net/ 

PINDEL http://gmt.genome.wustl.edu/pindel/current 

CREST http://www.stjuderesearch.org/site/lab/zhang 
Table 3. Commonly used tools for NGS-based DNA analysis by functional category.  a A selection of commonly utilized NGS analysis 
tools used in secondary analysis work flows. All tools are freely available, although licensing may be necessary to enable for-profit 
use. b SV, structural variant. 
 
 

The first analysis step usually involves the collective alignment of reads to a reference human 

genome. Once reads have been aligned to the genome, are often performed172 the flag or filter of 

duplicate reads likely to be PCR artifacts, and realignment, which leverages a collective view of reads 

around putative insertion/deletion (indel) sites to minimize erroneous alignment of read ends. Variant 

calling involves the comparison of the sequenced reads to their point of alignment on the human 

genome to determine areas that differ on the basis of statistical modeling techniques that aim to 

distinguish genuine genomic variations from errors173. 

Variant calling errors are common, as NGS technologies are inherently less accurate than traditional 

sequencing methods and, therefore, artifacts occur with greater regularity174.  
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This problem is partially corrected for by increasing sequencing depth (i.e., sequencing each base 

position multiple times). Prioritization is often preferred to removal of candidate variants to avoid the 

incorrect and irreversible filtering of a genuine variant call. The filtering or prioritization process can 

involve computational or human efforts, including visual inspection of variant alignments, and can 

be based on empirical cutoffs or more advanced statistical approaches. Criteria used to assess the 

quality of variant calls varies but in general include the frequency with which a variant allele is 

observed in a sample, the base quality of the variant alleles as predicted by the sequencing instrument, 

and the ability of a read containing a variant allele to map uniquely to a single location on the human 

reference genome. Variant callers are also widely recognized as generating very different results and 

often each caller will detect its own distinct set of unique, correct calls175. It is possible under some 

circumstances that no one approach or configuration will be sufficient to achieve acceptable 

performance for a given application, and in such instances the use of parallel and complementary 

methods is advisable in many cases to achieve the required level of sensitivity. 

 

Tertiary analysis 
In tertiary analysis the variants are annotated to determine their biological significance and enable 

functional prioritization and downstream interpretation. This characterization is generally achieved 

using a combination of biological annotation sources including frequency, structural, prediction, or 

evidence-based data (Table 4). 
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 Annotation 

source 

Description Available via 

Population 

frequency 

based 

1000 Genomes 

Project 

Low-coverage whole genome 
sequencing of 2500 healthy humans. 

http://www.1000genomes.org 

 NHLBI Cohort 6500 Sequenced exomes from heart, 
lung, and blood disorder patients. 

https://esp.gs.washington.edu/drupal/ 

 HapMap Project SNPa-based data set to define 
haplotypes across 270 ethnically 
diverse humans. 

http://hapmap.ncbi.nlm.nih.gov 

 gnomAD 123136 exome sequences and 15496 
whole-genome sequences from 
unrelated individuals sequenced as 
part of various disease-specific and 
population genetic studies. 

http://gnomad.broadinstitute.org/ 

Structural 

based 

SnpEff Variant impact on codon and gene 
structure. 

http://snpeff.sourceforge.net/SnpEff.html 

 VEP Variant impact on gene, transcript, 
protein sequence. 

http://www.ensembl.org/info/docs/tools/

vep/index.html 

Prediction 

based 

SIFT Sequence conservation. http://sift.jcvi.org/ 

 POLYPHEN Phylogenetic and structural 
characteristics. 

http://genetics.bwh.harvard.edu/pph/ 

 

 

CONDEL Meta-prediction aggregator. http://omictools.com/sequencing/genome
-resequencing/ driver-mutations/condel-
s654.html 

 MutPred Random forest prediction method. http://mutpred.mutdb.org/ 

 CADD Meta-prediction and annotation 

score. 

http://cadd.gs.washington.edu 

 VAAST Phylogenetic and disease-based 

conservation. 

http://www.yandell-

lab.org/software/vaast.htm 

 MutationTaster Meta-data type integration. http://www.mutationtaster.org 

 ANNOVAR Meta-data, meta-prediction 
aggregator 

http://www.openbioinformatics.org/anno
var/ 

Evidence 

based 

OMIM Disease phenotype–gene 
relationships. 

http://www.omim.org 
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 Human Gene 
Mutation 
Database 

Human inherited disease gene 
lesions. 

http://www.hgmd.org 

 ClinVar Clinical human variation to 
phenotype relationships. 

http://www.ncbi.nlm.nih.gov/clinvar/ 

Table 4. Commonly used tertiary analysis annotation resources. a SNP, single nucleotide polymorphism. 
 

Population frequency-based annotations are often a core component of tertiary analysis because 

variants that are common in the general population are unlikely to have biological relevance in the 

context of a clinical assay. Frequency thresholds are generally applied to remove benign 

polymorphisms from variant lists. 

Structural-based annotations assign the effect of a variant on the transcripts and encoded protein(s) 

based on the resulting amino acid change176. The effect on the encoded protein sequence is 

subsequently categorized using clearly defined rules; for example, nonsense mutations are 

categorized as highly impactful. 

Prediction-based annotations use nucleotide and/or amino acid changes integrated with additional 

contextual data, including evolutionary conservation scores, amino acid substitution matrices, and 

impact on 3D protein structures to infer the variant’s impact on the resulting sequence product. 

Finally, evidence-based annotations are derived from the literature and other historical data171. 

 
1.3.6 Bioinformatic workflow in NGS 
 

When the sequencing on NGS platform was finished, we had a lot of small sequences of DNA, called 

reads. 

The reads were stored in FASTq format, that was a raw format with unaligned reads, consisting in 4 

elements (Figure 3) 

• Identifier: begins with a '@' character and is followed by a sequence identifier and an optional 

description; 

• Sequence letter: is the raw sequence letters; 

• Plus: begins with a '+' character and is optionally followed by the same sequence identifier 

(and any description) again; 

• Base qualities score: encodes the quality values for the sequence in line 2, and must contain 

the same number of symbols as letters in the sequence. 
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Figure 3. Example of Fastq format. 
 

The Base qualities score of the fourth row is generated from NGS platform and is represented as the 

character with an ASCII code equal to its value plus 33. 

ASCII stands for American Standard Code for Information Interchange. Computers can only 

understand numbers, so an ASCII code is the numerical representation of a character such as 'a' or 

'@' or an action of some sort. 

This format has been used for storing both a biological sequence (usually nucleotide sequence) and 

its corresponding quality scores. 

The second step is represented by the alignment of the reads to the reference and results in the 

generation of the BAM file, that also stores aligned reads. At the end of the analysis we obtained a 

variant call format (VCF), which contains all information about variants. VCF is a tab-separated file 

format with columns for the chromosome, position, Single Nucleotide Polymorphism Database 

(dbSNP) ID, reference allele, alternative allele, variant quality, a filter column containing information 

on whether the variant has passed or failed various filters, a column containing extra annotations, and 

finally columns that define the genotype of the variant. One we obtained the VCF format we can 

proceed we the annotation of the data. We gave a list of variants with chromosome, start position, 

end position, reference nucleotide and observed nucleotides, to an annotation tools (i.e. ANNOVAR, 

an efficient software tool that performs  the annotation of variants) (Figure 4). In this way we are 

capable to have for all variants, a value of frequency in population, conservation and the prediction 

of their benign or damaging impact. 
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Figure 4. Summary of common bioinformatic workflow. 
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2.	Aim	of	the	study	
 

Pediatric epilepsies are a highly heterogeneous group of neurologic disorders that encompass a 

number of syndromes with variable severity, ranging from benign with early spontaneous remission 

to progressive encephalopathy refractory to treatment. 

In recent years, major improvements in phenotyping and recognition of distinctive epilepsy 

syndromes, paralleled by new methods in molecular genetics and gene sequencing, especially NGS 

methods, have led to the identification of a large number of new monogenic epilepsies, both inherited 

and de novo in origin, especially in the category of the epileptic encephalopathies, a group of the most 

severe early onset epilepsies, for which de novo mutations have been identified in a plethora of genes. 

Genetic research in epilepsy represents an area of great interest for both clinical purposes and for the 

understanding of mechanisms underlying epilepsy. 

Many patients who received conventional clinical evaluation and targeted genetic testing performed 

with Sanger sequencing remain without specific diagnosis even after extensive workup. This has 

serious consequences for patients and their families, preventing the access to the right treatment or 

accurate counseling for pregnancies and prognosis. Hence, there is growing interest in implementing 

Next-Generation Sequencing (NGS) approaches that deliver fast, and detailed genetic information, 

providing an effective approach for identifying causal variants in Mendelian disease genes. The 

advent of NGS allowed the identification of many new genes and a wide number of mutations 

associated with epilepsy, but despite for many cases the genetic basis remain still unknown. 

In this project we explored the utility of whole exome sequencing (WES) for identifying candidate 

causal mutations in a cohort of children with heterogeneous epilepsies, without etiologic diagnoses 

and complex phenotypes. We selected a cohort of children with complex phenotypes whom were 

already been tested with target sequencing and resulted to be negative. We investigated the genetic 

architecture of epilepsy to understand how mutations are involved in patients with complex 

phenotypes and performed an accurate genotype-phenotype correlation to better define the 

phenotypic spectrum associated with the identified variants. 
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3.	Materials	and	Methods	
 

We selected a cohort of children with complex phenotype characterized by different types of epilepsy 

sometimes associated with additional feature resulted negative to previously molecular tests. We 

assembled two different groups of patients, the first one consisting of trios samples (patient, mother 

and father) and the second one composed only by the patient. 

We sent our samples to two of the most important genomic centers to perform WES: the Beijing 

Genomics Institute (BGI) and the Broad Institute. The trios cohort was sent to the Beijing Genomics 

Institute (BGI) and the singleton cohort to the Broad Institute. 

Patients were referred from the Pediatric Neurology Unit of the Anna Meyer Children’s Hospital, as 

well as from other national and European neurology centers, and exhibiting a wide spectrum of severe 

epilepsy. WES was performed in all patients after obtaining informed consent. We obtained clinical 

information and blood samples of patients. We obtained approval for this study from the Institutional 

Review Board of the Meyer Children’s Hospital. 

3.1	Sample	
 

The peripheral blood samples of patients were collected by physicians of the Pediatric Neurology of 

the AOU Meyer or came from other Italian centers that recruited the samples. We used blood samples 

or genomic DNA of patients and when possible of their parents for molecular tests. The first step in 

the processing of the samples was their storage in our laboratory database giving each patient an 

alphanumeric code. Blood from families was taken in EDTA (Ethylenediaminetetraacetic acid) tube. 

Genomic DNA (gDNA) was extracted from whole blood using a QIAsymphony SP automated robot 

(Qiagen, Hilden, Germany). 

 

3.2	DNA	Quantification	
 

Genomic DNA was quantified using a Quantus Fluorometer and the QuantiFluor ONE dsDNA 

System (Promega, Madison, WI, USA). 

DNA quality was assessed with a Qiaxcel spectrophotometer (Qiagen, Hilden, Germany). 

Absorbance measurements will measure any molecules absorbing at a specific wavelength, DNA will 

absorb at 260nm and will contribute to the total absorbance. For quality control, the ratios of 

absorbance at 260/280 nm and 260/230nm were used to assess the purity of DNA. 
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Ratios of 260/280 + ~1.8 and 260/230 = 2.0-2.2 denote pure DNA. Ratios significantly lower than 

expected may indicate the presence of contaminants. The Qiaxpert Spectrophotometer is loaded with 

2 µl of solution and reads the DNA concentration that will be expressed in ng/µl. gDNA were purified 

and resuspended in correct buffer using the DNA Clean & Concentrator-5 columns (Zymo Research 

Corporation, Irvine, CA, USA). 

3.3	Pipeline	to	bioinformatic	analysis:	GATK	best	practice	
 

In this section we reported the recommendations according to Genome Analysis Toolkit (GATK) for 

bioinformatic analysis (https://software.broadinstitute.org/gatk/bestpractices). according to  

Sequence data obtained from sequencing provider is typically in a raw state (one or several FASTQ 

files) that is not immediately usable for variant discovery analysis. Even if you receive a BAM file 

(file in which the reads have been aligned to a reference genome) you still need to apply some data 

processing in order to maximize the technical correctness of the data. 

This first phase is the pre-processing steps that are necessary in order to prepare data for analysis, 

starting with FASTQ or uBAM files and ending in an analysis-ready BAM file. 

The begin is the mapping of the sequence reads to the reference genome to produce a file in 

SAM/BAM format sorted by coordinate. Next, the duplicates are marked to mitigate biases 

introduced by data generation steps such as PCR amplification. Finally, the recalibration of the base 

quality scores, because the variant calling algorithms rely heavily on the quality scores assigned to 

the individual base calls in each sequence read. 

Pre processing 

This first phase is the pre-processing steps that are necessary in order to prepare data for analysis, 

starting with FASTQ or uBAM files and ending in an analysis-ready BAM file. 

Map to Reference 

The first step is of course to map of the reads to the reference to produce a file in SAM/BAM format 

(in our case we used human genome hg19/b37). Generally, it is recommend to use BWA MEM for 

DNA, but depending on data and how it was sequenced. After the mapping of the reads, the reads are 

sorted in the proper order (by coordinate). Read group information is typically added during this step, 

but can also be added or modified after mapping using Picard AddOrReplaceReadGroups. 
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Mark Duplicates 

Once the data has been mapped to the reference genome, we can proceed to mark duplicates. The 

idea here is that during the sequencing process, the same DNA fragments may be sequenced several 

times. The resulting duplicate reads are not informative and should not be counted as additional 

evidence for or against a putative variant. The duplicate marking process does not remove the reads, 

but identifies them as duplicates by adding a flag in the read's SAM record. Duplicate marking should 

NOT be applied to amplicon sequencing data or other data types where reads start and stop at the 

same positions by design. 

Recalibrate Bases 

Variant calling algorithms rely heavily on the quality scores assigned to the individual base calls in 

each sequence read. These scores are per-base estimates of error emitted by the sequencing machines. 

Unfortunately, the scores produced by the machines are subject to various sources of systematic 

technical error, leading to over-or-under-estimated base quality scores in the data. Base quality score 

recalibration (BQSR) is a process in which GATK developers applied machine learning to model 

these errors empirically and adjust the quality scores accordingly. This allows BQSR to get more 

accurate base qualities, which in turn improves the accuracy of variant calls. The base recalibration 

process involves two key steps: first the program builds a model of covariation based on the data and 

a set of known variants (which you can bootstrap if there is none available for your organism), then 

it adjusts the base quality scores in the data based on the model. There is an optional but highly 

recommended step that involves building a second model and generating before/after plots to 

visualize the effects of the recalibration process. This is useful for quality control purposes. 

Variant Discovery 

Once the data has been pre-processed, can start the variant discovery process. Unfortunately, some 

observed variation is caused by mapping and sequencing artifacts, so the greatest challenge here is to 

balance the need for sensitivity (to minimize false negatives, i.e. failing to identify real variants) vs. 

specificity (to minimize false positives, i.e. failing to reject artifacts). For this complicated balance 

the variant discovery process was divide into two separate steps: variant calling and variant filtering. 

The first step is designed to maximize sensitivity, while the filtering step aims to deliver a level of 

specificity that can be customized for each project. For DNA, the variant calling step is further 

subdivided into two separate steps (per-sample calling followed by joint genotyping across samples) 

in order to enable scalable and incremental processing of cohorts comprising many individual 

samples.  
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This workflow involves running HaplotypeCaller on each sample separately in GVCF mode, to 

produce an intermediate file format called GVCF (for Genomic VCF). The GVCFs of multiple 

samples are then run through a joint genotyping step to produce a multi-sample VCF call-set, which 

can then be filtered to balance sensitivity and specificity as desired. The best way to filter the resulting 

variant call-set is to use variant quality score recalibration (VQSR), which uses machine learning to 

identify annotation profiles of variants that are likely to be real. The drawback of this sophisticated 

method is that it requires a large call-set (minimum 30 exomes, more than 1 whole genome if possible) 

and highly curated sets of known variants. This makes it difficult to apply to small experiments, 

RNAseq experiments, and non-model organisms; for those it is typically necessary to develop hard 

filtering parameters manually. 

Call Variants 

In the past, variant callers specialized in either SNPs or Indels (like the GATK's own 

UnifiedGenotyper), could call both but had to do so them using separate models of variation. The 

HaplotypeCaller is capable of calling SNPs and Indels simultaneously via local de novo assembly of 

haplotypes in an active region. In other words, whenever the program encounters a region showing 

signs of variation, it discards the existing mapping information and completely reassembles the reads 

in that region. This allows the HaplotypeCaller to be more accurate when calling regions that are 

traditionally difficult to call, for example when they contain different types of variants close to each 

other. It also makes the HaplotypeCaller much better at calling Indels than position-based callers like 

UnifiedGenotyper. In the so-called GVCF mode used for scalable variant calling in DNA sequence 

data, HaplotypeCaller runs per-sample to generate an intermediate genomic (GVCF), which can then 

be used for joint genotyping of multiple samples in a very efficient way, which enables rapid 

incremental processing of samples as they roll off the sequencer, as well as scaling to very large 

cohort sizes (e.g. the 92K exomes of ExAC). 

Merge (optional) 

This is an optional step that applies only to the DNA workflow. It consists of merging GVCF files 

hierarchically in order to reduce the number of files that must be handled simultaneously in the next 

step. This is only necessary if you are working with more than a few hundred samples. 
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Joint Genotype 

At this step, all the per-sample GVCFs (or combined GVCFs if we are working with large numbers 

of samples) are gather and pass them all together to the joint genotyping tool, GenotypeGVCFs. This 

produces a set of joint-called SNP and indel calls ready for filtering. This cohort-wide analysis 

empowers sensitive detection of variants even at difficult sites, and produces a squared-off matrix of 

genotypes that provides information about all sites of interest in all samples considered, which is 

important for many downstream analyses. 

Filter Variants 

The best way to filter the raw variant call-set is to use variant quality score recalibration (VQSR), 

which uses machine learning to identify annotation profiles of variants that are likely to be real, and 

assigns a VQSLOD score to each variant that is much more reliable than the QUAL score calculated 

by the caller. In the first step of this two-step process, the program builds a model based on training 

variants, then applies that model to the data to assign a well-calibrated probability to each variant call. 

We can then use this variant quality score in the second step to filter the raw call set, thus producing 

a subset of calls with our desired level of quality, fine-tuned to balance specificity and sensitivity. 

Callset Refinement 

Once the call-set is generated and filtered according to GATK recommendations, there are several 

options for evaluating and refining the variant and genotype calls further, before moving on with the 

study. None of next steps are absolutely required, and the workflow should be adapted to each 

project's requirements. 

Annotate Variants 

We can distinguish two types of variant annotations that differ in both origin and purpose: context 

annotations and functional annotations. 

• Context annotations are typically determined during the variant discovery steps. They provide 

information about the properties of the sequencing data and the genomic context of the variant 

from a technical point of view. They are largely used for filtering purposes. When is required to 

add variant context annotations to a VCF file, whether before or after the filtering step, we can 

use the VariantAnnotator, which can call most annotation modules listed in the tool 

documentation. Note that some annotation modules may have some special input requirements, 

as they may need to see e.g. the original BAM file, a pedigree file, or a minimum number of 

samples. 
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• Functional annotations are predictions of what effect a variant may have on biological function 

based on its position within coding regions, regulatory regions and so on. These depends on 

external databases of known variants and functional predictions. At this time GATK does not 

include any tools that perform functional annotation. The annotation tool that we use internally is 

called Oncotator and is supported in a subset of the GATK forum. Other tools that are widely 

used in the community are SnpEff and Annovar, but they cannot provide any support for their 

use. 

3.4	Human	Phenotype	Ontology	(HPO)	
 

The Human Phenotype Ontology (HPO) provides comprehensive bioinformatics resources for the 

analysis of human diseases and phenotypes, offering a computational bridge between genome biology 

and clinical medicine177. 

The description of phenotypic variation has become a central topic for translational research and 

genomic medicine178, and “computable” descriptions of human disease using HPO phenotypic 

profiles (also known as “annotations”) have become a key element in a number of algorithms being 

used to support genomic discovery and diagnostics. 

There are now 123724 annotations of HPO terms to rare diseases and 132620 to common diseases. 

Using HPO to generate individualized phenotype-driven gene panels for diagnostics led to an increase 

in the diagnostic yield179. 

The algorithm, Phenotypic Interpretation of Exomes (PhenIX) contributed to a diagnostic rate of 28% 

in children in whom previous extensive workups had failed to reveal a diagnosis180. 

The HPO has been used in many ways in research on disease pathophysiology, diagnostics and gene-

discovery projects. It has been used to provide lists of genes associated with one or more HPO terms 

in order to filter lists of candidate genes181, to prioritize candidate genes in exome sequencing studies 

via PhenIX, Phevor or Exomiser182, and to identify known or novel disease genes or to analyze 

structural variation in large cohorts183. 

 
3.5	BGI	project	
 

Beijing Genomics Institute (BGI), is one of the world's genome sequencing centers, headquartered in 

Shenzhen, China. 

We sent to BGI a cohort of 63 samples: 

• 17 trios (patient, father and mother) 

• 2 quartets (patient, sibling affected, father and mother) 

• 1 singleton (patient) 
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The patients have a very severe form of epilepsy syndrome and all patients are already prescreening 

with other molecular technology and resulted all negative. 

 
3.6	BGI	sequencing	
 

The 63 exons were captured from fragmented genomic DNA samples using the SureSelect Human 

All Exon v4 (Agilent Technologies, Santa Clara, CA, USA), and paired-end 90-base massively 

parallel sequencing was carried out on an Illumina HiSeq 2000, according to the manufacturer’s 

protocols (Illumina, San Diego, CA, USA). 

 
Bioinformatics analysis 
The bioinformatics analysis was carried out using an in-house developed pipeline. Sequencing reads 

passing quality filtering were aligned to the human reference genome (hg19) with Burrows-Wheeler 

Aligner (BWA)184. The Genome Analysis Toolkit (GATK)185 was used for base quality score 

recalibration, indel realignment, duplicate removal, and to perform SNP and INDEL discovery and 

genotyping across all samples simultaneously using variant quality score recalibration according to 

GATK Best Practices recommendations172,186. For annotating and filtering data, the SNPeff program 

was used176. The data was further filtered prioritizing the variants with three different inheritance 

models: dominant de novo, heterozygous compound and homozygous recessive. The de novo variants 

were called using the DeNovoGear tool with a 0.9 threshold at the posterior probability of the most 

likely de novo genotype configuration187. All samples had a mean depth of target region covered at 

112X and >97% of bases in the consensus coding sequences (CCDSs) covered by at least 20 reads. 

 
Filtration rules 
We excluded variants with minor allele frequency >1% in either the 1000 Genomes Project (1000g) 

or the Exome Aggregation Consortium (ExAC v0.3) databases.	

We evaluated whether the human protein-coding gene is likely to harbor disease-causing mutations 

using different gene-level prediction tools such as the ExAC (Exome Aggregation Consortium) 

constraint metrics188, the residual variation intolerance score (RVIS, based on ExAC v2 release 2.0)189 

and the gene damage index (GDI)190. Furthermore, to improve the use of existing variant-level 

methods such as the CADD, we also used the mutation significance cutoff (MSC) server191, a 

quantitative approach that provides gene-level and gene-specific phenotypic impact cutoff values. 

Mutations’ pathogenicity for the identified variants has been evaluated through in silico prediction 

using the dbNSFP database (v3.0a), which provides functional prediction scores on more than 20 

different algorithms (https://sites.google.com/site/jpopgen/dbNSFP). To assess the effects of 

variants, we used both the dbNSFP ensemble rank scores MetaSVM and MetaLR192. In addition, we 
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used the scores obtained from Revel193, M-CAP194 and Eigen195, three different bioinformatics tools 

to evaluate the pathogenicity of rare variants. 

We submitted for validation and segregation testing by Sanger sequencing candidate de novo variants 

that were predicted to alter protein function (non-synonymous, stop-gain, stop-loss, frameshift and 

splice-junction mutations).	

	

3.7	Epi25k	Consortium	
 

The Epi25k Consortium represents the unification of various consortia dedicated to the study of 

epilepsy, including Epi4K, EPIGEN, EuroEPINOMICS, the Epilepsy Phenome/Genome Project, 

EpiPGX, SANAD, and EpiCURE. Each of these large, multinational projects maintains a DNA 

repository. The objective of this collaboration is to combine genotype, phenotype, and genomic 

sequencing data from Epi25K GWAS and genome sequencing (WES and WGS) studies, and to 

perform joint analyses of these datasets. It is the largest sequencing project in the epilepsies, 

responding to a call by the National Human Genome Research Institute (NHGRI). Epi25K samples 

are currently being selected and shipped. Many of the samples have been ideally consented, and for 

some of the collections the DNA is verified to be of high quality (and in all cases is collected from a 

blood sample can be sequenced PCR-free). The prioritization of samples from a phenotypic 

standpoint is decide by the Epi25K Consortium, in consultation with the CCDG at the Broad Institute. 

The Epi25 project should be able to collect and sequence around 25,000 individuals with epilepsy, 

helping us to achieve the next, necessary level for gene discovery in human epilepsies. At this time 

only the first 6000 patients have been sequenced and the project is still ongoing. 

Together, the consortium’s sample collection is the best resource in the world for genetic studies of 

epilepsy, both in terms of numbers of patients included and the quality of phenotypic information 

available. 

We sent to Broad institute a cohort of 117 patients with severe form of epilepsy. 

3.8	Epi25k	sequencing	
 

The 117 samples exon were captured from fragmented genomic DNA samples using the Rapid 

Illumina's TruSeq Exome Capture (Illumina, Inc., San Diego, CA, USA) and for all samples 

sequenced before November of Nextera Rapid Capture Exomes. There is only a slight difference in 

hybridization between the two kits, but both utilize Illumina Nextera sample prep and Illumina Rapid 

Capture Enrichment with ICE bait. 

The kits cover 214405 exons with a total size of about 37 Mb. Sequencing was done using either the 
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NextSeq500 or HiSeq4000 sequencers (Illumina, Inc.) to produce 2 × 150 bp reads, and always 

pooling up to 9 WES per lane. 

Raw sequencing reads were converted to standard fastq format using bcl2fastq software 2.17.1.14 

(Illumina, Inc.), and fed to developed pipeline for the analysis of WES data that is based on the 1000 

Genomes Project (1000G) data analysis pipeline and GATK best practice recommendations, which 

includes widely used open source software projects. 

In the data of singleton cohort, the patients losing the genetic familiar background and can’t perform 

a classical trios analysis. 

We decided to process the data analyzing and prioritizing the genes that have high HPO match score 

using Exomiser tools. HPO terms translate the peculiar phenotype features of the patients in particular 

alfa numeric code, recognized from the major exomes tools analyzers. With the help of physicians of 

Pediatric Neurology Unit of the Anna Meyer Children’s hospital, for each patient have been assigned 

the appropriate HPO terms, that explain in the better way the peculiar phenotypic features of patients. 

 

3.9	Exomiser	
 

Exomiser is an application that prioritizes genes and variants in next-generation sequencing projects 

for novel disease-gene discovery or differential diagnostics of Mendelian disease. Exomiser 

comprises a suite of algorithms for prioritizing exome sequences using random-walk analysis of 

protein interaction networks, clinical relevance and cross-species phenotype comparisons, as well as 

a wide range of other computational filters for variant frequency, predicted pathogenicity and 

pedigree analysis196. Exomiser requires ~3GB of ram and roughly 15-90s of computing time on a 

standard desktop computer to analyze a variant call format (VCF) file. Exomiser is freely available 

for academic use from http://www.sanger.ac.uk/science/tools/exomiser. 

The inputs to Exomiser are the called variants resulting from exome sequencing of a rare disease 

patient and, optionally, other affected and unaffected family members. These variants are stored using 

VCF197. The Exomiser scans these VCF files using a single command to first filter the variants and 

then to prioritize the remaining candidates to help researchers identify the causative variant or 

variants. The filtering step is critical in order to reduce the 30,000 variants seen in a typical exome to 

a more manageable size. However, this still typically leaves more candidates (up to 1,000) than can 

be reasonably manually assessed, so some sort of ranking by a prioritization algorithm is necessary 

(Figure 5). The Exomiser comprises a suite of four algorithms for the analysis of NGS data for 

diagnostics or novel disease-gene discovery in the field of rare disease. If the VCF file comprises 

samples from multiple family members, then a PED file is additionally required.  
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The Exomiser initially annotates variants using Jannovar27, and then it removes variants that are off 

the exomic target or that are more common than a user-supplied threshold; it then ranks the remaining 

variants according to their predicted pathogenicity. Finally, the clinical relevance of the genes 

harboring these variants is assessed using one of three phenotype-driven algorithms (PHIVE, PhenIX 

or hiPHIVE) or by a random-walk algorithm that assesses the vicinity of the genes to members of 

disease-gene family on the protein-protein interactome. Users are required to supply HPO terms for 

the phenotype-driven algorithms or a list of seed genes representing the disease-gene family for 

ExomeWalker. 

 

 

 

 

 

 

Figure 5. Overview of the processing steps of Exomiser196. 
 

Exomiser can be run using a set of seed genes if a disease-gene family can be identified. For instance, 

numerous genes mutated in retinitis pigmentosa (RP) have been identified. If it is suspected that a 

patient may have a mutation in a novel gene for RP, then Exomiser can be run with the ExomeWalker 

prioritization method together with a list of NCBI Entrez gene IDs for genes already known to be 

involved in RP. Alternatively, Exomiser can be run using phenotypic similarity–based algorithms 

(PHIVE, PhenIX or hiPHIVE). Here the user needs to enter a list of HPO terms representing the 

clinical manifestations observed in the individual being investigated. The choice of the prioritization 

method and parameters will depend on the clinical or research goal. PhenIX will interrogate only 

known Mendelian disease genes, and it will use only human phenotypic data to calculate phenotypic 

similarities. PHIVE will use mouse phenotypic data to identify candidates. Finally, hiPHIVE can use 

mouse, zebrafish and human clinical data, and it can additionally integrate further candidates on the 

basis of an analysis of the protein-protein interaction network. All of the analyses can be combined 

with additional filter196. 
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3.10	Variants	confirmation	
 

We confirmed and tested the identified variants in the probands and parents by Sanger sequencing. 

For conventional Sanger sequencing, we amplified 50 ng of genomic DNA from patients and their 

parents using the FastStart Taq DNA Polymerase (Roche) and specific primers designed using 

Primer3 plus software (http://www.bioinformatics.nl/cgi- bin/primer3plus/primer3plus.cgi). After 

checking PCR products by 1.5% agarose gel electrophoresis and a purification step with the ExoSAP-

IT (Affymetrix, Santa Clara CA), we analyzed the amplicons by direct sequencing, on both strands, 

using the BigDye Terminator V1.1 chemistry (Life Technologies, Carlsbad, CA), on an ABI Prism 

3130XL automated capillary sequencer (Life Technologies). 

 
Criteria for Pathogenicity of Rare or Novel Variants 
We classified rare or novel variants as being “pathogenic”, “likely pathogenic”, “variant of uncertain 

significance (VOUS)” or “benign” according to the international guidelines of the ACMG Laboratory 

Practice Committee Working Group198. 
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4.	Results	
 

Overall, we analyzed 140 patients for clinical WES, with a comparable number of males and females. 

We solved 16% (22/140) of the total cases, identifying 22 causative mutations, 18 of which (81%) 

are de novo mutations. 

We classified all variants where the parents are not available for segregation testing as potentially 

causative mutation. If we consider also the potentially causative mutations, we obtained a higher yield 

of 24% (34/140). 

The trios cohort, including 63 exomes, consisted in 18 trios (proband, father and mother), 2 quartets 

(proband, sibling affected, father and mother) and one singleton. The major part was analyzed with a 

trio design (parents and index), allowing analyses consistent with all possible patterns of inheritance 

of the disease.  

The singleton cohorts counted 117 exomes, composed only from probands, and in only 20% of cases 

were available. 

We reported all causative or potentially causative mutations in the Table 5. 

 

Cohort Gene Mutation Status Inheritan
ce 

Phenotype In 
HGMD 

Trios GABRA1 NM_000806.5c.865A>C 
p.(Thr289Pro) 

solved de novo Neonatal onset 
epileptic 
encephalopathy and 
severe a 
developmental delay. 
Died 

yes199 

Trios ATP6V1A NM_001690.3:c.298G>T 
p.(Asp100Tyr) 

solved de novo Late infantile EE with 
heterogeneous 
seizures 

no 

Trios CACNA1E NM_001205293.1:c.2104G>A 
p.(Ala702Thr) 

solved de novo Early onset epileptic 
encephalopathy, 
severe intellectual 
disability, spastic 
tetraparesis and 
movement disorder 

no 

Trios DMXL2 NM_001174116.1:c.5135C>T 
p.(Ala1712Val) 
NM_001174116.1:c.4478C>G 
p.(Ser1493*) 

solved het comp Early onset epileptic 
encephalopathy, 
severe intellectual 
disability, spastic 
tetraparesis. Died 

no 

Singleton UBE3A NM_130838.1:c.510_515del 
p.(Glu171_Lys172del) 

solved x-linked Epileptic spasms, 
Hypoplasia of the 
corpus callosum 

no 

Singleton KCNB1 NM_004975:c.1747C>T 
p.(Arg583*) 

solved de novo Developmental 
regression, Epileptic 
spasms, 
Hypsarrhythmia 

no 

Singleton GNAO1 NM_138736.2:c.607G>A 
p.(Gly203Arg) 

solved de novo Intellectual disability, 
Dystonia, Spastic 

yes200 
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tetraparesis, 
Congenital 
nystagmus, Focal 
seizures 

Singleton SCN2A NM_021007.2:c.2576A>G 
p.(Lys859Arg) 

solved de novo Generalized tonic-
clonic seizures 

no 

Singleton PDHA1 NM_000284.3:c.904C>T 
p.(Arg302Cys) 

solved de novo Epileptic spasms, 
Hypsarrhythmia 

yes163 

Singleton PURA NM_005859.4:c.768dup. 
p.(Ile257Hisfs*37) 

solved de novo Intellectual disability, 
Tetraparesis, EEG 
with spike-wave 
complexes, Seizures, 
Generalized 
hypotonia 

yes201 

Singleton ST3GAL5 NM_003896.3:c.1000C>T 
p.(Arg334*) 
NM_003896.3:c.1166A>G 
p.(His389Arg) 

solved het comp Intellectual disability, 
severe, Focal motor 
seizures, Dyskinesia, 
Stereotypic behavior 

no 

Singleton PURA NM_172107.2:c.977A>C 
p.(Gln326Pro) 

solved de novo Intellectual disability, 
severe, Tetraparesis, 
Generalized tonic 
seizures, Epileptic 
encephalopathy, 
Infantile axial 
hypotonia, Uni and 
bilateral multifocal 
epileptiform 
discharges , Focal 
seizures 

no 

Singleton TBC1D24 NM_001199107.1:c.671A>G 
p.(Tyr224Cys) 
NM_001199107.1:c.1008del 
p.(His336Glnfs*12) 

solved het comp Cortical myoclonus, 
Versive seizures, 
EEG with polyspike 
wave complexes, 
Intellectual disability, 
borderline, 
Obtundation status. 

no 

Singleton MEF2C NM_002397.4:c.52_53del 
p.(Gln18Glyfs*16) 

solved de novo Infantile muscular 
hypotonia, 
Abnormality of the 
cerebral white matter, 
Febrile seizures, 
Macrocephaly at 
birth, 
Megalencephaly, 
Abnormal facial 
shape 

no 

Singleton HCN1 NM_021072.3:c.790A>T 
p.(Ser264Cys) 

solved de novo Seizures, Delayed 
speech and language 
development 

no 

Singleton PURA NM_005859.4:c.649del 
p.(Glu217Serfs*8) 

solved de novo Severe global 
developmental delay, 
Epileptic 
encephalopathy, 
Neonatal hypotonia, 
Focal tonic seizures 

no 

Singleton TBC1D24 NM_001199107.21:c.430T>C 
p.(Tyr144His) 

solved Homo 
recessive 

Decreased activity of 
mitochondrial 
complex III, Spastic 
tetraparesis, Status 
epilepticus, 
Decreased activity of 
mitochondrial 
complex II, 
Intellectual disability, 
profound, Focal 
myoclonic seizures, 
Focal tonic seizures 

no 

Singleton NALCN NM_052867.2:c.3542G>A 
p.(Arg1181Gln) 

solved de novo Generalized tonic 
seizures, Atonic 

yes202 
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seizures, Epileptic 
encephalopathy, 
Atypical absence 
seizures, 
Developmental 
regression, 
Expressive language 
delay 

Singleton IQSEC2 NM_001111125.2:c.2890-
2A>G 

solved de novo Focal seizures with 
impairment of 
consciousness or 
awareness, 
Intellectual disability 
moderate, Postnatal 
microcephaly 

no 

Singleton SCN1A NM_001165963.1:c.2983T>C 
p.(Phe995Leu) 

solved de novo Developmental 
stagnation at onset of 
seizures, Premature 
birth, Intellectual 
disability profound, 
Absence seizures 
with eyelid 
myoclonia 

yes203 

Singleton SCN1A NM_001165963.1:c.1624C>T 
p.(Arg542*) 

solved de novo Febrile seizures, 
Generalized tonic-
clonic seizures, Focal 
seizures, Epileptic 
encephalopathy, 
Posterior fossa cyst 

yes19 

Singleton SYNGAP1 NM_006772.2:c.1388_1393del 
p.(Asp463_Leu465delinsVal) 

solved de novo Intellectual disability 
severe, Generalized 
hypotonia, Phimosis, 
Stereotypic behavior, 
Focal seizures 

no 

Singleton CACNA1A NM_001127222.1:c.7423G>A 
p.(Gly2475Ser)*                      
*canonical transcript, no HGMD 
transcript 

potentially 
solved 

untested Broad-based gait, 
Aplasia-Hypoplasia 
of the corpus 
callosum, focal 
seizures, focal tonic 
seizures, anormality 
of the corpus 
callosum, Intellectual 
disability, Epileptic 
encephalopathy 

no 

Singleton TSC2 NM_000548.3:c.2921C>T 
p.(Ala974Val) 

potentially 
solved 

untested Intellectual disability, 
Seizures, Dystonia, 
EEG with continuous 
slow activity, 
Tetraplegia/tetrapares
is, Microcephaly 

no 

Singleton SCN2A NM_021007:c.1976G>A 
p.(Gly659Asp) 

potentially 
solved 

father 
inheritanc
e 

Early onset absence 
seizures, EEG with 
polyspike wave 
complexes, Absence 
seizures with eyelid 
myoclonia 

no 

Singleton GRIN1 NM_007327.2:c.1909G>T 
p.(Ala637Ser) 

potentially 
solved 

untested Autistic behavior, 
Stereotypic behavior, 
Global developmental 
delay 

no 

Singleton ARID1B NM_020732.2:c.1009G>A 
p.(Ala337Thr) 

potentially 
solved 

untested Intellectual disability, 
Versive seizures , 
Epileptic spasms 

no 

Singleton NOTCH3 NM_000435.2:c.3944G>A 
p.(Cys1315Tyr) 

potentially 
solved 

untested Intellectual disability, 
Generalized tonic 
seizures, Autistic 
behavior, Epileptic 
spasms, 

yes204 
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Hypsarrhythmia, 
Focal seizures 

Singleton COL4A1 NM_001845.4:c.4982G>A 
p.(Arg1661His) 

potentially 
solved 

untested Seizures, Aphasia, 
EEG with 
centrotemporal focal 
spike waves, 
Language impairment 

no 

Singleton GPHN NM_020806.4:c.757G>T 
p.(Val253Phe) 

potentially 
solved 

untested Absence seizures, 
Generalized tonic-
clonic seizures 

no 

Singleton KCNQ2 NM_172107.2:c.977A>C 
p.(Gln326Pro) 

potentially 
solved 

untested Intellectual disability 
severe, Dystonia,  
Status epilepticus, 
Bilateral convulsive 
seizures, Multifocal 
epileptiform 
discharges, Postnatal 
microcephaly, Spastic 
tetraplegia 

no 

Singleton STXBP1 NM_003165.3:c.1012C>T 
p.(Gln338*) 

potentially 
solved 

untested Neonatal respiratory 
onset, Neonatal 
hypotonia, Infantile 
spasms, focal tonic 
seizures, abnormality 
of the pereventrivular 
white matter, 
abnormality of the 
cerebral ventricles, 
Intellectual disability 
severe, Epileptic 
encephalopathy 

no 

Singleton COL4A2/                 
MBD5 

NM_001846.2:c.1019C>T 
p.(Ala340Val); 
NM_018328.3:c.2979G>C 
p.(Gln993His) 

potentially 
solved 

untested Intellectual disability 
severe, Generalized 
seizures, Central 
hypotonia, 
Aggressive behavior 

no 

Singleton CDKL5 NM_003159.2:c.2490_2491ins
A p.(Thr831Asnfs*79) 

potentially 
solved 

untested Multifocal 
epileptiform 
discharges, cortical 
dysplasia, epileptic 
encephalopathy 

no 

Table 5. Positive cases found in the global cohort of 140 patients. 
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4.1	Singleton	cohort,	results	in	details	
 

We analyzed the singleton cohort prioritizing the variants using the HPO system. 

In this cohort, we lack the inheritance family information because unfortunately the parents are not 

available for the major of patients. A prioritization system is necessary to reduce the 30,000 variants 

seen in a typical exome to a more manageable size: typically, after filtering steps it leaves more 

candidates (up to 1,000) than can be reasonably manually assessed. We analyzed the data using the 

Exomiser algorithm which ranks the remaining variants according to their predicted pathogenicity 

and HPO ranking. The first step prioritized following the known epilepsy genes and the second 

considered the best phenotype matching. 

We applied the HPO system to classify the clinical indications for WES. We had a mean of 4,1 HPO 

terms for each patient. The majority of the patients had focal seizures (n = 25; 21%), epileptic 

encephalopathy (n= 24; 20%), epileptic spasms (n= 22; 19%) and intellectual disability (n=13; 11%) 

as the most common indications. A summary of the 19 major categories of HPO is shown in the graph 

below (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Major 20 HPO categories. Legend: Focal seizures (HP:0007359), Epileptic encephalopathy (HP:0200134),  Epileptic 
spasms (HP:0011097), Intellectual disability (HP:0010864) ,severe global developmental delay (HP:0001263), Generalized tonic-clonic 
seizures (HP:0002069), Delayed speech and language development (HP:0000750), Hypoplasia of the corpus callosum (HP:0002079), 
Generalized myoclonic seizures (HP:0002123), Intellectual disability moderate (HP:0002342), Epileptic spasms (HP:0011097), Spastic 
tetraparesis (HP:0001285), Generalized tonic seizures (HP:0010818), Status epilepticus (HP:0002133), EEG with polyspike wave 
complexes (HP:0002392), Postnatal microcephaly (HP:0005484), Myoclonic absences (HP:0011150), Focal tonic seizures (HP:0011167), 
Infantile spasms (HP:0012469), Intellectual disability (HP:0001249), Cortical Dysplasia (HP:0001250), Severe global developmental 
delay (HP:0011344). 
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Analyzing the 117 patients using the HPO approach. We identified the underlying pathogenic variants 

in 18 patients (15%), 15 de novo mutations (83%) and 3 compound heterozygous mutations state 

(17%). The most mutated gene resulted to be PURA, with 3 de novo mutations in 3 unrelated patients. 

Other recurrently mutated genes included: SCN1A, SCN2A and TBC1D24 (with two patients each) 

and GNAO1, HCN1, IQSEC2, KCNB1, MEF2C, NALCN, PDHA1, ST3GAL5, SYNGAP1, UBE3A 

(with one patient each). If we also consider the variants of likely pathogenic significance, possibly 

explaining the clinical symptoms of the index patient without parents available to test, we had a 26% 

(30/117) of molecular yield (Figure 7). The proportion of mutations identified in our cohort might be 

slightly underestimated because all patients were already screened by panel analysis. We can also 

found 2 mutations in SCN1A, SCN2A genes already screened with sanger sequencing for all these 

patients, it is due to technical limitations of this technique. 

 

 

 

 

 

Figure 7. All likely pathogenic variants found in singleton cohort. In pink  the pathogenic variants confirmed by  family 
segregation. 
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We found 3 de novo mutations in the PURA gene in 3 unrelated patients, 2 of which resulted to be 

novel mutations and were deletions. The third one was a duplication (c.768dup), and already reported 

in the HGMD database, and associated to hypotonia and developmental delay (Table 6). 

We found three de novo mutations in heterozygous state. The 3 patients showed common clinical 

features of developmental delay and hypotonia. The two patients with novel mutations showed more 

severe phenotype with also epileptic encephalopathy. 

 
 

Patient Gene Mutation Inheritance Phenotype In HGMD 

1 PURA NM_005859.4:c.768dup. 
p.(Ile257Hisfs*37)  de novo 

Intellectual disability, Tetraparesis, EEG 
with spike-wave complexes, Seizures, 
Generalized hypotonia 

yes201 

2 PURA NM_005859.4:c.675_676del 
p.(Val226Glyfs*67) de novo 

Intellectual disability severe, 
Tetraparesis, Generalized tonic seizures, 
Epileptic encephalopathy, Infantile axial 
hypotonia, Uni and bilateral multifocal 
epileptiform discharges , Focal seizures 

no, novel 

3 PURA NM_005859.4:c.649del 
p.(Glu217Serfs*8) de novo 

Severe global developmental delay, 
Epileptic encephalopathy, Neonatal 
hypotonia, Focal tonic seizures  

no, novel 

 
 
PURA encodes for the Pur-α, a highly conserved multifunctional protein that has an important role in 

normal postnatal brain development in animal models. The associated human phenotype of de novo 

heterozygous mutations in this gene is variable, but moderate to severe neurodevelopmental delay 

and learning disability are common to all. Neonatal hypotonia, early feeding difficulties and seizures, 

or 'seizure-like' movements, were also common. Additionally, it is suspected that anterior pituitary 

dysregulation may be within the spectrum of this disorder. Psychomotor developmental outcomes 

appear variable between patients, a more severe phenotype seems to be connected to a disruption of 

Pur repeat III205. 

In the Figure 8, we report a schematic representation of the structure of the Purα protein with 

mutations reported in literature (HGMD and Clinvar), our mutations and the variants present in 

gnomaAD database as negative control. To ensure that each variant in this study was based on the 

same PURA transcript, we focused on the Uniprot canonical transcript (http://www.uniprot.org/) (The 

UniProt Consortium 2017). We focused on a single transcript for PURA: (Uniprot Q00577; 

ENST00000331327.4; NM_005859.4) to cluster the variants in PURA. 

 

 

 

 

Table 6. Causative mutations in PURA gene. 
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We represent the domains of the protein following the Uniprot indications: the N-terminus containing 

a glycine-rich domain that contains a stretch of 18 glycine residues interrupted only by a single serine 

(Gly_D), the central DNA-binding domain containing 3 class of first repeats (I) and 2 class of second 

repeats (II), the “psycho” domain that has homology to polyomavirus large-T antigen from SV40, 

JCV or BKV and other proteins (Psyco); the C-terminal glutamine-rich domains (Gln_D), and the 

glutamate-rich domains (Glu_D)206. 

We can appreciate that almost all variants cluster within or very close to the fuctional domains. We 

can also note that our two novel deletions (NM_005859.4:c675_676del p.(Val226Glyfs*67); 

NM_005859.4:c649del p.(Glu217Serfs*8 ) cluster within the two last repeats of the DNA-binding 

domain. 
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In the singleton cohort we identified pathogenic variants in 15% (18/117) of patients and 17% (3/18) 

of these are in recessive genes: ST3GAL5 (ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 

5) and TBC1D24 (TBC1 Domain Family Member 24). 

We identified two heterozygous variants in ST3GAL5 (NM_003896.3:c.1000C>T 

p.(Arg334*); NM_003896.3:c.1166A>G p.(His389Arg)) in a patient with severe intellectual 

disability, focal seizures, dyskinesia, hyperpigmented skin macules and stereotypic behavior. We 

tested the inheritance of variants in the family with Sanger sequencing and resulted one inherited 

form the father and one from the mother, in a classical compound heterozygous state. 

Ganglioside GM3 is known to participate to the induction of cell differentiation, modulation of cell 

proliferation, maintenance of fibroblast morphology, signal transduction, and integrin-mediated cell 

adhesion. ST3GAL5 codes for a protein that is a type II membrane protein which catalyzes the 

formation of GM3 using lactosylceramide as the substrate. The encoded protein is a member of 

glycosyltransferase family 29 and may be localized to the Golgi apparatus. Mutations in ST3GAL5 

have been associated with Amish infantile epilepsy syndrome. It is an autosomal recessive 

neurocutaneous disorder characterized by infantile onset of refractory and recurrent seizures 

associated with profoundly delayed psychomotor development and/or developmental regression as 

well as abnormal movements and visual loss207. Affected individuals develop hypo or 

hyperpigmented skin macules on the trunk, face, and extremities in early childhood. According with 

literature, we can affirm that the variants we identified can explain the complex phenotype of the 

patient. 

In addition, in two unrelated patients we identified mutations in the TBC1D24 gene. TBC1D24 codes 

for a protein with a conserved domain, referred to as the TBC domain, characteristic of proteins which 

interact with GTPases. TBC domain proteins may serve as GTPase-activating proteins for a particular 

group of GTPases, the Rab (Ras-related proteins in brain) small GTPases which are involved in the 

regulation of membrane trafficking. Mutations in this gene are associated with familial infantile 

myoclonic epilepsy, early infantile epileptic encephalopathy 16208. 

We identified a variant (NM_001199107.21:c.430T>C p.(Tyr144His)) in an homozygous state in a 

patient with decreased activity of mitochondrial complex II and III, spastic tetraparesi, status 

epilepticus, profound  intellectual disability and focal myoclonic seizures. 

Sanger sequencing parent’s segregation revealed that both parents were heterozygous for the variant, 

according with the recessive pattern of inheritance. A second patient was compound heterozygous for 

two TBC1D24 variants (NM_001199107.1:c.671A>G p.(Tyr224Cys) and 

NM_001199107.1:c.1008delT p.(His336Glnfs*12) and presented cortical myoclonus seizures, 
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abnormal EEG pattern with polyspike wave complexes, intellectual disability and obtundation status. 

According with literature, the TBC1D24 mutations can explain the severe phenotype of these patients. 

 

4.2	Trios	result	in	details	
 

In the trios cohort, we identified causative mutations in the GABRA1, ATP6V1A, CACNA1E and 

DMXL2 genes, with a mutation yield of 20% (4/20). The DMXL2 has been identified in a recessive 

quartet. 

 

GABRA1 
 

We found a GABRA1 variant (Gamma-Aminobutyric Acid Type A Receptor Alpha1 Subunit) in a 

patient, prematurely dead at the age of 6 years old. She presented neonatal onset epileptic 

encephalopathy and severe developmental delay. The variant: 

NM_000806.5c.865A>C(p.Thr289Pro) is predicted to be damaging by bioinformatics tools as 

Mutation taster, SIFT and Poliphen and it is not present in all human database (1000genome, EXAC 

and gnomAD). The variant was confirmed by Sanger sequencing and confirmed to be de novo variant. 

This gene encodes a gamma-aminobutyric acid (GABA) receptor. GABA is the major inhibitory 

neurotransmitter in the mammalian brain where it acts at GABAA receptors, which are ligand-gated 

chloride channels. Chloride conductance of these channels can be modulated by agents such as 

benzodiazepines that bind to the GABAA receptor. GABAA receptors are pentameric, consisting of 

proteins from several subunit classes: alpha, beta, gamma, delta and rho. Mutations in this gene cause 

juvenile myoclonic epilepsy and childhood absence epilepsy type 4. Recently, GABRA1 gene 

mutations have been associated to a severe phenotype: epileptic encephalopathy early infantile. 

The variant we found is very near to another mutation that create a change in electric function of the 

channel already described in literature136. This might suggest that our mutation create a similar 

electric change in the channel. In a recent paper of Johannesen K et al, our mutation was been 

subjected to functional analysis using the Xenopus laevis oocyte expression system. Revealing a loss 

of function, without a clear genotype-phenotype correlation199 . According with literature, we can 

affirm that the variant we identified can explain the complex phenotype of the patient. 
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ATP6V1A 
 
In a 12 years old girl with late infantile EE characterized by heterogeneous seizures including spasms, 

dystonic quadriplegia, dyskinesia, severe developmental delay, and congenital microcephaly we 

identified a variant in ATP6V1A (ATPase H+ Transporting V1 Subunit A) gene. This heterozygous 

variant NM_001690.3:c.298G>T (p.Asp100Tyr) resulted to be de novo. The variant is predicted to 

be damaging by bioinformatics tools as Mutation taster, SIFT and Poliphen and it is not present in 

human polymorphisms databases (1000genome, EXAC and gnomAD). 

Mutations’ pathogenicity of ATP6V1A variants has been evaluated through in silico prediction using 

the dbNSFP database (v3.0a), which provides functional prediction scores on more than 20 different 

algorithms (https://sites.google.com/site/jpopgen/dbNSFP). To assess the effects of missense 

ATP6V1A substitution, we used both the dbNSFP ensemble rank scores MetaSVM and MetaLR192. 

In addition, we used the scores obtained from Revel193, M-CAP194 and Eigen195, three different 

bioinformatics tools that evaluate the pathogenicity of rare variants. 

ATP6V1A encodes a component of vacuolar ATPase (V-ATPase), a multisubunit enzyme that 

mediates acidification of eukaryotic intracellular organelles. V-ATPase dependent organelle 

acidification is necessary for such intracellular processes as protein sorting, zymogen activation, 

receptor-mediated endocytosis, and synaptic vesicle proton gradient generation. V-ATPase is 

composed of a cytosolic V1 domain and a transmembrane V0 domain. The V1 domain consists of 

three A and three B subunits, two G subunits plus the C, D, E, F, and H subunits. The V1 domain 

contains the ATP catalytic site. The V0 domain consists of five different subunits: a, c, c', c", and d. 

This encoded protein is one of two V1 domain A subunit isoforms and is found in all tissues. Diseases 

associated with ATP6V1A include Histoplasmosis and Baylisascariasis. Pathways related to 

ATP6V1A include insulin receptor recycling and transport of glucose and other sugars, bile salts and 

organic acids, metal ions and amine compounds. This gene is also associated in HGMD database with 

cutis laxa209. 

ATP6V1A is expressed in the brain, in particular in hippocampus, and it is involved in 

neurotransmitter release and has been linked to schizophrenia. The mutation we identified has been 

included in a paper recently submitted where three ATP6V1A mutations have been studied in patients 

with severe forms of epilepsy. In this paper we suggest ATP6V1A as a new epilepsy candidate gene 

with relevant neurobiological functions. 
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CACNA1E 
 

The patient with CACNA1E variant is a 9 years old female, with early onset epileptic encephalopathy, 

severe intellectual disability, spastic tetraparesis and movement disorder. 

We followed the patient for several years and we performed different genetic tests. We performed as 

a first test a panel of 35 genes and we identified a variant in SLC2A1 (Solute Carrier Family 2 Member 

1) NM_006516.2:c.1001G>A p.(Arg334Gln). However, it resulted inherited from her mother and it 

couldn’t explain the complex phenotype of patient. 

We decided to re-analyze the patient with larger panel of 95 genes, and we identified a variant in the 

DEPDC5 (DEP Domain Containing 5) gene (NM_001242896.1:c.194-3T>C), but the variant 

resulted inherited from her unaffected father. 

Both SLC2A1 and DEPDC5 variants couldn’t explain the complex phenotype of the patient and have 

been classified as variant of uncertain significance (VOUS). 

To further investigate this patient we decided to perfom by WES, analysis that lead to identification 

of a mutation in the CACNA1E gene (Calcium Voltage-Gated Channel Subunit Alpha1 E) 

NM_001205293.1, c.2104G>A p.(Ala702Thr) that resulted de novo and was confirmed by Sanger 

sequencing. The variant is predicted to be damaging by bioinformatics tools as Mutation taster, SIFT 

and Poliphen. It is not present in human variants databases (1000genome, EXAC and gnomAD). 

This gene encode for the Calcium Voltage-Gated Channel Subunit Alpha1 E. Voltage-dependent 

calcium channels are multi-subunit complexes consisting of alpha-1, alpha-2, beta, and delta subunits 

in a 1:1:1:1 ratio. These channels mediate the entry of calcium ions into excitable cells, and are also 

involved in a variety of calcium-dependent processes, including muscle contraction, hormone or 

neurotransmitter release, gene expression, cell motility, cell division and cell death. The alpha-1E 

subunit of the R-type calcium channels, which belong to the 'high-voltage activated' group that maybe 

involved in the modulation of firing patterns of neurons important for information processing. 

This gene has not been demonstrated to be associated to specific phenotypes, despite in literature 

there are functional studies that correlate this gene to epilepsy210 and in a recent paper mutation in 

this gene are described in a patient with epileptic encephalopathy151. For this reason, we can suppose 

a causative role of this variant in the complex phenotype of our patient. This case underlines a long 

clinical procedure to identify the real cause of heterogeneous phenotype, and the strength of WES to 

find a new causative gene. 

 

 

 



 
60 

DMXL2 
 

We identified two variants in the DMXL2 (Dmx Like 2) gene in a patient belonging to a recessive 

quartet, and his affected sister. 

The siblings, shared a very similiar phenotype characterized by early onset epileptic encephalopathy, 

severe intellectual disability, spastic tetraparesis, both died prematurely. 

We performed the whole exome sequencing only in parents and their daughter, because the DNA 

sample of the boy didn’t overcome preliminary quality controls. 

We analyzed the data with all inheritance models. With recessive model, we identified two variants 

in DMXL2 gene in the affected daughter resulted inherited one from the father and one from the 

mother. We confirmed and tested by Sanger sequencing the two variants in all the quartet and they 

resulted present in both siblings, one inherited from the mother and one from the father, as expected 

in the compound heterozygous recessive model. 

This DMXL2 gene encodes a protein with 12 WD domains. Proteins with WD domains are involved 

in many functions including participation in signal transduction pathways. Encoded protein in 

regulation of the Notch signaling pathway (promotes neurogenesis, neural differentiation, role in the 

regulation of embryonic development) has been demonstrated in vitro using several human cell 

lines211. 

The hortologue of this gene as Rav1in yeast, Rabconnectin3a (Rbcn-3a), Rbcn3a in Zebrafish and 

Dmxl2 in mouse. 

 

The DMXL2 gene encodes the synaptic protein rabconnectin-3a which has been identified as a 

putative scaffold protein for Rab3-GAP and Rab3-GEP, two regulators of the GTPase Rab3a. 

Regulator of the H+-ATPase of the vacuolar and endosomal membranes (RAVE) would play an 

important role in adjusting V-ATPase activity212. When the outer environment, specifically the pH 

and ionic salt concentration, of living cells changes, RAVE can regulate V-ATPase assembly by 

separating or combining the V1 and V0 domains213. Currently, it is generally accepted that RAVE is 

a novel protein complex composed of the following subunits: Skp1p (~ 22 kDa), Rav1p (~ 155 kDa) 

and Rav2p (~ 40 kDa). In the RAVE complex, Rav1p binds to Rav2p and Skp1p, while there is no 

direct interaction between Rav2p and Skp1p214. When RAVE regulates reversible V-ATPase 

assembly, it ordinarily binds to subunit E or G of V1215. Active RAVE can contribute to an efficient 

assembly of the C subunit in V-ATPase, whereas with RAVE deficiency, the C subunit is not able to 

bind stably to V-ATPase214. 
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In literature correlation of DMXL2 and epilepsy has not been reported yet, but there is several 

evidence that suggest an important role of this gene in severe epilepsy. Indeed DMXL2 interacts with 

the family of RAB3GAP gene, that is already known to be associated with epilepsy and with the V-

ATPases (H+ ATPases) complex, (ATP-dependent proton pumps that regulate pH homeostasis in 

virtually all eukaryotes) of interest, DMXL2 interacts with ATP6V1A, a new epilepsy candidate gene 

with relevant neurobiologic functions (Figure 9). These data suggest a causative role of DMXL2 in 

the complex phenotype of our patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 9. Interacting Proteins for DMXL2 Gene: STRING Interaction Network Preview. 
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5.	Discussions	
 

Since 2010, whole-exome sequencing (WES) emerged as a powerful tool for the identification of 

genetic variants associated with Mendelian conditions216. 

To date, reported WES detection rates for deleterious variants in rare and heterogeneous genetic 

disorders showed a diagnostic yield between 25 and 31%, making it by far the most powerful 

individual diagnostic test for such conditions, especially in a context of no clear clinical 

diagnosis217,218. Other studies that used different classification criteria and highly selected phenotypes 

or populations reported higher numbers219,220. 

Here we reported the analysis of 140 cases with heterogeneous form of severe epilepsy and family 

structure. Altogether, we found pathogenic or likely pathogenic variants in 34 of the 140 families; an 

overall molecular diagnostic yield of 24%. 

The diagnostic rate of WES we obtained is a little lower the common molecular yield reported in 

literature, but we have to take into account, in order to compare our detection yield among studies 

previously reported in literature, that other studies with a patient cohort similar to our cohort don’t. 

For patients of our cohort, WES was not the first choice of analysis, since single gene testing and big 

panel for epilepsy genes have already been performed. For this reason, our molecular yield resulted 

underestimated in comparison with other studies. However, using WES we were able to resolve very 

complex cases and help patients that had been undergone into a long diagnostic iter, where classical 

genetic diagnosis based on single gene or panel sequencing often led to negative or inconclusive 

results, and would have improved life quality or even benefit from medical treatment, if diagnosis 

was provided earlier. 

To better understand our results, we divided our patients into two different cohorts according to the 

approach of analysis used to study the patients and we compared the diagnostic yield of the two 

cohorts. 

In singleton cohort, we analyzed 117 WES cases with heterogeneous phenotypes of severe epilepsy. 

We identified pathogenic variants in 18 patients. If we considered also the likely pathogenic variants, 

we detected 30 variants. The diagnostic yield in this cohort ranges between 15% (18/117) if we 

consider only the pathogenic variants, and 26% (30/117) if we consider also the likely pathogenic 

variants. In this cohort, we found pathogenic variants in known epilepsy genes, most of these 

muations consisted in single-hits in single genes, with the exception of mutations in four genes 

(PURA, SCN1A, SCN2A, TBC1D24), in which we had recurrent mutations. 

 



 
63 

 This aspect is not surprisingly because we used a singleton approach for diseases exhibiting 

considerable locus heterogeneity, with mutations in many different genes. As reported by the Epi4K 

Consortium, the identification of long list of single-hit genes is very common for these type of 

phenotypes221. 

In this cohort, SCN1A and SCN2A were the two second most recurrently mutated genes, despite 

many of the patients had already been screened for these genes. However, it is not surprisingly, since 

the patients had been analyzed in the past with old molecular techniques that lead to lose some 

mutations for technical limitations222. 

Surprisingly, PURA resulted to be the most mutated gene. We identified three de novo mutations in 

three unrelated patients that share the same phenotypic features: intellectual disability, hypotonia and 

seizures. Two of these mutations resulted novel and both were deletions (c.675_676del and c.649del) 

leading to frameshift mutations (p.(Val226Glyfs*67) and p.(Glu217Serfs*8)). The patients with the 

deletions showed a severe phenotype with severe global developmental delay and epileptic 

encephalopathy. The two novel variants (p.(Val226Glyfs*67) and p.(Glu217Serfs*8)) cluster very 

close one to each other and are located in the central DNA-binding domain, in particular in the class 

I. PUR domains repeats, which are highly conserved throughout evolution206. Probably, the 

clusterization in this conserved domains can explain the severe phenotype of these patients. The third 

mutation (c.768dup. p.(Ile257Hisfs*37)) is located indeed in the “psycho” domain. This domain has 

homology to polyomavirus Large-T antigen from SV40, JCV or BKV and other proteins206. The 

identification of three additional unrelated patients with de novo mutations in PURA provide further 

evidence that PURA is largely, if not solely, responsible for the developmental delay, hypotonia, and 

seizures observed in the 5q31.3 microdeletion syndrome223. Our results expand the number and 

location of mutations in PURA and the associated phenotypes. 

Another interesting result of the singleton cohort analysis, was the identification of pathogenic 

variants in recessive genes. We were able to identify these variants even without the family 

inheritance information, since with our prioritization method the variants were located in highest 

position of importance ranking. This aspect was unexpected but probably, thank to a detailed HPO 

terms correlation, we were able to identify also variants in recessive gene without segregation 

information.  

Our results indicate that the singleton approach is a low-cost, fast but also efficient strategy for the 

identification of variants across different phenotypes. We can conclude that the singleton approach, 

using a HPO prioritization approach, is a promising diagnostic tool that can help in the diagnostic 

screening of patients with complex phenotypes resulted negative to other previously tests. 
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In the trios cohort, we obtained a molecular yield of 20%, 75% in dominant genes and 25% in 

recessive genes. In this cohort, we obtained a higher yield in comparison with the singleton cohort. 

We can explain this difference because in this cohort the phenotype of patients is more uniform (all 

patients present severe epileptic encephalopathy) and also because we have the family information 

that help in the identification of causative variants. The molecular yield of trios cohort obtained in 

our study is underestimated compared with the literature, but we have to consider that our patients 

have already been screened with Sanger sequencing and epilepsy genes panels. 

In the trios cohort, we identified mutations in two known epilepsy genes: GABRA1 and CACNA1E 

and mutations in two new causative epilepsy genes: ATP6V1A and DMXL2. The most interesting 

aspect of the trios approach is the possibility to discover new causative genes and new pathways 

involved in epileptic encephalopathy. 

We found a heterozygous novel variant in the ATP6V1A gene (NM_001690.3:c.298G>T 

p.(Asp100Tyr)) in a patient presenting late infantile epileptic encephalopathy with heterogeneous 

seizures. This gene is not already described associated with epilepsy and also is a gene with a very 

low probability to have mutations. In the context of a scientific collaboration, three additional de novo 

ATP6V1A mutations in patients with similar phenotypes were identified leading to 3 the total number 

of mutations. Functional studies to prove the role of ATP6V1A mutations, including the mutation 

identified in our patient (p.Asp100Tyr), in epileptic encephalopathy were also performed. The 

experimental work on the p.Asp100Tyr missense substitutions indicates that ATP6V1A mutations 

cause developmental encephalopathies with epilepsy through a novel pathomechanism that includes 

both alteration of lysosomal homeostasis and the ensuing abnormal synaptogenesis. The main 

function of v-ATPase is proton transport and acidification of intracellular organelles, in particular 

lysosomes that have critical requirements for low pH. The functional experiments performed on the 

p.Asp100Tyr mutation, causative for a severe phenotype, demonstrated an increased degradation with 

impaired expression of ATP6V1A, and a defective lysosomal maturation with no significant 

impairment of endo-lysosomal pH. This suggests that the p.Asp100Tyr mutation induces activation 

of degradative pathways in cells and that loss of expression with consequent loss of function may be 

at the basis of the severe phenotype observed in this patient. These findings were supported by 

structural modeling results, suggesting that the p.Asp100Tyr mutation decreases protein stability. The 

modelling studies on the available prokaryotic and eukaryotic structures of v-ATPase predicted the 

p.Asp100Tyr (Asp85 in the model) mutation to cause steric hindrance and destabilize protein folding, 

necessary for proton transport. The mutation (p.Asp100Tyr) falls into the A subunit of the V1 domain 

(Figure 10A) and makes a hydrogen bond with Arg89, a guanidium group which makes van der Waals 

contacts with adjacent hydrophobic side chains (Figure 10B/C).  
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As a result, the side chain of Asp85 is closely surrounded by the hydrophobic residues, and its 

replacement with a bulkier tyrosine residue quite likely causes steric hindrance and destabilizes the 

protein folding. This is supported by the FoldX calculation, which predicted a significant increase in 

free energy (about 13 kcal/mol) upon the Asp85Tyr mutation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. Structural mapping of the mutation in the V-ATPase. Structural mapping of the mutation in the V-ATPase. A, Crystal 
structure of the V1 domain from Enterococcus hirae V-ATPase in a nucleotide-bound state (PDB code 3VR6), viewed from the 
extracellular side (upper) and the membrane plane (bottom), shown as the sphere representation. The A, B, D and F subunits are 
colored in cyan, green, blue and brown, respectively, and residues at the mutation sites are colored in red. The non-hydrolysable ATP 
analogue ANP (phosph-oaminophosphonic acid-adenylate ester) is depicted in orange sticks. B, Magnified views of the mutation sites 
presented in the ribbon model. Asp85 is depicted as red sticks, and Arg89, which makes a salt bridge with Asp85, is shown as sticks 
with translucent spheres. Some side chains of hydrophobic residues around Arg89 are shown in translucent spheres, and magnesium 
ion and its coordinated water molecules are depicted as a purple sphere and small gray dots, respectively. Black dotted lines indicate 
hydrogen bonds. Amino acid numbers in parentheses correspond to those of human ATP6V1A. C, Crystal structures of the A subunit 
from Enterococcus hirae (orange) and the cryo-EM structure of the A subunit from Saccaromyces cerevisiae (cyan, PDB code 3J9T) 
V-ATPase. Mutation sites are shown as spheres and colored red for S. cerevisiae and blue for E. hirae. 
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When modeled in hippocampal neuronal cells, these pathogenic mutations produced the same 

significant and divergent effects on lysosomal biogenesis and endo-lysosomal pH that were observed 

in cell lines and probands lymphoblasts, demonstrating their impact also in central neurons. 

Moreover, in neuronal cells, p.Asp100Tyr mutant induced a dramatic and comparable defect in 

dendrite maturation and excitatory synapse formation. The phenotype of hippocampal neurons 

overexpressing the de novo ATP6V1A pathogenic variants demonstrated a previously unexplored role 

of the v-ATPase in the processes of neuronal development and connectivity, and suggests that any 

alterations in lysosomal homeostasis can bring about impairments in dendritogenesis and excitatory 

synapses formation. This hypothesis is supported by recent reports on novel roles of lysosomes at 

synapses for the turnover of synaptic proteins as well as for the plasticity of dendritic spines224,225. 

The loss of function mutation (p.Asp100Tyr) determined a comparable neuronal phenotype, 

suggesting that either loss of lysosomal structures or decreased endo-lysosomal pH could alter 

enzymatic function and result in common defects in dendrite maturation and synapse formation 

(Figure 11). In agreement with this hypothesis, it has been recently reported that inhibition of 

lysosomal function by the protease inhibitor leupeptin resulted in an analogous decrease of excitatory 

inputs in rat hippocampal cultures226. Although the precise molecular mechanisms through which the 

described de novo mutations result in a developmental encephalopathy with epilepsy remain to be 

clarified, these studies demonstrate that maintenance of lysosomal homeostasis is necessary to fulfill 

the complete neuronal developmental program and to establish a mature network connectivity. 

Alteration in the intracellular signaling pathways that regulate lysosomal homeostasis may therefore 

represent a novel pathogenetic mechanism of epileptogenic developmental encephalopathies. In 

conclusion, the functional studies can show that de novo heterozygous ATP6V1A mutations cause a 

developmental encephalopathy with epilepsy with a pathomechanism that involves the effects of v-

ATPase in lysosomal homeostasis and neuronal connectivity. While the finding reveals a strong link 

between alterations of lysosomal homeostasis and neuronal development, it also proposes a novel 

role for v-ATPase in the formation and maturation of neural networks. 

Interestingly we identified two variants with a compound heterozygous recessive model in the 

DMXL2 (Dmx Like 2) gene in a patient belonging to a recessive quartet. 

The siblings, shared a very similar phenotype characterized by early onset epileptic encephalopathy, 

severe intellectual disability, spastic tetraparesis. Both children died prematurely. In literature, 

correlation between DMXL2 and epilepsy has not been reported yet, but there is several evidence that 

suggest an important role of this gene in severe epilepsy. The most interesting evidence is the 

interaction of DMLX2 with the V-ATPases (H+ ATPases) complex, (ATP-dependent proton pumps 

that regulate pH homeostasis in virtually all eukaryotes), in particular DMXL2 interacts with 

ATP6V1A, a new epilepsy candidate gene with relevant neurobiologic functions, as we described 
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above. Thanks to an international call, we found an additional patient from Israel with a heterozygous 

compound DMXL2 mutation and a similar phenotype. We are setting functional collaborative studies 

to clarify the role of this gene in the genesis of this severe phenotype and also to understand better 

the interaction pathway with the V-ATPases (H+ ATPases) complex. 

We can suggest WES trios approach as a first diagnostic choice if there is no clear differential 

diagnosis because permit to solve difficult cases in a short time. In addition, the WES trios approach 

represents a powerful method to discover new causative genes and also new pathogenic pathways 

that lead to very severe forms of epileptic encephalopathy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Effect of ATP6V1A mutation on neuronal development. In the top of figure, a representative images of rat hippocampal 
neurons transfected with wild-type ATP6V1A (w.t.) and Asp100Tyr ATP6V1A (Asp100Tyr) variants at 7 DIV and incubated with LTR 
(50 nM, 30 min) at 10 DIV; in the bottom of figure, a representative traces of 10 DIV rat hippocampal neurons transfected. 
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5.1	Therapeutic	approach	
 

Genetic testing with rapid turnaround would allow timely personalized treatment and, when possible, 

avoid needless investigations and unnecessary treatment in benign conditions. All these factors may 

contribute to better management, even when the impact of each one alone is limited. The advances in 

the genetics and neurobiology of the epilepsies are establishing the basis for a new era in the 

treatment, focused on each individual and their specific epilepsy, even later in life. Genetic counseling 

can be arranged once the genetic architecture and mode of inheritance of the epilepsy are fully 

understood. The discovery of a causative gene defect associated with a non-progressive course may 

reduce the need for further diagnostic investigations in the search for a progressive disorder at the 

biochemical and imaging level and allow more timely and straightforward treatment choices for 

specific conditions as well as avoiding needless investigations and inappropriate or unnecessary 

choices. There is, however, the need for a close collaboration between the geneticists and 

epileptologists to ensure the proper management of genetic investigations in patients with epilepsy. 

Disease-specific treatments are currently available for only a minority of genetic epilepsies whereas 

for the large majority of patients, treatment options comprise the usual drug armamentarium that do 

not address the underlying biological mechanism. In addition, epileptologists well known that there 

is high variability in the response to antiepileptic treatment and that several factors may contribute to 

such variability. Variation in response to antiepileptic drug treatment may arise from genetic variation 

in a range of gene categories, including genes affecting drug pharmacokinetics, and drug 

pharmacodynamics, but also genes held to actually cause the epilepsy itself227. There are a few 

examples in which the discovery of the genetic defect underlying a particular form of epilepsy may 

explain, in whole or in part, the response, whether positive or negative to certain anti-epileptic drugs 

(AEDs). 

Dravet syndrome, which is caused by mutations of the gene encoding the sodium channel (SCN1A) 

can be worsened by treatment with sodium-blocking drugs, such as carbamazepine and phenytoin, 

which should therefore be avoided228. Controversy is the use of lamotrigine (LTG) that works as a 

sodium channel and N-type calcium channel blocker. Lamotrigine has been reported to cause seizure 

exacerbation, which has led to avoid ance of its use in patients with Dravet syndrome, but has been 

reported also a positive effect in some patients with Dravet Syndrome. This beneficial effect maybe 

explained with the action of LTG that involve hyperpolarization-activated cyclic nucleotide gated 

channels229.Conversely, sodium blockers are considered first-choice therapy on epilepsy syndrome 

related to mutation of the gene SCN8A (another sodium channel gene) and KCNQ2230. 
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Heterozygous KCNQ2 gene mutations have been found in patients with a continuum of overlapping 

epileptic disorders of neonatal onset ranging from very benign familial neonatal seizures to severe 

EE with refractory seizures, an EEG pattern of burst suppression and severe developmental 

delay231,232. KCNQ2 encodes the potassium voltage gated channel subfamily KQT member 2, also 

known as Kv7.2, and mutations in this gene cause a variable loss of function233,234. Recent reports 

have described several patients with KCNQ2-EE with seizures fully controlled by either phenytoin or 

carbamazepine, whose mechanism of action consists of blocking the flux of Na+ ions through 

channels during propagation of the action potential, thus preventing the development of seizure 

activity235. Voltage-gated Na+ channels and KCNQ potassium channels colocalize and are bound at 

critical locations of the neuronal membrane236. The response to Na-channel blockers in patients with 

K channel disorders could be explained by structure–function approaches showing that modulation 

of one channel may significantly impact the function of the channel complex237. Retigabine, which is 

not yet approved for use in the paediatric population and now apparently withdrawn from commerce, 

acts as a neuronal KCNQ/kv7 K channel opener and might provide a targeted treatment for KCNQ2-

EE238,239. 

KCNT1 gene-related epilepsy is another example of a potential treatment based on known 

pathophysiological mechanisms, although initial attempts towards targeted treatment have been 

somewhat deceiving. Mutations in the KCNT1 gene have been found in patients with both autosomal-

dominant nocturnal frontal lobe epilepsy and malignant migrating partial seizures in infancy 

(MMPSI)62,240. The KCNT1 gene encodes for subunits contributing to the sodium-activated K+ current 

(KNa). Quinidine is an anti-arrhythmic agent that stabilizes the neuronal membrane by inhibiting the 

Na influx required for the initiation and conduction of impulses. Functional studies have thus shown 

that quinidine might counteract and reverse the dysfunction of KCNT1-activating mutations in 

patients with MMPSI. This finding prompted treatment with quinidine in the hope of achieving 

seizure control135,241. Following the initial report of effective treatment in some patients, subsequent 

reports242 and personal unpublished trials in single patients with MPPS have been rather 

disappointing. 

GLUT1-deficiency syndrome (GLUT1-DS) is perhaps the best example of a treatable, highly 

epileptogenic encephalopathy. GLUT1-deficiency syndrome is a genetic syndrome caused by 

insufficient transport of glucose from the blood to the brain which is characterized by the appearance 

of paroxysmal events in early childhood. Glucose is the essential fuel for brain energy, thus its 

impaired uptake into the brain causes hypoglycorrhachia and subsequent progressive symptoms, 

including microcephaly, epilepsy, movement disorders and intellectual disability, in various 

associations. The specific treatment is the ketogenic diet, an high fat, low-carbohydrate diet 

mimicking the fasting state. Nutritional fat is transformed into ketone bodies, which can be used as 
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metabolic substrate for the brain when lacking glucose. On ketogenic diet significant seizure 

reduction was seen in children with the most severe epilepsies; seizure free or reduction was seen in 

38% to 100% of children on the diet243. Moreover, early diagnosis and prompt treatment are important 

for prognosis244. 

Other examples are pyridoxal 5-phosphate dependent epilepsy due to mutation of the ALDH7A1 gene 

recently PNPO gene245–247. This enzyme converts aminoadipic semialdehyde (-AASA) into 

aminoadipate (AAA), a critical step in the lysine metabolism of the brain and is involved in the 

metabolism of vitamin B6 of nutritional origin (in the form of pyridoxine and pyridoxamine) in active 

form, pyridoxal 5-phosphate (PLP). PLP is necessary in many processes including the production of 

neurotransmitters246. This epilepsy syndrome is characterized by the onset of seizures shortly after 

birth, or in some cases, even intrafetal248. AEDs which are usually given to control seizures, are 

ineffective in patients with PLP-dependent epilepsy. These individuals respond instead to treatment 

with high dose on a daily use of PLP. If untreated can instead develop encephalopathy that can also 

have a fatal outcome245,248. 

Protocadherin 19 (PCDH19) gene-related epilepsy is an unusual X-chromosome disorder that 

primarily affects females. It encompasses a broad clinical spectrum from infantile EE resembling 

Dravet syndrome to epilepsy with or without autism spectrum disorders and intellectual disability. 

Recent functional studies have shown that PCDH19 mutations lead to deficiency of the neurosteroid 

allopregnanolone, one of the most potent GABA-receptor modulators249. These findings provide 

evidence for a role of neurosteroids in PCDH19-related epilepsy, intellectual disability and autism 

and create realistic opportunities for targeted therapeutic interventions. Ganaxolone, a synthetic 

methyl analogue of allopregnanolone, has already been used to treat epilepsy and status epilepticus 

related to various aetiologies in open-label pilot studies, with encouraging results in some 

patients250,251; however, no randomized studies are available 

Another interesting finding concerns the association between genetic mutations in the gene DEPDC5, 

a gene involved in mTOR pathway and tuberous sclerosis, and various forms of epilepsy, tumor and 

neurodevelopmental disease both familial and sporadic with wide phenotypic spectrum72. In these 

case a possibility is to use a specific drug known as rapamycin that act directly on mTOR pathway252. 

In particular, tuberous sclerosis complex, a disease that brings to more than 80% of drug resistant 

epilepsy patients other than disease in multiple organs, caused by mutations in TSC1 and TSC2 genes, 

encoding a complex with inhibitory activity against mTOR are susceptibility to rapamacin treatment. 

Early administration of the specific treatment can lead to better outcome not only in seizure but also 

in developmental delay253. In Table 7 are reported a summary of genes and related phenotypes for 

which specific indications or contraindications for treatment are available. 
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The increasing use of genetic sequencing could lead to a dramatic improvement of the effectiveness 

of epilepsy treatments, by targeting the biological mechanisms responsible for epilepsy in each 

specific individual. Precision medicine treatments represent a growing area of interest, focusing on 

reversing or circumventing the pathophysiological effects of specific gene mutations. 

 

Gene name; 
inheritance; OMIM 
number 

Phenotype(s) Beneficial Anecdotal 
evidence 

Proof of 
concept 

Seizure 
worsening 

ALDH7A1; AR 
*107323 

Pyridoxine-
dependent 
epilepsy 

Pyridoxine, folinic 
acid, lysine- 
restricted diet, L-
arginine 
supplementation 
245,254 

   

BRAT1; AR; *136430 EE  ZNS255   

DEPDC5; AD; 
*614506 

FFEVF, 
ADNFLE, 
FMTLE, 
ADEAF, IS 

  mTOR 
inhibitors 
(rapamycine)256–

258 

 

FOLR1; AR; *136430 Folinic acid-
responsive 
seizures 

Leucovorin259,260    

FOXG1; (genomic 
duplications); AD (de 
novo); *164874  

WS  Steroids261–263   

GABRG2; AD (de 
novo); *137164 

DS, DS-like, 
GEFS+, GGE 

   LTG264 

GRIN2A; AD (de 
novo); *138253 

EAS, WS 

 

  NMDA 
inhibitors such 
as 
memantine265,266

 

 

GRIN2B; AD (de 
novo); *138252 

WS, LGS 

 

  NMDA 
inhibitors such 
as 
memantine109,267 

 

GRIN2D; AD; *602717 EE   NMDA 
inhibitors such 
as memantine268 

 

KCNQ2; AD (de novo 
in EE-inherited in 

BFNS, EE PHT, CBZ130,233,269 Retigabine 
(ezogabine-US 
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“benign” epilepsies); 
*602235 

 adopted 
name)131,270 

 

KCNT1; AD (de novo); 
*608167 

EIMFS, 
ADNFLE, 
EIEE, WS 

  Quinidine270,271  

MEF2C; AD (de novo); 
*600662 

WS VPA272,273    

MTOR; AD (de novo); 
*601231 

   mTOR 
inhibitors 
(rapamycin)274,275 

 

PCDH19; XL (limited 
to female and mosaic 
male); *300460 

EFMR, DS-
like 

 

 Clobazam, 
bromide276 

 

Neurosteroids249  

PNPO; AR; *603287 Pyridoxal 5’- 
phosphate- 
responsive 
epilepsy 

Pyridoxal 5’-
phosphate254,277,278 

   

SCN1A; AD; *182389  DS, GEFS+, 
other 
epilepsies 

Stiripentol, VPA, 
BDZ 279,280 

Fenfluramine, 
TPM228,281,282 

 CBZ, 
OXC, LTG 
228,279,283 

SCN2A; AD (de novo in 
EE—inherited in 
‘benign’ epilepsies); 
*182390 

EIEE, EIMFS, 
EOEE, WS, 
BFNIS 

 PHT, other 
sodium 
channel 
blockers (in 
GoF 
mutations) 284 

  

SCN8A; AD (de novo); 
*600702 

EIMFS, WS  PHT, other 
sodium 
channel 
blockers (in 
GoF 
mutations) 285–

287 

  

SLC2A1; AD; *138140 GLUT1 
deficiency 
syndrome, 
EOAE, EMA 

KD138,243,288–290    

STRADA; AR; 
*608626  

PMSE    mTOR 
inhibitors 
(rapamycin)252,253 
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STXBP1; AD (de novo); 
*602926 

EIEE, EOEE, 
WS, DS 

  PPI inhibitor291  

 

Table 7. Genes and related phenotypes for which specific indications or contraindications for treatment are available. Abbreviations: 
AD autosomal dominant, ADEAF autosomal dominant epilepsy with auditory features, ADNFLE autosomal dominant nocturnal frontal lobe epilepsy, 
AR autosomal recessive, BDZ benzo- diazepine, BFNIS benign familial neonatal infantile seizures, BFNS benign familial neonatal seizures, CBZ 
carbamazepine, DS Dravet syndrome, DS-like Dravet-like syndrome, EAS epilepsy-aphasia syndromes, EE epileptic encephalopathy, EFMR epilepsy 
limited to females with mental retardation, EIEE early infantile epileptic encephalopathy, EIMFS epilepsy of infancy with migrating focal seizures, 
EMA epilepsy with myoclonic absence, EOAE early-onset absence epilepsy, EOEE early-onset epileptic encephalopathy, FFEVF familial focal epilepsy 
with variable foci, FMTLE familial mesial temporal lobe epilepsy, GEFS? genetic epilepsy with febrile seizures plus, GGE genetic generalized epilepsy, 
GoF gain of function, IS infantile spasms, KD ketogenic diet, LGS Lennox-Gastaut syndrome, LTG lamotrigine, mTOR mechanistic target of rapamycin, 
NMDA N-methyl-D-aspartate receptor, OMIM online Mendelian inheritance in man, OXC oxcarbazepine, PHT phenytoin, PMSE polyhydramnios, 
megalencephaly, symptomatic epilepsy syndrome-Pretzel syndrome, PPI protein-protein interaction, TPM topiramate, VPA valproate, WS West 
syndrome, ZNS zonisamide158. 
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6.	Conclusions	
 

The introduction of NGS has revolutionized genetic research as it has made cheap and massive 

sequencing available. Since its introduction, WES has been used to detect hundreds of new disease 

genes. In epilepsy, WES had the largest impact on gene discovery of sporadic severe epileptic 

encephalopathy, for which de novo mutations in many new genes are still being discovered168. 

Our results support diagnostic WES as a first diagnostic choice if there is no clear differential 

diagnosis. Overall the superiority of clinical WES over standard genetic tests is illustrated by the 

broad simultaneous coverage of thousands of genes, by a low-cost and fast turnaround approach, and 

also by the unique potential for dual molecular diagnosis and efficient identification of variants across 

diverse phenotypes and populations. Ion channel genes represent the gene family most frequently 

causally related to epilepsy, but other genes have gradually been associated with complex 

developmental epilepsy conditions, revealing the pathogenic role of mutations affecting diverse 

molecular pathways that regulate membrane excitability, synaptic plasticity, presynaptic 

neurotransmitter release, postsynaptic receptors, transporters, cell metabolism, and many formative 

steps in early brain development. Some of these discoveries are being followed by proof-of-concept 

laboratory studies that might open new pathways towards personalized treatment choices, not only 

for children but also for adult patients that may have a beneficial effect identifying the specific defects 

with a precision medicine treatment and a specific counseling for procreation. This increasing 

knowledge has led to the design of new drugs targeted to specific pathogenic mechanisms, or to a 

specific action of mutated proteins, up to a gene replacement therapy. However, further studies 

research will require an interdisciplinary and international collaboration approach, combining basic 

research with clinical studies. 
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