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GENETIC STUDIES ON FAMILIAL GENETIC GENERALIZED EPILEPSY: A 

WHOLE EXOME SEQUENCING APPROACH 

 

ABSTRACT 

 

Genetic generalized epilepsy (GGE) is a form of epilepsy that is potentially caused by 

genetic factors. It accounts for 15-20% of all epilepsy worldwide and 18.7% of the 

epilepsy cases in Malaysia. Unlike focal epilepsy, patients with generalized epilepsy 

mainly rely on antiepileptic drugs to achieve seizure control. As a result, understanding 

of the molecular pathway behind generalized epilepsy would be beneficial as it can aid 

the treatment decision and the design of newer antiepileptic drugs. The pathway analyses 

in GGE were conducted on European population and these results may not be applied to 

Malaysian or Asian due to genetic variation. Hence, this project was conducted to identify 

the genetic factors and plausible biological processes associated with GGE in Malaysia. 

The project started with whole exome sequencing on 12 unrelated Malaysian probands (4 

Malays, 3 Chinese and 5 Indians) and 2 unrelated Malaysian Chinese proband-parent trios, 

all the 14 probands were diagnosed with GGE and having family history of epilepsy. The 

exome sequencing data was then analysed with GATK and the variants were annotated 

with wANNOVAR. Following variant filtration, a 3-step functional characterization 

analysis encompassing gene prioritization, protein-protein interaction analysis and 

DAVID enrichment was conducted. The analysis found the GO terms related with sodium 

and calcium ion transport, such as GO:0035725, GO:0006814, GO:0070588 and 

GO:0070509, were highly associated with GGE among Malaysians. The active role of 

ion channels in epilepsy makes them an ideal therapeutic target for antiepileptic drugs in 

seizure suppression. From this prospective, the protein-protein interaction analysis has 

suggested the potential of dystrophin (DMD) to be used as therapeutic target due to its 
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regulatory role on sodium transporters and calcium ion channels. Besides, the functional 

characterization analysis has also intimated the potential risk of tyrosine kinases NTRK1, 

NTRK2 and ERBB4 in the pathogenesis of GGE. Additionally, segregation analysis was 

conducted on 2 families to study the pathogenicity of the SCN1A c.5753C>T and ERBB4 

c.1972A>T variants identified from this cohort. The results showed that the SCN1A 

variant was likely pathogenic but the ERBB4 variant was expected to induce epilepsy via 

an interaction with gamma-aminobutyric acid type A (GABA-A) receptor gene GABRA1 

c.448G>A variant. A disease model illustrating the combined effect between the mutant 

ERBB4 and GABRA1 in GGE pathogenesis was proposed, this hypothesized disease 

model may provide a new insight on the impact of ERBB4 in the disturbance of inhibitory 

postsynaptic current (iPSC) and excitation-inhibition (E/I) balance. While this project is 

just a preliminary study on the genetics behind GGE among Malaysians, this study has 

demonstrated that ion channels are not the only cause of GGE, tyrosine kinases may also 

contribute to GGE by manipulating numerous biological pathways like the expression of 

GABA-A receptors. Moreover, the identification of DMD as a potential therapeutic target 

warrants further investigation as the findings may contribute to the design of new 

antiepileptic drugs in future. 

 

Keywords: Genetic generalized epilepsy, whole exome sequencing, functional 

characterization, segregation analysis 
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KAJIAN GENETIK EPILEPSI MENYELURUH GENETIK FAMILIAL: SATU 

KAEDAH PENJUJUKAN SELURUH EKSOM 

 

ABSTRAK 

 

Epilepsi menyeluruh genetik (GGE) merupakan sejenis epilepsi yang boleh disebabkan 

oleh faktor genetik. Ia merangkumi 15-20% kes epilepsi seluruh dunia dan 18.7% kes 

epilepsi di Malaysia. Berbeza daripada epilepsi fokal, pesakit epilepsi menyeluruh 

bergantung kepada ubat antiepileptik untuk mengawal serangan sawan. Oleh itu, 

pemahaman terhadap laluan molekul epilepsi menyeluruh boleh mendatangkan manfaat 

kerana dapat membantu dalam penentuan kaedah rawatan serta perekaan ubat 

antiepileptik baru. Analisis terhadap laluan molekul GGE pernah dibuat dalam kalangan 

populasi Eropah tetapi hasil daripada kajian-kajian ini tidak semestinya menggambarkan 

laluan molekul GGE dalam kalangan orang Malaysia atau Asia atas sebab variasi genetik. 

Justeru, projek ini dijalankan untuk mencari faktor genetik serta proses biologi yang 

berkaitan dengan GGE di Malaysia. Projek ini dimulakan dengan penjujukan seluruh 

eksom pada 12 individu Malaysia (4 Melayu, 3 Cina dan 5 India) tidak bersaudara serta 

2 trio proban-ibu-bapa Cina Malaysia tidak bersaudara, kesemua 14 proban ini telah 

didiagnos menghidapi penyakit GGE dan mempunyai sejarah keluarga epilepsi. Data 

penjujukan eksom ini adalah dianalisis dengan GATK dan varian-varian adalah dianotasi 

dengan wANNOVAR. Selepas penapisan varian, analisis pencirian fungsi tiga langkah 

yang merangkumi pengutamaan gen, analisis interaksi protein-protein serta pengayaan 

fungsi telah dijalankan. Keputusan analisis ini menunjukkan bahawa istilah GO yang 

bersangkutan dengan pengangkutan ion natrium dan kalsium, seperti GO:0035725, 

GO:0006814, GO:0070588 dan GO:0070509, adalah berkaitan dengan GGE dalam 

kalangan orang Malaysia. Peranan aktif saluran ion dalam epilepsi menjadikan mereka 
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sebagai sasaran terapi ubat antiepileptik yang ideal dalam pengurangan serangan sawan. 

Dari segi perspektif ini, analisis interaksi protein-protein menyarankan potensi dystrophin 

(DMD) sebagai sasaran terapi lantaran peranannya dalam regulasi pengangkut natrium 

dan saluran ion kalsium. Selain itu, analisis pencirian fungsi juga mencadangkan kinase 

tirosina NTRK1, NTRK2 dan ERBB4 sebagai risiko yang berpotensi menimbulkan 

patogenesis GGE. Sementara itu, analisis pengasingan telah dijalankan dalam 2 keluarga 

untuk mengkaji kepatogenan varian SCN1A c.5753C>T dan ERBB4 c.1972A>T yang 

dikenal pasti daripada kohort ini. Keputusan analisis pengasingan menunjukkan bahawa 

varian SCN1A ini adalah berkemungkinan patogenik tetapi varian ERBB4 ini diduga 

menimbul epilepsi melalui interaksi dengan varian gen reseptor asid aminobutirik-gamma 

jenis A (GABA-A) GABRA1 c.448G>A. Satu model penyakit yang menyarankan 

patogenesis GGE malalui gabungan efek mutan ERBB4 dan GABRA1 telah dikemukakan, 

model penyakit ini boleh membawa fahaman yang baru terhadap kesan ERBB4 dalam 

gangguan arus postsinaptik penginhibitan (iPSC) serta keseimbangan ujaan-rencatan 

(E/I). Meskipun projek ini hanya kajian awalan tentang genetik GGE dalam kalangan 

orang Malaysia, kajian ini telah menunjukkan bahawa saluran ion bukan penyebab 

tunggal GGE, kinase tirosina juga boleh mengakibatkan GGE dengan memanipulasi 

laluan-laluan biologi seperti ekspresi reseptor GABA-A. Sementelahan, pengenalpastian 

DMD sebagai sasaran terapi berpotensi mewajarkan penyelidikan yang lebih lanjut 

terhadap DMD kerana penemuan ini mungkin dapat menyumbang kepada perekaan ubat 

antiepileptik baru pada masa hadapan. 

 

Kata kunci: Epilepsi menyeluruh genetik, penjujukan seluruh eksom, pencirian fungsi, 

analisis pengasingan 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Genetic generalized epilepsy (GGE), which was formerly known as idiopathic 

generalized epilepsy, is a subtype of generalized epilepsy that is potentially induced by 

genetic factors (Scheffer et al., 2017). GGE constitutes 15-20% of all epilepsies 

worldwide and 18.7% of the epilepsy cases in Malaysia (Jallon & Latour, 2005; Lim et 

al., 2017). GGE can be divided into several subtypes, which includes childhood absence 

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

and generalized tonic-clonic seizures alone (Scheffer et al., 2017). Among the subtypes, 

JME is the most common form of GGE, it is responsible for 5-10% of all epilepsies and 

about 18% of GGE cases (Camfield et al., 2013). 

Epilepsy has brought huge psychosocial impacts on the patients as well as their 

caregivers (Mula & Sander, 2016). Even in Malaysia, patients with uncontrolled seizures 

may suffer from unemployment (Lim et al., 2013; Wo et al., 2015), and their caregivers 

can experience additional burden due to higher seizure frequency among patients with 

uncontrolled epilepsy (Lai et al., 2019). Hence, it is crucial to keep the epilepsy under 

control and subsequently reduce the seizure frequency. 

Unlike focal epilepsy in which the seizures can be treated with surgical resection, 

surgical treatments for generalized epilepsy mainly rely on disconnection procedures such 

as corpus callosotomy (Jette et al., 2014). However, corpus callosotomy might not 

guarantee a seizure-free as some patients can develop focal seizures after the surgery 

(Jenssen et al., 2006). In this case, achieving seizure control through antiepileptic drugs 

will be a more effective option and this is the aspect in which genetic knowledge is 

contributing to epilepsy treatment. 

Antiepileptic drugs reduce seizures by decreasing neuronal excitation signals or by 

increasing neuronal inhibition signals (Santulli et al., 2016). This is achieved by targeting 
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specific cellular components in the neurons. For instance, lamotrigine, carbamazepine 

and lacosamide tend to block the voltage-gated sodium channels; bromide and topiramate 

enhance the effect of inhibitory neurotransmitter gamma-aminobutyric acid; and 

levetiracetam binds to synaptic vesicle proteins and inhibits neurotransmitter release at 

the synapse (Kobayashi et al., 2020; Moavero et al., 2017; Stefanović et al., 2018). 

Understanding of the genetic mechanism of epilepsy and pharmacogenomics of 

antiepileptic drugs is very beneficial in deciding drug treatment, as the efficacy of each 

drug can be influenced by genetic mutation (Arroyo et al., 2002; Balestrini & Sisodiya, 

2018). For example, bromide has higher efficacy than carbamazepine in treating epilepsy 

patients with SCN1A mutation, suggesting that drugs targeting the sodium ion channels 

are less effective compared to drugs targeting the sodium channel antagonists like 

gamma-aminobutyric acid in treating SCN1A-positive patients (Psarropoulou, 2010; Shi 

et al., 2016). 

Over the years, many studies have been conducted to identify the genetic factors 

associated with epilepsy. According to Wang et al. (2017a), a total of 977 epilepsy-

associated genes have been identified in 2017. Despite there is evidence showing cellular 

ion channels and signal transduction molecules are closely related with epilepsy, the exact 

mechanism of epilepsy remains unknown (Song & Deng, 2018; Wang et al., 2017a). 

Furthermore, increase in the number of epilepsy-associated genes and the complex 

inheritance patterns suggest the polygenic nature in most epilepsy with genetic basis 

(Dhiman, 2017). For epilepsy that is polygenic, its molecular mechanism is very complex 

as it can involve the interaction between multiple genes, proteins, and even genetic 

variants. 

In order to investigate the interaction between genes, some researchers apply network 

biology in their studies, with the aim to identify the key pathways or genes that can be 

used as therapeutic target (Bezhentsev et al., 2018; Jia et al., 2011; Korotkov et al., 2017). 
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Nevertheless, only two pathway analysis studies have been conducted on GGE, and both 

of them are conducted on patients with European origin (Epi25 Collaborative, 2019; 

Ozdemir et al., 2019). Even though GGE normally shows a good prognosis, 12-20% of 

the patients are still suffering from drug refractoriness (Gesche et al., 2020; Gomez-

Ibañez et al., 2017; Vorderwülbecke et al., 2017). Therefore, studies on the genetic 

mechanism and the search for new therapeutic targets for GGE are still required. 

Malaysia is a southeast Asian country with population size of 32.73 million composed 

of multiple ethnicities, with Malays being the largest ethnic group followed by Chinese 

and Indians (Department of Statistics Malaysia, 2020). Despite there is no large-scale 

study showing the genetic diversity between the ethnic groups in Malaysia yet, a study in 

Singapore, a country with similar ethnic composition as Malaysia, has demonstrated the 

genetic differences between Malays, Chinese and Indians (Wu et al., 2019). According to 

Wu et al. (2019), the Chinese and Indians in southeast Asia are having genetic origin from 

East Asian and South Asian respectively. Meanwhile, the genetic composition of Malays 

is more specialized and does not overlap with East Asian or South Asian, the only 

established populations to date with the closest genetic relation to Malays are Kinh 

(Vietnamese) and Chinese Dai in Xishuangbanna (Wu et al., 2019). Due to different 

genetic origin, Malaysians are having a different genetic composition compared to 

Europeans and Africans. As a result, the genetic findings from Europeans and Africans 

may not absolutely apply to Malaysians because of genetic variation. 

 

1.2 Problem Statement 

Despite there is an increasing number of genetic studies conducted on epilepsy 

worldwide, the genetic mechanism underlying the disease remains unknown. Since 

antiepileptic drug is a preferred treatment option for GGE, understanding of the genetic 

mechanism behind GGE via network biology will be very beneficial as it may help in 
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making drug treatment decision. Nevertheless, network biology has not been conducted 

on GGE in Asians yet. Despite such studies have been conducted on Europeans, the 

results may not reflect on Malaysians due to genetic differences. Hence, this study is 

conducted to study the key genes and the biological processes associated with GGE 

among Malaysians. 

 

1.3 Scope of Research 

This project focuses on the genetic basis of GGE among 14 Malaysian probands with 

positive family history. As its name suggests, GGE indicates possible genetic 

predisposition in the pathogenesis of the disease. Since genetic mutations are inheritable, 

it is hypothesized that patients with genetic diseases are likely to have family history. 

Therefore, patients with family history of GGE are focused in this project, with the 

assumption that these patients are having an increased likelihood that their epilepsy is 

caused by genetic factors. 

 

1.4 Objectives 

The objectives of this project include the following: 

1. To identify the genes and variants which are potentially associated with GGE 

among Malaysians. 

2. To investigate the biological processes that are potentially associated with GGE, 

which may be used as therapeutic target in future. 

  

Univ
ers

iti 
Mala

ya



5 
 

CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction to Epilepsy 

2.1.1 Background 

Epilepsy is one of the neurological disorders that is induced by the abnormal 

generation of seizures. International League Against Epilepsy (ILAE) defines epilepsy as 

follow, “Epilepsy is a disease of the brain defined by any of the following conditions: (1) 

At least two unprovoked (or reflex) seizures occurring >24 h apart; (2) One unprovoked 

(or reflex) seizure and a probability of further seizures similar to the general recurrence 

risk (at least 60%) after two unprovoked seizures, occurring over the next 10 years; (3) 

Diagnosis of an epilepsy syndrome” (Fisher et al., 2014). Meanwhile, seizure is defined 

by ILAE as “a transient occurrence of signs and/or symptoms due to abnormal excessive 

or synchronous neuronal activity in the brain” (Fisher et al., 2017). 

It is reported that lifetime prevalence of epilepsy is having a pooled estimate of 7.60 

per 1,000 persons worldwide (Fiest et al., 2017). Nevertheless, the distribution of epilepsy 

is uneven, the prevalence of epilepsy is generally higher in rural areas due to increased 

exposure to risk factors such as head trauma, perinatal injuries and central nervous system 

infections (Espinosa-Jovel et al., 2018). In Asia, the prevalence of epilepsy is estimated 

to be 6 per 1,000 persons (Trinka et al., 2019), Table 2.1 shows the lifetime prevalence 

of epilepsy among Asian countries between 2000 and 2019. 
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Table 2.1: Lifetime prevalence of epilepsy among Asian countries between 2000 and 
2019. 

Region/Country Lifetime prevalence 
(per 1,000 persons) 

Reference 

Iran 18.00 (Mohammadi et al., 2006) 
Laos 7.70 (Tran et al., 2006) 

Malaysia 7.80 (Fong et al., 2021) 
Patiala, India 10.30 (Hara et al., 2015) 

Taiwan 5.85 (Chen et al., 2012) 
Thailand 7.20 (Asawavichienjinda et al., 2002) 

Yueyang, China 4.50 (Pi et al., 2012) 
 

Epilepsy has been shown to bring huge physical impacts on patients. Systematic 

analysis revealed that epilepsy ranked the fifth highest in global age-standardized 

disability-adjusted life-years rate, after stroke, migraine, Alzheimer’s disease, and 

meningitis (Feigin et al., 2019). People with epilepsy are sometimes present with 

comorbidities such as psychiatric disorders, migraine, heart diseases and intellectual 

disabilities (Keezer et al., 2016). In China, 26.2% and 9.3% of the epilepsy patients are 

having psychiatric and neurological disorders respectively (Zhu et al., 2020). Meanwhile, 

23.0% of the epilepsy children in India are exhibiting the symptoms of attention deficit 

hyperactivity disorder (Choudhary et al., 2018); and in Malaysia, 38.0% of the epilepsy 

patients are diagnosed with mental comorbidities like neurodevelopmental and 

psychiatric disorders (Lai et al., 2019). Besides psychiatric and cardio-cerebrovascular 

comorbidities, epilepsy can also lead to premature death (Mbizvo et al., 2019). In the 

context of epilepsy-related death, sudden unexpected death in epilepsy (SUDEP) is the 

leading cause of mortality (Chahal et al., 2020), accounting for 76.0% of all epilepsy-

related death among children in United Kingdom (Abdel-Mannan & Sutcliffe, 2020). 

Other causes of death among epilepsy patients include drowning, motor accidents and 

suicide (Devinsky et al., 2016). 

People with epilepsy are often suffering from poor quality of life (Yogarajah & Mula, 

2019), they are generally having lower educational achievement, marriage rate and 
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employment rate compared to people without epilepsy (Jennum et al., 2021; Kaur et al., 

2019; Wo et al., 2015). The poor life quality is mainly associated with the comorbidities 

and public stigmatization against the patients (Alsaadi et al., 2017; Beghi, 2019; Mond et 

al., 2019; Trinka et al., 2019; Welton et al., 2020). Furthermore, the quality of life worsens 

in patients with poor seizure control, as they are prone to comorbidities, such as 

psychiatric symptoms, that have further elevated stigmatization on people with epilepsy 

(Blixen et al., 2020; Chatterjee et al., 2020; Deleo et al., 2020). Apart from health-related 

comorbidities and stigmatization, the lifestyle of people with epilepsy is also disturbed. 

For instance, people with uncontrolled seizures are restricted from driving in some 

countries (Beran et al., 2020; Inoue et al., 2004; Winston & Jaiser, 2012). Besides, they 

might face issues in obtaining fitness certificates for certain sport activities (Capovilla et 

al., 2016). 

 

2.1.2 Types of Epilepsy and Its Symptoms 

According to ILAE, epilepsy can be classified into four main categories, namely 

generalized epilepsy, focal epilepsy, combined generalized and focal epilepsy, and 

unknown epilepsy type for the cases that cannot be determined whether it is generalized 

or focal (Scheffer et al., 2017). The classification of epilepsy is mainly based on seizure 

characteristics. Generalized epilepsy comprised of multiple subtypes, including but not 

limited to childhood absence epilepsy (CAE), juvenile absence epilepsy (JAE), juvenile 

myoclonic epilepsy (JME), and generalized tonic-clonic seizures alone (Scheffer et al., 

2017). Meanwhile, focal epilepsy can be divided into temporal lobe epilepsy (TLE), 

occipital lobe epilepsy, parietal lobe epilepsy, and frontal lobe epilepsy, based on the 

brain region in which the epileptic spike is initiated (Scheffer et al., 2017). 

Seizures in focal epilepsy are generally originated from one side of the brain and are 

often restricted to one cerebral hemisphere; in contrast, generalized epilepsy involves 
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seizures that spread rapidly across both sides of the brain (Berg et al., 2010; Fisher et al., 

2017). Due to differences in seizure dynamics, the phenotypic symptoms exhibited 

among epilepsy patients may vary from mild to severe (Borlot et al., 2019b; Chatron et 

al., 2018; Chen et al., 2020a; Cvetkovska et al., 2018; Fang et al., 2019; Marini et al., 

2018; Zhang et al., 2017). In order to ease the diagnosis of epilepsy, an online diagnostic 

manual was published by ILAE, a clinician may start the diagnosis with the classification 

of seizure types, followed by epilepsy types and finally epilepsy syndromes; besides, 

findings from electroencephalography (EEG) may aid the diagnosis of epilepsy in some 

cases (Scheffer et al., 2017). Table 2.2 shows some common epilepsy syndromes and 

their corresponding clinical characteristics in accordance with ILAE diagnostic manual 

(International League Against Epilepsy, 2020). 
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Table 2.2: Common epilepsy syndromes and their corresponding clinical characteristics according to ILAE diagnostic manual (International 
League Against Epilepsy, 2020), a patient might not manifest all the clinical characteristics in a given epilepsy syndrome. 

Epilepsy type Epilepsy syndrome Clinical characteristic EEG finding 
Focal epilepsy Temporal lobe epilepsy • Behavioural arrest 

• Impaired awareness 
• Automatisms 
• Sensory seizures 
• Emotional seizures 
• Cognitive seizures 

• Spike and wave or sharp slow waves in the 
anterior temporal lobe 

Focal epilepsy Frontal lobe epilepsy • Focal hyperkinetic seizures 
• Focal bilateral motor seizures 
• Prominent vocalization 
• Bizarre behaviour 
• Urinary incontinence 
• Head and eye deviation 

• Midline or bi-frontal discharge 
• Normal EEG results in some cases 

Focal epilepsy Occipital lobe epilepsy • Focal sensory visual seizures • Spike and wave or sharp slow waves 
• Normal EEG results in some cases 

Focal epilepsy Parietal lobe epilepsy • Paraesthesia 
• Disorientation 
• Visual hallucinations 
• Visual vertigo 
• Receptive language impairment 
• Ipsilateral or contralateral rotatory body 

movements 

• Spike and wave or sharp slow waves in the 
posterior parietal lobe 

• Normal EEG results in some cases 

Generalized 
epilepsy 

Juvenile myoclonic 
epilepsy 

• Myoclonic seizures 
• Generalized tonic-clonic seizures 

• Generalized spike and wave 
• Polyspike and wave 

Generalized 
epilepsy 

Juvenile absence epilepsy • Absence seizures 
• Generalized tonic-clonic seizures 

• Generalized spike and wave 
• Fragments of polyspike and wave 9 
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Table 2.2, continued. 

Epilepsy type Epilepsy syndrome Clinical characteristic EEG finding 
Generalized 
epilepsy 

Childhood absence epilepsy • Absence seizures • Generalized spike and wave 

Generalized 
epilepsy 

Generalized tonic-clonic 
seizures alone 

• Generalized tonic-clonic seizures • Generalized spike and wave 
• Polyspike and wave 

Generalized 
epilepsy 

Generalized epilepsy with 
febrile seizure plus 

• Febrile seizures and afebrile seizures that 
can be either 
• Generalized seizures, such tonic-clonic, 

atonic, myoclonic, myoclonic-atonic or 
absence seizures, or 

• Focal seizures 

• Generalized spike and wave 

Abbreviation: EEG, Electroencephalography. 

10 
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2.1.3 Causes of Epilepsy 

Epilepsy can be arisen from multiple causative factors, ranging from genetic to 

environmental factors such as exposure to pesticides (Guekht et al., 2017; Requena et al., 

2018; Sokka et al., 2017). ILAE divides the epilepsy causes into 6 aetiological categories, 

which are structural, genetic, infectious, metabolic, immune, and unknown (Scheffer et 

al., 2017). It is worth noting that the aetiologies are not mutually exclusive and an 

epileptic syndrome can be classified into more than one aetiology (Falco-Walter et al., 

2018). This condition is best exemplified by tuberous-sclerosis-related epilepsy, which 

can be classified under both structural and genetic aetiology (Scheffer et al., 2017). The 

new classification aids in patient management and epilepsy research as it may shed some 

light on why a seizure is developed (Pack, 2019). 

Structural aetiology refers to epilepsy causes that involve the changes or abnormalities 

in brain structure, examples of structural aetiology include brain tumour, stroke, trauma, 

tuberous sclerosis and abnormalities in brain development (Scheffer et al., 2017; Sokka 

et al., 2017). It is a common aetiology for epilepsy onset in the elderly. In western China, 

it is found that 62.4% of the epilepsy onset in elderly are due to structural aetiology, of 

which stroke is the major cause and has constituted 48.7% of the cases, followed by 

trauma (17.5%) and brain tumour (9.7%) (Guo et al., 2018). Similar findings are reported 

by studies conducted in India, Niger and Saudi Arabia, stroke is the main cause of 

epilepsy onset among elderly (Assadeck et al., 2019; Shariff & AlKhamis, 2017; Verma 

& Kumar, 2017). While stroke is a common cause of epilepsy in the elderly, it is not the 

major cause of epilepsy among teenagers and young adults (Dahl-Hansen et al., 2019). 

Instead, their epilepsy onset largely results from perinatal insults, neoplasia and trauma 

(Dahl-Hansen et al., 2019). 

Epilepsy with genetic aetiology suggests the involvement of possible or known genetic 

factors in the seizure onset (Scheffer et al., 2017). This aetiology is highly prevalent in 
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childhood epilepsy and is responsible for 30-60% of the cases (Aaberg et al., 2017; 

Farghaly et al., 2018; Sokka et al., 2017; Veri et al., 2018). Seizures with genetic aetiology 

often begin in young ages, analysis conducted by Aaberg et al. (2017) showed that 77% 

of the cases are experiencing seizure onset before 5 years old. Nevertheless, genetic 

seizure onset can also occur in adulthood, a multi-centre study involving 243 adult 

patients revealed that 14.7% of the adult-onset epilepsy are due to genetic mutation (Kang 

et al., 2019). Genetic aetiology is often related with structural and metabolic aetiologies 

(Scheffer et al., 2017), the roles of genetics in epilepsy are further discussed in Section 

2.2. 

Infectious, metabolic and immune are new aetiological categories officially announced 

by ILAE in 2017 (Scheffer et al., 2017). In comparison with structural and genetic 

aetiologies, the occurrence of infectious, metabolic and immune aetiologies in epilepsy is 

less frequent (Aaberg et al., 2017; Dahl-Hansen et al., 2019). In spite of this, infectious 

aetiology, which implies the epilepsy onset due to an infection, is still a common cause 

of epilepsy in low-middle-income countries (Scheffer et al., 2017; Thurman et al., 2018). 

In these countries, the frequency of infectious aetiology can range from 7.0% to 23.2% 

(Caprara et al., 2020; Espinosa Jovel et al., 2016; Guekht et al., 2017). The high 

prevalence of epilepsy with infectious aetiology is related to the increased exposure to 

central nervous system infectious agents, such as Plasmodium falciparum, Onchocerca 

volvulus, and Taenia solium (Kind et al., 2017; Lenaerts et al., 2018; Mital et al., 2020; 

Mmbando et al., 2018). Besides, an occasional viral outbreak, such as Zika virus epidemic 

in Brazil, can also contribute to the increased risk of epilepsy (Carvalho et al., 2020). 

Epilepsy cases with metabolic aetiology are also known as “metabolic epilepsy” 

because they mainly result from metabolic disorders (Scheffer et al., 2017; Sharma & 

Prasad, 2017). Metabolic epilepsy is largely found in patients who developed seizure 

during infancy, it is reported that about 3.6% of the neonatal seizure is caused by 
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metabolic disorder (Vučetić Tadić et al., 2020). Metabolic disorders are normally related 

to genetic factors (Scheffer et al., 2017; Tumienė et al., 2018), examples of genes 

associated with metabolic disorders include SLC2A1, MTHFS and ADSL (Banerjee et al., 

2021; Ivanova et al., 2018; Rodan et al., 2018). 

Immune aetiology refers to epilepsy cases caused by immune disorders (Scheffer et 

al., 2017). Examples of immune epilepsy include anti-glutamic acid decarboxylase 65 

antibody-associated epilepsy, febrile infection-related epilepsy syndrome and 

Rasmussen’s encephalitis (Caputo et al., 2018; Daif et al., 2018; Steinman, 2018). 

Immune epilepsies are mostly related with neural-specific antibodies and 

neuroinflammation (Bosco et al., 2020; Dubey et al., 2017; Husari & Dubey, 2019; Koh, 

2018). The cause of immune epilepsy is complicated, as neuroinflammation can also be 

triggered by both genetic and environmental factors like traumatic brain injury (Chaves 

et al., 2020; Leal et al., 2018; Sharma et al., 2019). 

Despite many studies have been conducted to study the aetiologies of epilepsy, there 

are epilepsy cases where its causal factors remain unidentified, ILAE groups these cases 

under the unknown aetiology (Scheffer et al., 2017). One good example of unknown 

epilepsy is the rare case of isolated myoclonus reported in United States, where the 

diagnosis evaluation conducted on the 72-year-old male patient failed to illicit a clear 

underlying aetiology (Kapoor & Kinsella, 2018). This case suggests the complexity and 

heterogeneity of the epilepsy causes; a lot of studies are still needed in order to elucidate 

the aetiologies of epilepsy. 

 

2.2 Genetics and Epilepsy 

2.2.1 Brief History of Genetic Discoveries in Epilepsy 

The history of genetics in epilepsy can be dated back to 1889 when Russell (1889) 

pinpointed possible heritability predisposition in epilepsy among family members. In 
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1911, Davenport & Weeks (1911) published the first study on epilepsy heritability by 

performing analysis of multiple family pedigrees using Mendelian method, they proposed 

the frequency of having affected children among epileptic parents. However, this work 

was criticized by Schuster (1912) and he pointed out that some of the conclusions made 

by Davenport & Weeks (1911) were bias and were not derived from the results. Since 

then, not much research has been made on epilepsy genetics until the 1930s, when various 

studies including Rosanoff et al. (1934) have consistently observed that the proportion of 

having both affected co-twins was higher in monozygotic twins compared to dizygotic 

twins. 13 years later, Lennox (1947) concluded the involvement of genetic factors in 

epilepsy from his analysis of 2,130 probands and 12,119 relatives. Henceforth, genetic 

research in epilepsy started to blossom and more studies had been conducted on this topic. 

For instance, Kimball & Hersh (1955) studied on sibships and found 36% chance that the 

children will be epileptic if one of the parents is affected, Sarlin et al. (1960) reported an 

autosomal recessive inheritance in a family with myoclonic epilepsy, Bray et al. (1964) 

implicated the presence of genetic factors in familial temporal lobe epilepsy by analysing 

the incidence of epilepsy in the families, Tsuboi & Christian (1973) studied on 319 

patients and concluded 27.3% prevalence of genetic predisposition in impulsive petit mal 

(juvenile myoclonic epilepsy), and Heijbel et al. (1975) analysed the pedigrees from 19 

probands and deduced that an autosomal dominant gene is responsible for the benign 

epilepsy of childhood with centrotemporal spikes. In 1985, ILAE officially recognized 

genetics as one of the causes of epilepsy and the term “idiopathic” was used to describe 

the epilepsy cases which are suspected to be induced by genetic factors (Commission on 

Classification and Terminology of the International League Against Epilepsy, 1985). 
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2.2.2 “Idiopathic Generalized Epilepsy” versus “Genetic Generalized Epilepsy” 

As mentioned in the last sentence in Section 2.2.1, ILAE recognized genetics as one 

of the causing factors of epilepsy in 1985 and the term “idiopathic” was used to describe 

the epilepsy cases with this aetiology. In 2010, ILAE introduced a new aetiological 

classification and the term “idiopathic” was replaced with “genetic”, owing to the reason 

that “idiopathic” indicates the possible involvement of genetic factor in the pathogenesis 

of epilepsy; besides, “idiopathic” may also mean that the epilepsy is benign or drug-

responsive which may not apply to all cases, the use of “genetic” will resolve this 

ambiguity as it gives a more direct meaning on the epilepsy aetiology (Berg, 2011; Berg 

et al., 2010; Berg & Millichap, 2013; Berg & Scheffer, 2011). Following the new 

classification, “idiopathic generalized epilepsy (IGE)” was renamed as “genetic 

generalized epilepsy (GGE)” (Berg et al., 2010). The classification change has brought 

about an uproar among the clinicians and researchers. Shinnar (2010) opposed the idea 

of choosing genetics as a major aetiology as there are only a few genetic cases that are 

being reported in epilepsy; furthermore, genetic abnormalities were not identified in most 

cases that are classified under the “genetic” category. However, Beghi (2011) and Moshé 

(2011) supported the use of “genetic” as the change will improve clinical practice such 

as prognosis and treatment decision. Meanwhile, Panayiotopoulos (2012) proposed that 

“genetic” should be considered as a new aetiology rather than replacing the existing 

“idiopathic”. Due to strong argument, the term “GGE” was not used in all epilepsy-

genetic studies. For example, DiFrancesco et al. (2011), Heinzen et al. (2012) and 

Lachance-Touchette et al. (2011) were still using “IGE” in their research topic. In 2013, 

van Campen et al. (2013) performed a test to investigate the agreement between the old 

and new aetiological classification, despite they did not comment specifically on the 

agreement between “idiopathic” and “genetic”, they gave a general overview that the new 

aetiological classification is comparable with the old classification. Nevertheless, French 

Univ
ers

iti 
Mala

ya



16 
 

(2014) still disagreed with the use of “GGE” and flagged up the issue that clinicians may 

confuse it with other genetically related generalized syndromes like Dravet syndrome. In 

2016, ILAE reviewed the debates over “idiopathic” and “genetic”, they pinpointed that 

the disagreement was mainly arose from the points that the underlying genetic factors 

were not identified and the lack of family history in “GGE”; while it is true that causal 

genetic factor remains unidentified in most cases, having genetic aetiology is not 

equivalent to having family history as genetic mutations can arise de novo (Scheffer et 

al., 2016). In 2017, ILAE came up with another new aetiological classification, and stated 

that the term “GGE” should be used for the IGE cases with evidence suggesting the 

involvement of genetic factors in disease pathogenesis; meanwhile, the use of “IGE” is 

still accepted for CAE, JAE, JME, and generalized tonic-clonic seizures alone (Scheffer 

et al., 2017). For this project, the term “GGE” is used to describe the cases from our cohort 

as at least one potential pathogenic genetic variant has been identified from all the study 

subjects (Section 4.4). 

 

2.2.3 Previous Genetic Discoveries on Genetic Generalized Epilepsy and Its 

Impact 

Despite GGE indicates the potential involvement of genetic factors in epilepsy 

pathogenesis, it is an interesting fact that the first epilepsy-associated gene was not 

reported from GGE. In fact, the first epilepsy-associated gene is the CHRNA4 identified 

from a family with benign neonatal familial convulsions (now known as benign familial 

neonatal seizures) (Beck et al., 1994). Meanwhile, the first gene reported in generalized 

epilepsy with febrile seizures plus (GEFS+) is SCN1B (Steinlein, 2008; Wallace et al., 

1998), this may also be the first gene identified in GGE. As the technology advances, 

more GGE-associated genes are being discovered (Table 2.3). 
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Table 2.3: Example of genes reported to be potentially associated with GGE, the 
gene symbols are in accordance with current Human Genome Organization Gene 
Nomenclature Committee (Braschi et al., 2019). 

Gene symbol GGE syndrome Reference 
BRD2 Juvenile myoclonic epilepsy (Pal et al., 2003) 
CACNA1H Childhood absence epilepsy, 

Juvenile absence epilepsy, 
Juvenile myoclonic epilepsy 

(Heron et al., 2007) 

CACNB4 Genetic generalized epilepsy (Escayg et al., 2000; 
Escayg et al., 1998) 

CLCN2 Juvenile myoclonic epilepsy, 
Generalized tonic-clonic seizure 
alone 

(Saint-Martin et al., 2009) 

CPA6 Juvenile myoclonic epilepsy (Sapio et al., 2015) 
EFHC1 Juvenile myoclonic epilepsy (Suzuki et al., 2004) 
GABRA1 Juvenile myoclonic epilepsy, 

Generalized epilepsy with febrile 
seizures plus, 
Generalized tonic-clonic seizure 
alone 

(Cossette et al., 2002; 
Johannesen et al., 2016) 

GABRA6 Childhood absence epilepsy (Hernandez et al., 2011) 
GABRG2 Childhood absence epilepsy, 

Generalized epilepsy with febrile 
seizures plus 

(Baulac et al., 2001; 
Kananura et al., 2002) 

HCN1 Childhood absence epilepsy, 
Genetic generalized epilepsy, 
Generalized epilepsy with febrile 
seizures plus 

(Bonzanni et al., 2018; 
Marini et al., 2018) 

KCNN3 Juvenile myoclonic epilepsy (Vijai et al., 2005) 
MAST4 Childhood absence epilepsy, 

Genetic generalized epilepsy, 
Juvenile myoclonic epilepsy 

(Landoulsi et al., 2018) 

NIPA2 Childhood absence epilepsy (Xie et al., 2014) 
SCN1A Generalized epilepsy with febrile 

seizures plus 
(Abou-Khalil et al., 2001) 

SCN1B Generalized epilepsy with febrile 
seizure plus 

(Wallace et al., 1998) 

SCN2A Generalized epilepsy with febrile 
seizures plus 

(Baulac et al., 1999; 
Sugawara et al., 2001) 

SLC2A1 Childhood absence epilepsy (Soto-Insuga et al., 2019) 
Abbreviation: GGE, Genetic generalized epilepsy. 

 

The discovery of new epilepsy genes in turn promoted the idea to investigate the 

genetic mechanism behind epilepsy (Stafstrom & Tempel, 2000). Since early discovered 

epilepsy genes, such as SCN1A, SCN1B, CACNB4, GABRA1, GABRG2 and CHRNA4, 

were mainly involved in ion channels, epilepsy was once classified as channelopathy 
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disease (Hirose et al., 2002a; Hirose et al., 2002b; Mulley et al., 2003), and it was 

hypothesized to be a result of excitation-inhibition imbalance (Stafstrom, 2014). Due to 

active involvement of ion channels in the pathogenesis of epilepsy, the ion channels are 

selected as the main therapeutic target in many antiepileptic drugs (Kobayashi et al., 2020; 

Moavero et al., 2017), even the latest third generation antiepileptic drugs are still designed 

to influence the activity of ion channels to achieve seizure suppression (Stefanović et al., 

2018). 

Nevertheless, channelopathy fails to explain all causes of genetic epilepsy as there are 

epilepsy-associated genes that do not encode ion channels (Mulley et al., 2003; Ptácek & 

Fu, 2003), examples of such genes in GGE are the BRD2 and ICK which respectively 

encode the transcription regulator and Ser/Thr kinase (Gilsoul et al., 2019). Both BRD2 

and ICK have been shown to influence the development of central nervous system in 

mouse models (Gilsoul et al., 2019). The discovery of non-ion-channel-coding epilepsy 

genes has provided some new insights into epilepsy genetics, it is proposed that epilepsy 

can be induced not only by ion channel genes, but also by genes that are involved in brain 

development (Steinlein, 2004). 

Besides, there are also studies suggesting that GGE might be polygenic (Koeleman, 

2018; Thakran et al., 2020). Nevertheless, no polygenic disease model has been proposed 

for GGE until 2018 (Mullen et al., 2018), when the segregation analysis conducted by 

Landoulsi et al. (2018) showed the inheritance of two GGE-associated genes in some 

GGE families. Meanwhile, Lee et al. (2018) performed a gene-panel screening on 57 

Korean GGE patients and found that each patient is averagely carrying 2.8 potential GGE-

inducing variants. This study provides indirect evidence that GGE might be polygenic. If 

GGE is polygenic, then the pathogenesis of GGE is probably coordinated by a complex 

molecular mechanism. In order to understand the genetic mechanism behind GGE, some 
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studies utilize network biology techniques to investigate the biological pathways 

associated with GGE, these studies are described in Section 2.5.3. 

 

2.3 Whole Exome Sequencing 

2.3.1 Impact and Application of Whole Exome Sequencing in Epilepsy 

As illustrated by Boycott et al. (2013), one of the greatest impacts of whole exome 

sequencing (WES) on human disease research is speeding up the discovery of disease-

related genes. In addition to inherited mutations, WES facilitates the discovery of de novo 

mutations (Boycott et al., 2013; Koboldt et al., 2013). De novo mutations, which can arise 

from mutagenesis in the parents during oogenesis and spermatogenesis, have been shown 

to be associated with a great deal of human diseases including epilepsy (Acuna-Hidalgo 

et al., 2016; Pranckėnienė et al., 2018; Veeramah et al., 2013). Many new disease-related 

genes, including epilepsy genes, are identified through de novo mutations (Acuna-

Hidalgo et al., 2016), examples of such epilepsy genes include KCNA2, SCN8A and 

SNAP25 (Pena & Coimbra, 2015; Rohena et al., 2013; Syrbe et al., 2015; Veeramah et 

al., 2012). Apart from de novo mutations, the use of WES has been recently expanded to 

detect somatic mutations in epilepsy (Koh & Lee, 2018; Stosser et al., 2018), and current 

studies have identified a few somatic mutations which are associated with 

neurodevelopmental disorders including focal cortical dysplasia (Heinzen, 2020; Iffland 

& Crino, 2019). Interestingly, there is a study demonstrating the use of WES for detecting 

copy number variation in epilepsy (Tsuchida et al., 2018). Despite there is limitation in 

the exome-sequencing-based copy number variant detection at current stage (Marchuk et 

al., 2018; Zhao et al., 2020a), it does demonstrate the potential of WES in future copy 

number variant research. 

The use of WES is not limited to research activities but also in clinical diagnosis and 

management (Jackson et al., 2018; Tetreault et al., 2015). This is best exemplified by Wei 
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et al. (2019) in diagnosis of glucose transporter deficiency type 1 syndrome in which the 

drug-resistant patients achieved seizure control after changing the treatment to ketogenic 

diet following the detection of SLC2A1 mutation. Another example showing the 

practicality of WES in clinical diagnosis is demonstrated by Osman et al. (2020), where 

the patient is diagnosed as having pyridoxine-dependent epilepsy after a ALDH7A1 

mutation has been identified by WES. Meanwhile, Peng et al. (2019) showed the 

improvement of seizure control in some paediatric epilepsy patients following the use of 

gene panels and WES-guided targeted therapies. Despite the use of WES seems 

promising in clinical application, it does show some drawbacks. One of the biggest 

disadvantages of WES is the identification of variants of uncertain significance (VUS) 

(Timmermans et al., 2017), which can be a challenge in genetic counselling and clinical 

decision making (Christiaans et al., 2019; Hoelz et al., 2020; van Lint et al., 2019). It is 

advised that the identified VUS to be reviewed by a multidisciplinary team before any 

genetic pre-test and post-test counselling (Christiaans et al., 2019). 

 

2.3.2 Advantages and Limitations of Whole Exome Sequencing over Gene Panels 

and Whole Genome Sequencing 

Gene panel (also known as targeted sequencing), whole exome sequencing (WES) and 

whole genome sequencing (WGS) are the three popular next generation sequencing (NGS) 

approaches in which most researchers will consider in genetic research (Sun et al., 2015). 

Each approach has their own advantages and disadvantages. Among the three approaches, 

gene panel costs the least compared to WES and WGS as gene panel covers the smallest 

sequencing region by targeting only specific genes; in contrast, WES targets all the exons 

of every gene and WGS targets the entire genome (Dunn et al., 2018; Liu et al., 2015). 

However, the identification of causative variants by gene panel will only success if the 

gene is included in the panel (Sun et al., 2015), increasing the number of genes in the 
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panel may increase the diagnostic yield rate of the panel (Wu et al., 2020). In contrast, 

WES and WGS are able to identify novel disease-associated genes in addition to disease-

causing variants in reported disease genes (Barozzi et al., 2019; Lionel et al., 2018; Liu 

et al., 2015; Sun et al., 2015). The cost of WES is significantly cheaper than WGS, it is 

estimated that a single WES test can cost from $555 to $5,169 and a single WGS test can 

cost from $1,906 to $24,810 (Schwarze et al., 2018). The lower cost of WES is largely 

achieved by reduced sequencing cost as it targets only the exonic regions which constitute 

about 1.5% of the genome (Falardeau et al., 2017). In comparison with WGS, WES 

remains as a popular technique in genetic diagnosis as it is postulated that 85% of disease-

causing mutations are located within the exons (Liu et al., 2015; Tetreault et al., 2015). 

Despite this, WGS offers several advantages over WES. Firstly, WGS can identify the 

mutations in the intronic regions which will potentially be missed by WES (Falardeau et 

al., 2017). Even though intron does not encode any protein, it may still play crucial role 

in molecular processes such as improving translational efficiency and alternative splicing 

(Vaz-Drago et al., 2017). Mutations in intronic regions, such as those in the Alu element 

may associate with human diseases (Kim et al., 2016; Vaz-Drago et al., 2017). Besides, 

WGS can detect copy number variants with higher accuracy compared to WES (Hehir-

Kwa et al., 2015; Tetreault et al., 2015). In comparison with gene panel and WES, WGS 

provides the most comprehensive data, the major drawbacks limiting the use of WGS are 

the high sequencing cost and the lack of bioinformatics tools (Dunn et al., 2018; Han & 

Lee, 2020). However, as the technology advances and the sequencing cost continues to 

drop, it is possible that WGS will become the standard of genetic diagnosis in future 

(Dunn et al., 2018; Ostrander et al., 2018). For the time being, gene panel is still the 

cheapest option for genetic diagnosis, but WES is a preferred option if the discovery of 

novel disease genes is desired. Table 2.4 shows the comparison between gene panel, WES 

and WGS. 
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Table 2.4: Comparison between gene panel, WES and WGS. 

Aspect Gene panel WES WGS 
Cost Lowest Moderate Highest 
Coverage 
(sequencing 
region) 

Targets only 
specific region in 
the genome 

Targets all exonic 
regions in the 
genome 

Targets the entire 
genome 

Ability to detect 
novel disease genes 

No, unless the gene 
is included in the 
panel 

Yes Yes 

Major drawback Detection of 
disease-associated 
variants/genes will 
only success if the 
gene is included in 
the panel 

Unable to detect 
the disease-
associated variants 
in the intronic 
regions 

Lack of 
bioinformatic tools, 
high sequencing 
cost 

Abbreviations: WES, Whole exome sequencing; WGS, Whole genome sequencing. 

 

2.4 Bioinformatics and Whole Exome Sequencing (WES) Data Analysis 

2.4.1 WES Data Analysis Pipeline 

WES, being one of NGS approaches, generates enormous amount of sequencing data. 

These data need to be analysed with a systematic workflow that involves the use of 

multiple bioinformatic software (Horner et al., 2010; Magi et al., 2010). Despite lots of 

software were available for data analysis in the early stage of NGS era, the lack of 

guidance, best practice and benchmarking of these tools have imposed troubles in data 

analysis as the validity of the results can be compromised by improper bioinformatic and 

computational analysis (Aliferis et al., 2011; Magi et al., 2010). In 2012, Altmann et al. 

(2012) and Dolled-Filhart et al. (2013) published a workflow highlighting the steps in 

NGS data analysis and suggested some bioinformatic packages for use in each step. In 

order to provide a clearer guideline to NGS data analyst, Van der Auwera et al. (2013) 

published a standard workflow known as Genome Analysis Toolkit (GATK) Best 

Practice which describes in detail about the methods for NGS (including WES) data 

analysis using Burrows-Wheeler Alignment (BWA) and GATK. Following the 

announcement of GATK Best Practice, Pirooznia et al. (2014) evaluated the performance 
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of GATK by validating the variant calls using Sanger sequencing and array genotyping 

data. They reported that accuracy of more than 99% is achievable if best practice is used 

in the analysis. Over the years, new variant calling software, such as Platypus, SpeedSeq 

and DeepVariant, has been developed to aid the data analysis (Chiang et al., 2015; Poplin 

et al., 2018; Rimmer et al., 2014). Despite this, the results generated from GATK are still 

very comparable to the new software (Li et al., 2019; Supernat et al., 2018). Even in 2020, 

many studies are still using GATK Best Practice in their WES data analysis, examples of 

such studies include Chen et al. (2020b), Isik et al. (2020), Ngoc et al. (2020) and 

Odumpatta & Mohanapriya (2020). Figure 2.1 shows schematic diagram of GATK Best 

Practice sourced from Broad Institute (2020). According to Broad Institute, the workflow 

of the best practice can be divided into three main stages: data pre-processing, variant 

discovery, and variant annotation. In the first stage, the reads are aligned to the reference 

sequence using BWA and duplicated reads are removed; in the second stage, variants 

such as single nucleotide polymorphism are called using variant calling software such as 

GATK HaplotypeCaller; and in the last stage, the called variants can be annotated using 

annotation tools like VariantAnnotator (Broad Institute, 2020; DePristo et al., 2011; Van 

der Auwera et al., 2013). The GATK workflow used in this study is described in Section 

3.7. 
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Figure 2.1: Schematic diagram showing the overall workflow of GATK Best Practice 
for germline short variant discovery (Copyright permission from Broad Institute 
(2020)). 

 

2.4.2 In Silico Prediction for Variant Pathogenicity 

Besides identifying genetic variants from WES data, another contribution of 

bioinformatics in WES is the in silico pathogenicity prediction for these variants. Many 

bioinformatic tools such as SIFT, Polyphen-2 and MutationTaster have been made 

available to perform this task, these tools utilize specific algorithm, which can be either 

protein-sequence based, structure based, or both, to calculate the effect score of the 

variants and predict their pathogenicity (Dong et al., 2015; Mueller et al., 2015; Richards 

et al., 2015; Tang & Thomas, 2016). Despite many prediction tools are developed, there 

is no consensus on the best performing prediction tools yet. For instance, SIFT and 

Provean perform the best in the prediction of missense variants for genes GJB2, GJB6 

and GJB3 (Pshennikova et al., 2019), but Polyphen-2 is the best performer in the 

predicting pathogenicity of LDLRAP1 mutation (Shaik et al., 2020). On other hand, both 

SIFT and Polyphen-2 failed to predict correctly the effect of all the variants in RYR1 and 

CACNA1S (Schiemann & Stowell, 2016). These studies supported Anderson & Lassmann 

(2018) that the performance of prediction tools may differ by disease phenotype. Since 
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no prediction tool is perfect, it is advised to support the findings from prediction tools 

with additional data such as family segregation analysis, functional studies, literature and 

minor allele frequency (Coll et al., 2017; Fang et al., 2017; Schiemann & Stowell, 2016). 

Richards et al. (2015) did provide a very comprehensive guideline on the criteria in 

determining the pathogenicity of a given variant. While bioinformatic tools cannot 

absolutely predict the pathogenicity of a variant, they can help to prioritize or shortlist the 

variants of interest before proceeding with functional studies which are generally very 

expensive and time consuming (Bonjoch et al., 2019; Borras et al., 2017; Nykamp et al., 

2017). 

 

2.5 Gene Prioritization, Functional Characterization and Pathway Analysis 

2.5.1 Gene Prioritization 

As discussed in Section 2.3.2, one of the added advantages of WES is the ability to 

detect novel disease genes. However, exome and genome sequencing often produce too 

many variants to be assessed even after pathogenicity filtering based on prediction 

software (Dashnow et al., 2019; Lohmann & Klein, 2014). In order to overcome this 

problem, one of the common strategies is to carry out trio analysis, in which WES is 

performed on the proband and parents (Dashnow et al., 2019). Trio analysis allows faster 

identification of de novo mutations (Carneiro et al., 2018; Du et al., 2018; Hamanaka et 

al., 2020; Tong et al., 2018; Zhu et al., 2015). Besides, it also detects compound 

heterozygous mutations, the key evidence for the identification of autosomal recessive 

disease genes (Zhang et al., 2020; Zhou et al., 2020). For familial cases, WES can be 

conducted on multiple affected family members followed by the identification of shared 

variants between the affect members, these shared variants are potentially associated with 

the disease (Goh & Choi, 2012), examples of studies using this approach include Basit et 

al. (2017), Lung et al. (2020) and Wells et al. (2013). Nevertheless, this approach is 
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generally more expensive compared to singleton sequencing as it involves the library 

preparation and sequencing of more than one individual (Dashnow et al., 2019). In spite 

of this, there is strategy to prioritize variants from singleton sequencing. One of the 

methods is targeted analysis, where variants from known disease genes are prioritized and 

analysed (Sun et al., 2015). For instance, one can first analyse the variants from epilepsy-

associated genes like SCN1A, SCN2A, PCDH19 and DEPDC5 for WES cases involving 

epilepsy patients (Perucca et al., 2017; Sahli et al., 2019). If no variant of interest is found 

in the initial analysis, the analysis can be further expanded to discover the novel genes 

associated with the disease (Sun et al., 2015). In this stage, the novel genes can be ranked 

using gene prioritization software to assess their likelihood to be associated with the 

disease, and pathway analysis can then be conducted to discover the possible underlying 

molecular pathways (Jin et al., 2018; Sevim Bayrak & Itan, 2020; Wang & Xing, 2013). 

Gene prioritization software utilizes multiple aspects encompassing functional 

similarity, molecular pathway, cross-species evidence, expression, disease phenotype and 

literature to score and rank the novel genes in respect of known disease genes (Bromberg, 

2013). Similar to the prediction tools discussed previously, each gene prioritization 

software has their own advantages and disadvantages (Zolotareva & Kleine, 2019). 

Despite this, prioritization software can help in shortlisting and proposing the genes 

which are more worthy for further investigation (Feng et al., 2019; Isakov et al., 2017; 

Saik et al., 2019). This context is best exemplified by Chen et al. (2017), whom identified 

the key genes associated with neuropathic pain, the candidate genes were shortlisted from 

430 to 206 following gene prioritization. Another study demonstrating the usefulness of 

gene prioritization is Sevim Bayrak et al. (2020), they ranked the candidate genes 

identified from pathway and protein-protein interaction analysis through gene 

prioritization, and they found that 23 out of 95 candidate genes are more likely to be 

associated with congenital heart disease. Nevertheless, while gene prioritization can help 
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in shortlisting the candidate genes, it does not provide a clear perspective on how the 

prioritized genes are related to a disease (Liu et al., 2019). As a result, many studies 

including Chen et al. (2017) couple gene prioritization with additional analyses such as 

pathway and protein-protein interaction analysis in order to explore the possible 

mechanism between the prioritized genes and known disease genes in the pathogenesis 

of the disease. 

 

2.5.2 Functional Annotation, Protein-Protein Interaction (PPI) Analysis and 

Pathway Analysis 

Functional annotation, protein-protein interaction (PPI) analysis and pathway analysis 

are three distinct bioinformatic-analysis techniques but are related with each other and 

can be applied together in human disease research (Jin et al., 2018). In the context of 

bioinformatics, functional annotation is the prediction of gene function using 

computational approach, this is best represented by the Gene Ontology (GO) annotation 

which provides standardized terms describing the function of gene products (Gene 

Ontology Consortium, 2004; Guzzi et al., 2012; Weichenberger et al., 2017; Zhao et al., 

2020b). As demonstrated by the study on the role of SEMA5A in infantile spasm (Wang 

et al., 2019), GO annotation is very useful in predicting the function of newly discovered 

disease gene. However, it does not reveal a detailed mechanism on how the gene is 

involved in disease pathogenesis. Under this circumstance, PPI and pathway analysis 

would be very advantageous as many complex human diseases are triggered by 

malfunction of biological pathway that involves the interaction between multiple gene 

products (Furlong, 2013). PPI analysis uses multiple data sources like co-

immunoprecipitation experiment, literature, three-dimensional structure, co-expression 

data and sequence homology to predict the functional relationship, such as dimerization 

and complex formation, between proteins (Miki et al., 2018; Sonawane et al., 2019; 
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Stoney et al., 2018). This technique provides researchers a deeper understanding of the 

molecular mechanism behind a disease (Pattin & Moore, 2009). Despite this, the data 

obtained from PPI analysis alone might be difficult to interpret due to the lack of 

functional data which relates the PPI to the underlying biological processes (Liu et al., 

2017). Nevertheless, this shortcoming can be overcome by pathway analysis which 

predicts the overall function or the biological pathway carried out by the group of 

interacting genes (Reimand et al., 2019). 

Functional annotation, PPI and pathway analysis have brought several contributions 

in disease research. Firstly, these approaches allow the discovery of the underlying 

molecular pathway behind a disease (Furlong, 2013). For instance, Lin et al. (2017) 

discovered that the regulatory role of microRNA in cervical squamous cell carcinoma is 

mainly impacting on the MAPK signalling pathway; and Iglesias et al. (2019) found that 

the pathogenic role of prior proteins is established through nucleic acid binding and gene 

regulation. Besides, they facilitate the prediction of disease-associated genes (Jin et al., 

2018; Sonawane et al., 2019). As demonstrated in many studies, novel genes have been 

reported in multiple human diseases such as chronic lymphocytic leukaemia, congenital 

heart disease, infantile spasms and gastric cancer following the use of functional 

annotation, PPI and pathway analysis (Kim et al., 2020; Sevim Bayrak et al., 2020; Wang 

et al., 2019; Yang, 2020). On top of that, the disease genes can be assessed with PPI 

analysis to study their potential risk, it is hypothesized that key disease genes are having 

more interactants in the disease pathway (Cai et al., 2010; Feldman et al., 2008; Sonawane 

et al., 2019). This concept is used by Chen et al. (2017) and Ghatge et al. (2018) in the 

identification of CTNNB1 and EGFR as the key gene in neuropathic pain and coronary 

artery disease respectively. 

The identification of key genes and biological pathway in human disease is very 

beneficial in the medical field. On one hand, it explains the relationship between a disease 
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and its comorbidities (Li & Agarwal, 2009). As shown in the case of polycystic ovarian 

syndrome, women with the syndrome are prone to develop hypertension, migraine and 

schizophrenia due to sharing disease genes and pathway (Balqis Ramly et al., 2019). On 

the other hand, it reveals the potential therapeutic targets for the disease, this will greatly 

assist in the drug design for disease treatment (Furlong, 2013; Liang et al., 2020; Pattin 

& Moore, 2009; Stoney et al., 2018). Examples of studies demonstrating the application 

of functional annotation, PPI and pathway analysis in drug design include Yang et al. 

(2020) and Zhao et al. (2019). Due to its potential in disease research, many bioinformatic 

tools have been developed to aid functional annotation, PPI and pathway analysis (Al-

Harazi et al., 2019; Jin et al., 2014; Miryala et al., 2018). Despite this, it is still very 

important to verify the results using experimental data such as those from in vitro and in 

vivo studies (Wang et al., 2019; Zhao et al., 2019). 

 

2.5.3 Gene Prioritization and Pathway Analysis in Epilepsy-Genetic Studies 

Gene prioritization and pathway analysis have been applied in epilepsy-genetic studies 

since 2010. Despite a few epilepsy-related pathways have been reported by early studies 

like Sha et al. (2010), Jia et al. (2011) and Speed et al. (2014), the study subjects in these 

studies were not grouped based on epilepsy types (generalized epilepsy or focal epilepsy). 

As a result, the difference in the genetic mechanism between generalized and focal 

epilepsy may not be distinguishable. In order to tackle this issue, newer studies have given 

emphasis to epilepsy type and the selection of study subjects is more specific. For instance, 

Jin et al. (2016) has highlighted that their study focused on tumour-induced epilepsy, and 

Xiao et al. (2019) focused on the pathway analysis of temporal lobe epilepsy. In the case 

of genetic generalized epilepsy (GGE), only two pathway analysis studies have been 

conducted. The first study was conducted by Ozdemir et al. (2019), they identified five 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, namely ‘neurotrophin 
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signaling pathway’, ‘pathways in cancer’, ‘focal adhesion’, ‘metabolic pathway' and 

‘MAPK signaling pathway’, that are significantly enriched in their study subjects 

comprised of 15 trios. Meanwhile, the second study, Epi25 Collaborative (2019) divided 

their analysis into two stages: the gene-set-based analysis and the gene-based analysis, in 

which the former measured the odd ratio of the gene groups while the latter focused on 

the odd ratio of individual genes in GGE. From the analysis, Epi25 Collaborative (2019) 

reported that the GABA-A receptor genes and voltage-gated cation channel genes are 

closely associated with GGE; and from their gene-based analysis, it is found that the 

CACNA1G, EEF1A2, and GABRG2 are having higher association with GGE compared 

to other genes in the analysis. Despite the analysis by Epi25 Collaborative (2019) is very 

comprehensive, the results may not apply to Malaysians. As demonstrated by Wu et al. 

(2019), Malays, Chinese and Indians have different genetic composition compared to 

Europeans. Hence, the relative risk of each gene and the associated variants with epilepsy 

might be different among Malaysians, extra studies are still needed to investigate the 

genetic basis of GGE in the multi-ethnic Malaysian population. 

 

2.6 Contribution of Genetics in Epilepsy Treatment and Antiepileptic Drug 

Development 

Genetic studies have brought several contributions to the field of epilepsy. Firstly, it 

may aid the treatment decision (Balestrini & Sisodiya, 2018). Despite antiepileptic drugs 

are generally reducing seizures by decreasing neuronal excitation signals or by increasing 

neuronal inhibition signals (Santulli et al., 2016), there are differences in the mechanism 

of action among the antiepileptic drugs (Rogawski & Löscher, 2004). For instance, 

lamotrigine, carbamazepine and lacosamide suppress seizures by inhibiting the activity 

of the voltage-gated sodium channels; bromide and topiramate enhance the effect of 

inhibitory neurotransmitter gamma-aminobutyric acid; levetiracetam binds to synaptic 
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vesicle proteins to block neurotransmitter release at the synapse; whereas sodium 

valproate is expected to target multiple cellular components including the sodium 

channels, N-methyl-d-aspartate receptors and gamma-aminobutyric acid (Kobayashi et 

al., 2020; Moavero et al., 2017; Stefanović et al., 2018). Due to different mode of action, 

the efficiency of each drug in treating genetic epilepsy may vary. As reviewed by Perucca 

& Perucca (2019), carbamazepine is less effective in treating SCN1A-induced Dravet 

syndrome compared to sodium valproate, the blockage of sodium channels by 

carbamazepine fails to relieve the symptoms as this disease is caused by the functional 

loss in sodium channels; however, carbamazepine is an effective treatment for KCNQ2-

induced benign familial neonatal epilepsy as the mutation in KCNQ2 is impacting the 

potassium channels but not the sodium channels, the blockage of sodium channels in this 

case can help to impede the generation of action potential. The knowledge of genetics 

allows a better understanding of the cellular defects induced by an epilepsy-causing 

mutation, this may help the medical practitioners to provide a more effective treatment to 

patients by administrating the correct medications that tackle the cellular abnormalities 

caused by the mutation (Naimo et al., 2019; Perucca & Perucca, 2019). As demonstrated 

in Peng et al. (2019), 52.9% of the patients attained seizure-control after changing 

antiepileptic drug treatment based on genetic diagnosis. 

Besides, many new candidate therapeutic targets have been identified through genetic 

research (Kambli et al., 2017). For example, Zhang et al. (2019) suggested the potential 

of HDAC4 as a therapeutic target following their experiment in mouse models that 

showed an increased expression of GABA receptors, one of the key components in 

potentiating inhibitory signal in the brain, after silencing of HDAC4; meanwhile, the 

downregulation of cyclooxygenase-2 in valproate responders promoted the idea to 

develop new antiepileptic drugs that target cyclooxygenase-2 (Rawat et al., 2020); and 

the G protein-coupled receptor 40 is proposed as a new therapeutic target attributable to 
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its regulatory role in the expression of N-methyl-d-aspartate receptors (Yang et al., 2018). 

The identification of new therapeutic targets may shed some light on the development of 

new antiepileptic drug in future. As mentioned by Stefanović et al. (2018), the 

development of new antiepileptic drugs is needed as there are still 20-30% of the patients 

who suffer from drug-resistant epilepsy. 

As a supplement, there are also some recent studies that emphasize the molecular 

mechanism behind the side effect of antiepileptic drugs. For instance, Zhang et al. (2021) 

discovered that valproate-induced weight gain is related with the expression of FTO, and 

Chen et al. (2019) proposed that valproate-induced hepatotoxicity is caused by the 

impairment of farnesoid X receptor signalling pathway. Meanwhile, Walters et al. (2020) 

identified the effect of vigabatrin on the expression of retinal genes, and Shizu et al. (2020) 

proposed that phenobarbital is raising the blood triglyceride levels by interfering the 

interaction between peroxisome proliferator-activated receptor alpha and peroxisome 

proliferator-activated receptor-gamma coactivator 1-alpha. Despite the findings from 

these studies are mostly derived from mouse models, they may still provide some clues 

on the methods to improve the current epilepsy medications in the sense of minimizing 

side effect. 

 

2.7 Genetic Studies on Epilepsy in Malaysia 

Although many genes are found to be associated with epilepsy, there are only a few 

epilepsy-genetic studies that have been conducted in Malaysia. In 2011, Haerian et al. 

(2011) showed the lack of association between SYN2 rs3773364 variant with epilepsy 

among Malaysians. In 2012, another group of researchers from Universiti Sains Malaysia 

performed a mutational analysis of SCN1A in 36 Malaysian patients diagnosed with 

generalized epilepsy with febrile seizures plus and reported two de novo mutations from 

their cohort (Emmilia H. Tan et al., 2012; Emmilia Husni Tan et al., 2012). 3 years later, 
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Haerian et al. (2015a) showed the association of TIMP4 rs3755724 polymorphism with 

focal epilepsy among Malaysian Chinese. In the same year, the same research team 

reported that RORA rs12912233 variant can increase the epilepsy-developing risk in 

Malaysian Chinese by acting synergically with RORA rs880626 and SCN1A rs3812718 

(Haerian et al., 2015b). In 2016, Hidayati Mohd Sha’ari et al. (2016) carried out an 

association study and found a few BDNF variants which may contribute to epilepsy 

among Malaysian Chinese and Indians. In 2017, Lim et al. (2017) conducted a cross-

sectional study to investigate the variation in GGE prevalence among the Malays, Chinese 

and Indians, and the results showed a significant variation in GGE prevalence among the 

ethnic groups; besides, the results also demonstrated that about 30% of the GGE patients 

in Malaysia are having family history, this data has suggested the inheritance of GGE 

among Malaysians. In the context of familial epilepsy, only one study has been conducted 

in Malaysia. The study reported a rare EPM2A c.758A>T mutation and the EPM2A whole 

gene deletion in a Malay family with Lafora disease (Tee et al., 2019), this finding 

provided additional evidence that shows the autosomal recessive nature of EPM2A. Even 

though these studies have contributed some knowledge to the genetics behind epilepsy 

among Malaysians, the findings are still very limited primarily due to the use of targeted 

sequencing or single variant association studies. As mentioned in Section 2.3.2, targeted 

analyses may miss out some genetic variants as not every gene is screened during the 

genetic tests. Furthermore, the lack of pathway analysis has hampered the understanding 

of molecular pathways underlying epilepsy in Malaysia. Therefore, this project is 

conducted to study the possible novel genetic factors and the biological pathways 

associated with GGE among Malaysians. 
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CHAPTER 3: METHODOLOGY 

3.1 Ethical Approval 

The study protocol of this project was approved by University Malaya Medical Centre 

(UMMC) Medical Research Ethics Committee. The details of the ethical approval are as 

shown below: 

Ethics Committee Reference Number: 944.3 

Date of approval: 28 April 2016 

 

3.2 Study Population 

This study involved 14 unrelated Malaysian probands (4 Malays, 5 Chinese and 5 

Indians) fulfilling the inclusion criteria mentioned in Table 3.1. Among the 14 probands, 

trio whole exome sequencing (WES) was conducted on the 2 Chinese probands and 

singleton WES was conducted on the remaining 12 probands (Table 3.2). The diagnosis 

of genetic generalized epilepsy (GGE) was confirmed by epileptologist, and all the 

probands were recruited from neurology clinic in UMMC. Besides, family members of 

the probands were also recruited for those agreed to participate in this study, these family 

members were involved in segregation analysis (Section 3.10). Informed written consent 

was obtained from all study subjects upon enrolment into this study; for the individuals 

under 18 years old, the consent was obtained from their parents. 

 

Table 3.1: Inclusion criteria of study subjects involved in this study. 

Inclusion criteria of study subjects 
 
1. Diagnosed with genetic generalized epilepsy. 
 
2. Have family history of epilepsy. 
 
3. The epileptic syndromes are caused by unknown/unidentified factor. 
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Table 3.2: List of samples underwent WES. 

Family ID Sample ID Ethnicity Remark 
List of samples underwent trio WES 

F-1 GGE-1 Chinese Proband 
GGE-2 Chinese Father of GGE-1 
GGE-3 Chinese Mother of GGE-1 

F-4 GGE-4 Chinese Proband 
GGE-5 Chinese Father of GGE-4 
GGE-6 Chinese Mother of GGE-4 

List of samples underwent singleton WES 

F-7 GGE-7 Malay Proband 
F-8 GGE-8 Chinese Proband 
F-9 GGE-9 Chinese Proband 
F-10 GGE-10 Indian Proband 
F-11 GGE-11 Malay Proband 
F-12 GGE-12 Indian Proband 
F-13 GGE-13 Indian Proband 
F-14 GGE-14 Chinese Proband 
F-15 GGE-15 Malay Proband 
F-16 GGE-16 Indian Proband 
F-17 GGE-17 Indian Proband 
F-18 GGE-18 Malay Proband 

Abbreviation: WES, Whole exome sequencing. 

 

3.3 Sample Collection 

For all the samples underwent WES including the parents of GGE-1 and GGE-4 (Table 

3.2), 6 mL of peripheral blood sample was collected from them using dipotassium 

ethylenediaminetetraacetic acid (K2EDTA) tubes (Becton Dickinson, USA). For other 

family members who consented to participate in this study, either peripheral blood or 

buccal cell sample was collected from them.1 The buccal cell samples were collected 

using sterile cotton swabs, 3 swabs were collected from each individual. 

 

 
1 Peripheral blood sample was collected when sampling was conducted in UMMC. However, for family members under 18 years old 
or prefer on-site sampling, buccal cell sample was collected. 
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3.4 Genomic DNA Extraction 

3.4.1 Genomic DNA Extraction from Blood Samples 

2 mL of peripheral blood from each sample was used for genomic DNA extraction. 

DNA extraction was performed with QIAamp DNA Blood Midi Kit (Qiagen, Germany) 

in accordance with the spin protocol provided by the manufacturer (Appendix A). 

American Chemical Society (ACS) grade ethanol (Emsure ACS, Merck, Germany) was 

used to precipitate DNA before loading them into QIAamp Midi column (step 5, 

Appendix A). In the final step of the extraction (step 12, Appendix A), 200 µL of Buffer 

AE (provided with QIAamp DNA Blood Midi Kit) was used to elute the DNA. For 

samples undergoing WES (Table 3.2), the DNA quality and quantity were checked using 

gel electrophoresis and spectrophotometer prior to WES (Section 3.5). 

 

3.4.2 Genomic DNA Extraction from Buccal Cell Samples 

For buccal cell samples, DNA extraction was conducted using Presto Buccal Swab 

gDNA Extraction Kit (Geneaid, Taiwan) under the protocol provided by the manufacturer 

(Appendix B). ACS grade ethanol (Emsure ACS, Merck, Germany) was used for DNA 

precipitation before loading into the GD column (step 4, Appendix B). In the elution step 

(step 6, Appendix B), 50 µL of Elution Buffer (provided with Presto Buccal Swab gDNA 

Extraction Kit) was used to elute the DNA. In order to increase DNA yield, the column 

was left standing for 5 minutes after addition of Elution Buffer before proceeding with 

centrifugation. All centrifugation steps in this protocol were carried out under the 

centrifugal force of 14,000 x g. 
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3.5 Genomic DNA Qualification and Quantification 

3.5.1 Genomic DNA Qualification Using Gel Electrophoresis 

Gel electrophoresis was conducted to check the quality of DNA samples. Before 

starting gel electrophoresis, 1X tris-borate-EDTA (TBE) buffer was prepared based on 

the recipe provided by Cold Spring Harbor Protocols ("TBE electrophoresis buffer 

(10X)," 2010), 12.11 grams of tris (Hoefer Caliber, United States), 6.18 grams of boric 

acid (Fluka, United States) and 0.74 grams of EDTA, disodium salt, dihydrate (Amresco, 

United States) were added to 1 L of autoclaved distilled water. The mixture was then 

stirred using a magnetic stirrer until all the precipitates had dissolved and the solution 

became clear. 

For gel electrophoresis, a 1% agarose gel was first prepared by adding 1.5 grams of 

agarose (First Base, Malaysia) and 150 mL of 1X TBE buffer into a 250 mL conical flask. 

The mixture was mixed evenly by shaking it gently and microwaved until all the agarose 

was dissolved and a clear solution was obtained. 15 µL of FloroSafe DNA Stain (First 

Base, Malaysia) was added into the agarose solution and mixed gently. The agarose 

solution was then partially cooled under running tap water and poured into a gel casting 

tray. Next, an electrophoresis comb was inserted into the gel tray and the gel was left to 

solidify. Once the gel was solidified, the gel was transferred to an electrophoresis tank 

and 1X TBE buffer was added into the tank until the gel surface was completely 

submerged. 5 µL of Lambda DNA/HindIII Marker (Thermo Scientific, United States) 

was loaded into the first well as DNA marker. 4 µL of genomic DNA was then mixed 

thoroughly with 2 µL of 6X DNA loading dye (AITbiotech, Singapore) on a piece of 

Parafilm and subsequently loaded into the next well. The gel electrophoresis was 

conducted using PowerPac Basic (Bio-rad, United States) under a constant voltage of 120 

V for 40 minutes. 
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3.5.2 Genomic DNA Quantification Using Spectrophotometer 

The quantity and purity of the DNA samples were measured using NanoDrop 2000c 

Spectrophotometer (Thermo Scientific, United States). 1 µL of each DNA sample 

(without dilution) was loaded singly on the pedestal of Nanodrop 2000c for 

spectrophotometric measurement. The concentration (in ng/µL) and absorbance ratio 

A260/A280 of each sample were recorded. 

 

3.6 Whole Exome Sequencing (Outsourced) 

Whole exome sequencing (WES) for all samples listed in Table 3.2 was outsourced to 

Macrogen Incorporation (South Korea). In this step, 1 µg of genomic DNA was aliquoted 

and sent to Macrogen Incorporation for library preparation and WES. According to 

Macrogen Incorporation, the libraries were prepared with SureSelect Human All Exon 

V4 (Agilent, United States) and sequencing was carried out using HiSeq 2000 sequencing 

system (Illumina, United States) with 100 bp paired-end sequencing under a sequencing 

depth of 30X. 

 

3.7 Whole Exome Sequencing Data Analysis Pipeline 

WES data analysis was started with the FASTQ files provided by Macrogen 

Incorporation following the completion of WES. The analysis pipeline was adapted from 

Genome Analysis Toolkit (GATK) best practice developed by Broad Institute (Van der 

Auwera et al., 2013). Poor quality reads were first trimmed using Trimmomatic (Bolger 

et al., 2014). The trimmed sequence reads were mapped to Genome Reference 

Consortium Human Build 37 (GRCh37) using Burrows-Wheeler Aligner (Li & Durbin, 

2009), duplicated reads were then marked and removed by Picard 

(http://broadinstitute.github.io/picard) and base quality score recalibration was conducted 

with the BaseRecalibrator from GATK suite (DePristo et al., 2011). GATK 
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HaplotypeCaller was used to perform variant calling in each sample, the variants were 

then filtered using GATK SelectVariants. Under this filter, all variants with QUAL < 30.0 

were discarded. The remaining variants were annotated with wANNOVAR (Yang & 

Wang, 2015). 

 

3.8 In Silico Pathogenicity Prediction and Selection of Potential Pathogenic 

Variants 

The selection of potential pathogenic variants was based on the criteria provided by 

American College of Medical Genetics and Genomics (ACMG) (Richards et al., 2015). 

Table 3.3 shows the ACMG criteria utilized for determining the pathogenicity of the 

variants in this study. According to ACMG guidelines, variants with minor allele 

frequency (MAF) of more than 5% or greater than expected for disorder fulfil the 

classification criteria of benign variants (Table 3.3). The adjusted lifetime prevalence of 

epilepsy in Malaysia is 0.0078 (Fong et al., 2021). In this study, MAF < 0.01 was set as 

the cut-off criterion and all variants with MAF ≥ 0.01 were presumed benign. For the 

variants with MAF < 0.01, the pathogenicity was predicted by Sorting Intolerant from 

Tolerant (SIFT) (Sim et al., 2012) and Polymorphism Phenotyping v2 (Polyphen-2) 

(Adzhubei et al., 2010). The usage of in silico prediction software allows the 

identification of variants that fulfil the ACMG criterion “multiple lines of computational 

evidence support a deleterious effect on the gene or gene product”, which is one of the 

criteria for classifying pathogenic variants (Table 3.3). 
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Table 3.3: The ACMG criteria for classifying pathogenic and benign variants 
(Richards et al., 2015). 

ACMG criteria for classifying 
pathogenic variants 

ACMG criteria for classifying benign 
variants 

 
1. Absent from controls (or at extremely 

low frequency if recessive) in Exome 
Sequencing Project, 1000 Genomes 
Project, or Exome Aggregation 
Consortium. 

 
2. Multiple lines of computational 

evidence support a deleterious effect 
on the gene or gene product. 

 

 
1. Allele frequency is >5% in Exome 

Sequencing Project, 1000 Genomes 
Project, or Exome Aggregation 
Consortium. 

 
2. Allele frequency is greater than 

expected for disorder. 

Abbreviation: ACMG, American College of Medical Genetics and Genomics. 

 

In this project, the MAF of the variants was obtained from 1000 Genomes Project 

(1KGP) (The 1000 Genomes Project Consortium, 2015), Genome Aggregation Database 

(gnomAD) (Karczewski et al., 2020) and Singapore Sequencing Malay Project (Wong et 

al., 2013). Due to genetic variation between ethnic groups, different reference populations 

were used for determination of MAF in each ethnicity (Table 3.4). The variants with MAF 

< 0.01 in both reference population 1 and 2 (Table 3.4) and predicted damaging by both 

SIFT (SIFT score ≤ 0.05) and Polyphen-2 (“probably damaging” in HumVar model) were 

classified as potential pathogenic variants, the genes containing these variants were 

selected for subsequent functional characterization analysis (Section 3.9). 

 

Table 3.4: Reference populations used for determining MAF of variants among 
Malays, Chinese and Indians. For 1KGP CDX + KHV, the MAF was derived by 
dividing the sum of allele count in CDX and KHV by sum of allele number in CDX 
and KHV. 

Ethnicity Reference population 1 Reference population 2 
Malay 1KGP CDX + KHV Singapore Sequencing Malay Project 

Chinese 1KGP EAS gnomAD EAS 
Indian 1KGP SAS gnomAD SAS 

Abbreviations: 1KGP, 1000 Genomes Project; gnomAD: Genome Aggregation Database; 
CDX, Chinese Dai in Xishuangbanna, China; KHV, Kinh in Ho Chi Minh City, Vietnam; 
EAS, East Asian; SAS, South Asian. 
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3.9 Functional Characterization Analysis 

A 3-step functional characterization analysis was conducted for the genes with 

potential pathogenic variants. In the first step, gene prioritization was conducted using 

ToppGene Suite (Chen et al., 2009). Next, the top 100 prioritized genes and the 34 

training genes were subjected to protein-protein interaction (PPI) analysis with Search 

Tool for Retrieval of Interacting Genes/Proteins (STRING) v11.0 (Szklarczyk et al., 

2019). In the final step, functional enrichment was conducted on the interacting genes 

using Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 

(Dennis et al., 2003). Sections 3.9.1, 3.9.2 and 3.9.3 describe the procedure involved in 

each step. 

 

3.9.1 Gene Prioritization 

The gene prioritization protocol used in this study was mainly adapted from Carrera et 

al. (2015), with minor modification in the gene ranking system. In this step, testing genes 

were ranked using ToppGene based on their functional similarity with training genes. 

Testing genes were defined as the genes with potential pathogenic variants identified from 

WES data of all probands listed in Table 3.2, except GGE-9. The reason of removing 

GGE-9 from this analysis is discussed in Section 5.1. Meanwhile, training genes were 

defined as the known JME-associated genes retrieved from the list of literature obtained 

using the search strategy described in the next paragraph. The ToppGene parameters used 

in determining functional similarity include GO: Molecular Function, GO: Biological 

Process, GO: Molecular Function, human phenotype, mouse phenotype, domain, pathway, 

pubmed, interaction, gene family, coexpression and disease. 

Before starting gene prioritization, a literature search was conducted with Scopus using 

the search term ‘"Juvenile" AND "Myoclonic" AND "Epilepsy" AND "Gene"’, a total of 

34 JME-associated genes were retrieved from various study types including functional 
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studies, association studies or case reports,2 these genes were used as training genes and 

classified into 15 functional categories based on the protein function (Appendix D). The 

gene prioritization was conducted in two stages. In stage 1, all the 34 JME-associated 

genes were used as training genes. For stage 2, only the JME-associated genes from one 

functional category were used as training genes. Since there were 15 functional categories, 

gene prioritization was conducted 15 times in stage 2. After that, the testing genes were 

tiered hierarchically based on their ranking position in stage 1 and stage 2 (Table 3.5). 

The gene tiers were used to weigh the biological processes enriched in functional 

enrichment analysis. 

 

Table 3.5: The gene tiering system in gene prioritization. 

Gene tier Description 
Tier 1 Ranked top 100 in stage 1 and top 10 in at least 7 categories in stage 2. 
Tier 2 Ranked top 100 in stage 1 and top 25 in at least 7 categories in stage 2. 
Tier 3 Ranked top 100 in stage 1 and top 50 in at least 7 categories in stage 2. 
Tier 4 Ranked top 100 in stage 1 and top 100 in at least 7 categories in stage 2. 
Tier 5 Ranked top 100 in stage 1, regardless to their ranking position in stage 2. 

 

 

3.9.2 Protein-Protein Interaction (PPI) Analysis 

In PPI analysis, the testing genes ranked top 100 in stage 1 gene prioritization 

(Appendix F) and the 34 training genes (Appendix D) were analysed with STRING v11.0 

to study the possible protein-protein interaction. The analysis was carried out using 

default settings. The interacting nodes were then subjected to functional enrichment 

analysis (Section 3.9.3). 

 

 
2 The genes reported in review paper were also considered if the paper is quoting the results from functional studies, association studies 
or case reports. 
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3.9.3 Functional Enrichment Analysis 

Functional enrichment analysis was conducted primarily on DAVID v6.8, all 

interacting genes predicted from PPI analysis (Section 3.9.2) were used in the enrichment 

process. The Gene Ontology (GO) annotation GOTERM_BP_DIRECT was used to 

annotate the biological processes involved with each gene. EASE score p ≤ 0.05 was set 

as the cut-off criterion. The GO terms fulfilling this criterion were mapped to its ancestor 

term with QuickGO (Binns et al., 2009) and a sunburst chart was generated using R 

package “plotly” to visualize the relationship between the GO terms. In order to study the 

potential association of each GO term to GGE, the GO terms were ranked based on the 

gene tiers using the classification scheme as shown in Table 3.6. 

 

Table 3.6: The classification scheme used for categorizing the GO terms. The GO 
term categories were arranged in hierarchical order, category A denotes the GO 
terms having the highest association with GGE, and category E denotes the GO 
terms having the lowest association with GGE. 

GO term category Description 
Category A GO terms with at least one tier 1 gene. 
Category B GO terms with at least one tier 2 gene. 
Category C GO terms with at least one tier 3 gene. 
Category D GO terms with at least one tier 4 gene. 
Category E GO terms with at least one tier 5 gene. 

 

 

3.10 Segregation Analysis 

Segregation analysis was conducted on families F-1 and F-9 (Table 3.2), 13 family 

members, 8 from F-1 and 5 from F-9, were involved in this analysis. Genomic DNA of 

the family members was extracted using protocols as shown in Sections 3.4.1 and 3.4.2. 

Inheritance of the variants of interest, which are SCN1A c.5753C>T in F-1, GABRA1 

c.448G>A and ERBB4 c.1972A>T in F-9, among family members was then detected 

using Sanger sequencing. 
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3.10.1 Polymerase Chain Reaction (PCR) 

Before Sanger sequencing, PCR amplifying the variant of interest was first conducted 

on all the recruited family members including the proband using Q5 High-Fidelity DNA 

Polymerase (New England Biolabs, United States). PCR primers flanking the variant of 

interest as shown in Table 3.7 were designed with Primer-BLAST (Ye et al., 2012). The 

PCR reaction mix was prepared in accordance with Table 3.8, 100-200 ng of genomic 

DNA was used in each PCR reaction, for no-template control, autoclaved distilled water 

was added in place of genomic DNA. All PCRs were carried out using Veriti 96-Well 

Thermal Cycler (Applied Biosystems, United States) under the PCR conditions as shown 

in Table 3.9. Once the PCR was completed, gel electrophoresis was conducted to verify 

the PCR results (Section 3.10.2). 

 

Table 3.7: PCR primers for amplifying the SCN1A, GABRA1 and ERBB4 variants 
identified in F-1 and F-9. 

Family 
ID 

Variant of 
interest 

Primer sequence PCR product 
size (bp) 

F-1 SCN1A 
c.5753C>T 

Forward: 
5'-CAGTTTGGCATTGACCTCCT-3' 
 
Reverse: 
5'-GTGACCGGATCCACTGTCTT-3' 

556 

F-9 GABRA1 
c.448G>A 

Forward: 
5'-GCAAAAATTATGCACTGTCTGCG-3' 
 
Reverse: 
5'-TGCCTACAAGTGGAAGGGAA-3' 

371 

F-9 ERBB4 
c.1972A>T 

Forward: 
5'-TGGTAGAGCAAAACCTAATGCAC-3' 
 
Reverse: 
5'-CTACCCCCTTGAAGCCTTGACT-3' 

488 
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Table 3.8: Reaction mix for PCR. The genomic DNA was first diluted to 50 ng/µL 
with autoclaved distilled water, and 2 µL of the diluted DNA was then used for PCR. 
However, for genomic DNA extracted from buccal cell samples in which the starting 
DNA concentration is less than 50 ng/µL, 4 µL of the DNA was added into the 
reaction mix and the volume of autoclaved distilled water was reduced to 12.75 µL. 

Reagent Volume (µL) Final concentration 
5X Q5 Reaction Buffer 5 1X 
10 mM dNTPs 0.5 200 µM 
10 µM Forward Primer 1.25 0.5 µM 
10 µM Reverse Primer 1.25 0.5 µM 
Template DNA 2 (4) 100-200 ng 
Q5 High-Fidelity DNA Polymerase 0.25 0.02 U/µL 
Autoclaved distilled water 14.75 (12.75) - 

TOTAL 25 - 
 

 

Table 3.9: PCR condition for amplifying the SCN1A, GABRA1 and ERBB4 variants 
using Q5 High-Fidelity DNA Polymerase. 

Variant Initial 
denaturation 

35 cycles of Final 
extension Denaturation Annealing Extension 

SCN1A 
c.5753C>T 98°C, 30 s 98°C, 5 s 66°C, 10 s 72°C, 30 s 72°C, 2 

min 
GABRA1 

c.448G>A 98°C, 30 s 98°C, 5 s 62°C, 10 s 72°C, 30 s 72°C, 2 
min 

ERBB4 
c.1972A>T 98°C, 30 s 98°C, 5 s 66°C, 10 s 72°C, 30 s 72°C, 2 

min 
 

 

3.10.2 Gel Electrophoresis 

All gel electrophoreses were conducted with 1.5% agarose gel prepared by 100 mL of 

1X TBE buffer and 1.5 grams of agarose using the materials and methods mentioned in 

Section 3.5.1. 10 µL of FloroSafe DNA Stain was added to stain the gel. 4 µL of PCR 

product was mixed with 1 µL of 6X DNA loading dye before loading into the well. 10 

µL of TriDye 100 bp DNA Ladder (New England Biolabs, United States) was used as the 

DNA marker and the gel electrophoreses were carried out under a constant voltage of 120 

V for 60 minutes. 
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3.10.3 Gel Excision and Purification 

Once the PCR results were verified with gel electrophoresis, gel excision was 

conducted to excise the PCR products from the gel. During the gel excision step, another 

gel electrophoresis was conducted using the same procedure as mentioned in Section 

3.10.2, with the exception that all of the remaining PCR product (approximately 21 µL) 

was mixed with 4 µL of 6X DNA loading dye before loading into the well. Once the gel 

electrophoresis was completed, the PCR product bands were excised with a microscope 

slide and the gel slides were transferred into 1.5 mL microcentrifuge tubes for gel 

purification. 

Gel purification was conducted with QIAquick Gel Extraction Kit (Qiagen, Germany) 

using the spin protocol provided by the manufacturer (Appendix C). ACS grade 

isopropanol (Emsure ACS, Merck, Germany) was used to precipitate the DNA during the 

gel purification (step 4, Appendix C). 30 µL of autoclaved distilled water was used to 

elute the purified PCR products at the end of gel purification. All centrifugation steps 

were carried out under the centrifugal force of 14,000 x g. 

 

3.10.4 Sanger Sequencing (Outsourced) 

Sanger sequencing was outsourced to Apical Scientific Sdn Bhd (Malaysia). 10 µL of 

purified PCR products and 5 µL of PCR primers per reaction were aliquoted and sent to 

Apical Scientific Sdn Bhd for Sanger sequencing. Based on the information provided by 

Apical Scientific, the Sanger sequencing was conducted with 3730xl DNA Analyzer 

(Applied Biosystems, United States) using BigDye Terminator v3.1 Cycle Sequencing 

Kit (Applied Biosystems, United States). The DNA chromatograms provided by Apical 

Scientific after completion of Sanger sequencing were then analysed to study the 

inheritance of variants in the families. 
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3.11 Protein Structure Analysis 

Segregation analysis (Section 3.10) allowed the identification of variants which 

segregate in line with the disease phenotypes, it provided additional evidence on the 

pathogenicity of the variants. In order to further investigate the mutational impact of the 

variants on protein structure, three-dimensional structure analysis was conducted on the 

affected proteins. For the GABRA1 c.448G>A and ERBB4 c.1972A>T variants in F-9 

(Table 3.7), the three-dimensional structure of gamma-aminobutyric acid type A (GABA-

A) receptor (PDB ID: 6HUO) (Masiulis et al., 2019) and transmembrane region of erb-

b2 receptor tyrosine kinase 4 (ERBB4) (PDB ID: 2LCX) (Bocharov et al., 2012) was 

retrieved from RCSB Protein Database Bank (http://www.rcsb.org) (Berman et al., 2000) 

and used directly in the protein structure analysis. Meanwhile, for the SCN1A c.5753C>T 

in F-1, homology modelling for the C-terminal domain of sodium voltage-gated channel 

alpha subunit 1 (SCN1A) was first conducted with SWISS-MODEL (Waterhouse et al., 

2018) using the three-dimensional structure of sodium voltage-gated channel alpha 

subunit 2 (SCN2A) (PDB ID: 4JPZ) (Wang et al., 2014) retrieved from RCSB Protein 

Database as the template. The quality of the predicted SCN1A model was assessed with 

the QMEAN score from SWISS-MODEL and the Ramachandran plot from PDBsum 

(Laskowski et al., 2018). Mutant proteins were generated with UCSF Chimera (Pettersen 

et al., 2004) using the Rotamers tool followed by 500 steps of local steepest descent 

energy minimization under AMBER ff14SB force field. The hydrogen bonds between 

amino acid residues and distance between alpha carton atoms were predicted and 

measured with PyMOL (Schrodinger, 2015). All structural figures in Section 4.6 were 

prepared using PyMOL. 
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3.12 Overview of Research Methodology 

In general, the methodology of this project can be divided into two main parts: 

functional characterization analysis and segregation analysis. Figure 3.1 shows the flow 

chart of the research activities conducted in this study. The functional characterization 

analysis was set up with a primary objective to identify the potential pathogenic variants 

(variants of interest) from the probands and a secondary objective to investigate the 

biological processes which are potentially associated with GGE among Malaysians. 

Meanwhile, the segregation analysis aimed to study the inheritance pattern of the variants 

of interest in the proband’s family. 
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Figure 3.1: Flow chart of research activities conducted in this study. 
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CHAPTER 4: RESULTS 

4.1 Clinical Information and Study Cohort 

Table 4.1 shows the clinical information of the 18 individuals that underwent WES in 

this study, the 18 individuals were composed of 14 unrelated probands (GGE-1, GGE-4, 

GGE-7, GGE-8, GGE-9, GGE-10, GGE-11, GGE-12, GGE-13, GGE-14, GGE-15, GGE-

16, GGE-17 and GGE-18), parents of GGE-1 (GGE-2 and GGE-3) and parents of GGE-

4 (GGE-5 and GGE-6). Among the 14 probands, 9 of them were diagnosed with juvenile 

myoclonic epilepsy (JME), 3 were diagnosed with generalized epilepsy with febrile 

seizure plus (GEFS+) and 2 probands were having GGE with unclassifiable subtype. 

Most probands were having seizure onset during adolescence between 10 to 18 years old, 

except GGE-16 who was having his onset at 8 years old; meanwhile, GGE-17 cannot 

recall the exact age of onset but she was having her seizure attacks since childhood. 

Interestingly, GGE-9 exhibited the syndromes of both JME and temporal lobe epilepsy 

(TLE). Meanwhile, the other probands manifested the syndromes of GGE only. Due to 

mixed epilepsy type in GGE-9, GGE-9 was removed from functional characterization 

analysis (Sections 3.9 and 5.1). 

For the parents involved in trio WES, GGE-3 (mother of GGE-1) was diagnosed with 

JME and exhibited similar clinical syndromes as GGE-1. On other hand, GGE-6 (mother 

of GGE-4) was having febrile seizures but became seizure free before entering primary 

school. Both GGE-3 and GGE-6 were not under any antiepileptic drug treatment. 

Meanwhile, there was no history of epilepsy in the paternal family, including the father 

of GGE-1 and GGE-4. The parents of GGE-1 and GGE-4 were not included in the 

functional characterization analysis mentioned in Section 3.9. 
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Table 4.1: Clinical information of the 18 individuals that underwent whole exome sequencing in this study. 

Sample 
ID 

Gender Epilepsy 
type 

Age of onset 
(years old) 

Syndrome EEG MRI Current 
treatment 

GGE-1 Female JME 12 GTC, myoclonic seizures, febrile seizures Normal Normal VPA, LTG 
GGE-4 Female JME 11 GTC, myoclonic seizures, febrile seizures PSW, PPR Not done VPA 
GGE-7 Male GEFS+ 15 GTC, myoclonic seizures, febrile seizures GSW Not done VPA 
GGE-8 Female JME 10 GTC, myoclonic seizures GSW, PPR Not done VPA, LTG 
GGE-9 Female JME and 

TLE 
15 Headache, vertigo, vomiting, facial 

automatism, head deviation, gelastic 
episodes, tinnitus, catamenial, aggressive 
staring, simple partial seizures 

Generalized 
PSW with T4 
preponderance 

Right 
hippocampal 
atrophy and left 
malrotation 

VPA, LTG, 
LVT 

GGE-10 Female GGE 17 GTC Normal Not done VPA, LTG 
GGE-11 Female JME 12 GTC, myoclonic seizures Not done Not done LTG 
GGE-12 Female GEFS+ 13 GTC PSW, PPR Not done VPA 
GGE-13 Female JME 15 Myoclonic seizures GSW, left 

temporal sharp 
Not done VPA, LTG 

GGE-14 Male JME 13 GTC, myoclonic seizures Normal Not done VPA 
GGE-15 Female GEFS+ 15 GTC, myoclonic seizures, febrile seizures GSW Not done LTG 
GGE-16 Male JME 8 GTC, myoclonic seizures Polyspikes Not done VPA 
GGE-17 Female GGE Childhood GTC, febrile seizures Generalized 

discharge 
Not done LTG 

GGE-18 Female JME 18 GTC, myoclonic seizures PSW Not done VPA, LTG 
GGE-2 
(Father 
of 
GGE-1) 

Male N/A N/A Unaffected (non-epileptic) N/A N/A N/A 
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Table 4.1, continued. 

Sample 
ID 

Gender Epilepsy 
type 

Age of onset 
(years old) 

Syndrome EEG MRI Current 
treatment 

GGE-3 
(Mother 
of 
GGE-1) 

Female JME 12 GTC, myoclonic seizures, febrile seizures Not known Not known None 

GGE-5 
(Father 
of 
GGE-4) 

Male N/A N/A Unaffected (non-epileptic) N/A N/A N/A 

GGE-6 
(Mother 
of 
GGE-4) 

Female Febrile 
seizures 

N/A Febrile seizures Not known Not known None 

Abbreviations: EEG, Electroencephalography; GEFS+, Generalized epilepsy with febrile seizure plus; GGE, Genetic generalized epilepsy; GSW, 
Generalized spike and wave; GTC, Generalized tonic-clonic seizures; JME, Juvenile myoclonic epilepsy; LTG, Lamotrigine; LVT, Levetiracetam; MRI, 
Magnetic resonance imaging; N/A, Not applicable; PPR, Photoparoxysmal response; PSW, Polyspike-waves; TLE, Temporal lobe epilepsy; VPA, 
Sodium valproate. 
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4.2 Genomic DNA Qualification and Quantification 

4.2.1 Genomic DNA Qualification Using Gel Electrophoresis 

Gel electrophoresis was conducted for the 18 DNA samples involved in whole exome 

sequencing (WES). Figure 4.1 shows the results of gel electrophoresis for the DNA 

samples. As indicated in the figure, there was slight degradation on the DNA, the slight 

degradation was probably due to long storage period of the blood samples before genomic 

DNA extraction. Nevertheless, the overall DNA quality was still acceptable as an intact 

band was still observable in all samples. 

 

 

Figure 4.1: Gel electrophoresis of DNA samples involved in whole exome sequencing. 
Lane 1: Lambda DNA/HindIII Marker; Lane 2: GGE-1; Lane 3: GGE-4; Lane 4: 
GGE-7; Lane 5: GGE-8; Lane 6: GGE-10; Lane 7: GGE-12; Lane 8: GGE-11; Lane 
9: GGE-13; Lane 10: GGE-14; Lane 11: GGE-15; Lane 12: GGE-16; Lane 13: GGE-
17; Lane 14: GGE-18; Lane 15: GGE-9; Lane 16: GGE-2; Lane 17: GGE-3; Lane 
18: GGE-5; Lane 19: GGE-6. 

 

4.2.2 Genomic DNA Quantification Using Spectrophotometer 

The spectrophotometric readings of the DNA samples involved in WES are shown in 

Table 4.2. All samples were having A260/A280 absorbance ratio of between 1.80 and 

2.00, indicating the DNA purity was high with minimal or no protein contamination. In 

terms of DNA yield, the average DNA yield was 61.19 µg, most samples achieved the 

final yield of at least 30 µg, except GGE-1 and GGE-14 in which the DNA yield was 

28.36 µg and 7.34 µg respectively. Nevertheless, the amount of DNA in each sample was 

still sufficient for WES as only 1 µg of DNA was required for WES. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
23130 bp 
9416 bp 
6557 bp 

2322 bp 

564 bp 
2027 bp 

4361 bp 
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Table 4.2: Spectrophotometric measurements and overall DNA yield of the DNA 
samples involved in whole exome sequencing. 

Sample ID Concentration 
(ng/µL) 

A260/A280 Volume (µL) DNA yield 
(µg) 

GGE-1 141.8 1.92 200 28.36 
GGE-4 190.8 1.89 200 38.16 
GGE-7 299.7 1.88 200 59.94 
GGE-8 297.1 1.90 200 59.42 
GGE-9 173.1 1.90 200 34.62 
GGE-10 170.3 1.90 200 34.06 
GGE-11 289.9 1.87 200 57.98 
GGE-12 292.8 1.90 200 58.56 
GGE-13 402.9 1.90 200 80.58 
GGE-14 36.7 1.80 200 7.34 
GGE-15 615.1 1.84 200 123.02 
GGE-16 270.5 1.88 200 54.10 
GGE-17 446.4 1.90 200 89.28 
GGE-18 528.7 1.89 200 105.74 
GGE-2 429.2 1.90 200 85.84 
GGE-3 465.0 1.90 200 93.00 
GGE-5 253.3 1.89 200 50.66 
GGE-6 203.4 1.91 200 40.68 

 

 

4.3 Whole Exome Sequencing (WES) Data Analysis 

From the initial analysis of WES data, about 20,000 variants were identified in the 

exonic regions of each individual, further analysis showed that about 9,500 of the variants 

were missense variants. Table 4.3 shows the exact number of variants identified in each 

individual. Despite thousands of missense variants were present in all individuals, 

subsequent pathogenicity analysis (Section 4.4) predicted that most missense variants 

were polymorphism. As mentioned in Section 3.8, the polymorphic variants were 

assumed to be benign and were excluded from analysis in this project. 

 

 

 

Univ
ers

iti 
Mala

ya



55 
 

Table 4.3: Number of variants identified in each individual by whole exome 
sequencing. 

Sample 
ID 

Total number of 
variants 

Number of variants in 
exonic regions 

Number of missense 
variants 

GGE-1 20,085 19,923 9,457 
GGE-4 20,149 19,972 9,354 
GGE-7 20,138 19,961 9,396 
GGE-8 19,723 19,547 9,201 
GGE-9 20,010 19,820 9,254 
GGE-10 20,537 20,372 9,490 
GGE-11 20,028 19,852 9,341 
GGE-12 20,637 20,454 9,588 
GGE-13 21,165 20,968 9,849 
GGE-14 20,221 20,045 9,303 
GGE-15 20,120 19,946 9,268 
GGE-16 20,598 20,424 9,471 
GGE-17 20,079 19,930 9,377 
GGE-18 20,614 20,406 9,565 
GGE-2 20,087 19,916 9,458 
GGE-3 20,513 20,342 9,557 
GGE-5 20,053 19,864 9,273 
GGE-6 19,953 19,764 9,296 

 

 

4.4 In Silico Pathogenicity Prediction and Selection of Potential Pathogenic 

Variants 

As shown in Table 4.3, thousands of genetic variants can be identified by whole exome 

sequencing. Analysis of the huge number of genetic variants can be overwhelming as it 

is not always possible to investigate the pathogenicity of all the variants due to financial 

and time constraints. Despite this, genetic variants can be shortlisted so that analysis can 

be focused on those with greater potential to cause a disease. After applying the in silico 

pathogenicity prediction and the filtering strategy mentioned in Section 3.8, a total of 826 

genes (Appendix E) from GGE-1, GGE-4, GGE-7, GGE-8, GGE-10, GGE-11, GGE-12, 

GGE-13, GGE-14, GGE-15, GGE-16, GGE-17 and GGE-18 were found to contain at 

least one potential pathogenic variant, these genes were used as testing genes in the gene 

prioritization analysis described in Section 3.9.1. Meanwhile, the 62 potential-

pathogenic-variant-containing genes in GGE-9 (Appendix I) were not involved in the 
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functional characterization analysis. Instead, they were treated as candidate genes for 

further investigation in segregation analysis (Section 4.6.2). Table 4.4 shows the number 

of genes containing at least one potential pathogenic variant in each proband, in silico 

pathogenicity prediction was not conducted on GGE-2, GGE-3, GGE-5 and GGE-6 as 

the WES data from these individuals were only used for aiding the segregation analysis 

in this project. 

 

Table 4.4: Number of genes containing at least one potential pathogenic variant in 
each proband. 

Sample 
ID 

Number of genes containing at least one potential pathogenic 
variant 

GGE-1 72 
GGE-4 64 
GGE-7 46 
GGE-8 67 
GGE-9 62 
GGE-10 83 
GGE-11 74 
GGE-12 59 
GGE-13 79 
GGE-14 74 
GGE-15 55 
GGE-16 75 
GGE-17 71 
GGE-18 71 

 

4.5 Functional Characterization Analysis 

4.5.1 Gene Prioritization 

Despite in silico pathogenicity prediction and minor allele frequency filtering have 

significantly reduced the number of candidate genes, this method merely helped in 

predicting the effect of the mutation, it did not intimate the association of the candidate 

genes with epilepsy. In order to investigate the potential relationship of each candidate 

gene with epilepsy, gene prioritization was conducted for all the candidate genes listed in 

Appendix E. 
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The ToppGene Suite ranked the testing genes (Appendix E) based on their functional 

similarity with the training genes (Appendix D), with rank 1 indicating the testing gene 

with the closest similarity with the training genes. Appendix F shows the top 100 

prioritized testing genes, with their respective ranking position indicated by Rank A, these 

genes were used in the protein-protein interaction (PPI) analysis described in Section 

3.9.2. Meanwhile, the genes ranked 101 and below in Rank A (not shown) were excluded 

from PPI analysis. 

In order to further categorize the top 100 testing genes, the genes were tiered 

hierarchically based on their ranking position in each functional category (Rank B-P in 

Appendix F), the fulfilling criteria of each gene tier are described in Table 3.5. From the 

analysis, CACNA1G and SCN1A were having high ranking in many categories including 

the ion channels, catabolic enzyme, and signal transduction, making them to be classified 

as tier 1. Meanwhile, 9 genes were categorized as tier 2 and 15 genes were classified as 

tier 3. Table 4.5 shows the list of genes under each tier, with the presumption that genes 

under tier 1 were having the highest risk of being associated with juvenile myoclonic 

epilepsy (JME) and tier 5 indicating the genes with the lowest risk. 

 

Table 4.5: The list of genes under each tier. 

Tier Gene 
Tier 1 CACNA1G, SCN1A 

Tier 2 ADRA2A, ATP2B4, DMD, GABRA6, LEPR, NTRK1, NTRK2, SLC9A1, TSC1 

Tier 3 ABCC2, APOB, CACNA1S, CACNB3, CACNG4, CBL, CCND1, ERBB4, 

JAG1, KCNH1, LRP1, NEDD4, SPTBN2, TRPC1, TRPM2 

Tier 4 ATP6V0A2, ATP8A2, CDH23, CHRNB1, CHRNE, CSF1R, CYP2D6, DST, 

FZD4, GCH1, GRIP1, HCRT, HK1, KCNV2, KDR, LRP2, LRP5, MYH6, 

NOD2, NOTCH3, NXF1, P2RX5, PAM, PLCG2, PRDM16, PTPRD, PTPRS, 

S100A1, SNTA1, SYNE1, TCOF1, TLR3, TNC, TRPM1, UTRN 

Tier 5 ABCA13, ABCA5, ABCA8, ABCB4, ABCG8, ACAN, ANO2, ATP4B, 

ATP6V0A4, CA7, CCKAR, CD4, CDH17, CLN8, CNGB1, CXCR1, 

DNAJC5, ENTPD2, GJB3, GNA14, HCK, INSRR, IRF4, KCNA10, MUC4, 

MYH7, RAI1, SLC12A8, SLC26A3, SLC9A3, SPTB, SPTBN4, TAS1R2, TG, 

TRPM5, TRPV3, TTN, UNC13C, WNK3 
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4.5.2 Protein-Protein Interaction (PPI) Analysis 

The results from gene prioritization have estimated the potential association of each 

testing gene with JME. However, it is crucial to study how these genes are interacting 

with each other during epilepsy pathogenesis. Therefore, PPI analysis was conducted to 

investigate the possible interaction between the top 100 prioritized testing genes 

(Appendix F) and the training genes (Appendix D) from the gene prioritization analysis 

(Sections 3.9.1 and 4.5.1). 

The predicted protein interaction network is illustrated in Figure 4.2, the list of 

interacting nodes in the figure and their corresponding interaction score is shown in 

Appendix G. Most testing genes were predicted to interact with others, except ABCA5, 

ABCA8, ATP8A2, DST, INSRR, KCNA10, KCNV2, MUC4, NXF1, P2RX5, PAM, RAI1, 

S100A1, SLC12A8, TSC1 and UNC13C. The non-interacting genes consisted mostly of 

tier 4 and tier 5 genes, except TSC1 which was classified as tier 2, suggesting that TSC1 

might be associated with JME through a different protein interaction network. For the 

interacting genes, the tier 1 SCN1A was having the highest number of interactants in the 

network, it was predicted to interact with many training genes including SCN1B, GABRA1, 

EFHC1, CACNB4, CLCN2, KCNQ3, CHRNA4, SLC12A5 and ABCB1. This result 

indicated that SCN1A might serve as a key gene in JME and should be given priority for 

further discovery. Meanwhile, CACNA1G had only 9 interactants, which were mainly 

comprised of ion channel genes. For the tier 2 genes, NTRK2 possessed the highest 

number of interactants, followed by GABRA6 and DMD. While both NTRK2 and 

GABRA6 were interacting with GABA receptor and ion transporter genes, additional 

interaction was observed between GABRA6 with ion channel genes SCN1A, SCN1B and 

CLCN2. As a result, GABRA6 might possess a higher risk of being associated to JME 

compared to NTRK2. In contrast, DMD was not predicted to interact directly with any 

training gene except KCNMA1 and KCNJ10. However, its interactants CACNA1S and 
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SNTA1 were found to interact with sodium and calcium ion channel genes, implying that 

DMD might affect the sodium and calcium ion channels through CACNA1S and SNTA1. 

Interestingly, the tier 3 gene CBL was positioned as second highest in the context of the 

number of interactants. Nevertheless, its interactants were mainly composed of testing 

genes. Table 4.6 shows the number of interactants of the testing genes. 

 

Table 4.6: Number of interacting nodes predicted by STRING of the top 100 
prioritized testing genes. The testing genes without any interactants are not shown 
in this table. 

Gene No. of 
nodes 

Gene No. of 
nodes 

Gene No. of 
nodes 

Gene No. of 
nodes 

SCN1A 19 HCK 6 CDH17 4 ABCB4 2 
CBL 12 HCRT 6 CHRNB1 4 ATP2B4 2 

NTRK2 11 NOTCH3 6 CHRNE 4 ATP4B 2 
APOB 10 SLC9A1 6 IRF4 4 CDH23 2 
DMD 10 SLC9A3 6 LRP5 4 GRIP1 2 

GABRA6 10 SNTA1 6 MYH6 4 PRDM16 2 
CACNA1G 9 SPTBN2 6 PTPRD 4 SYNE1 2 

CCND1 9 TTN 6 PTPRS 4 TNC 2 
ERBB4 9 ABCC2 5 TRPC1 4 TRPM1 2 
KDR 9 ABCG8 5 CA7 3 TRPV3 2 

UTRN 9 CACNG4 5 CYP2D6 3 WNK3 2 
ADRA2A 8 FZD4 5 DNAJC5 3 ACAN 1 

ANO2 8 JAG1 5 GJB3 3 ATP6V0A2 1 
CACNA1S 8 NEDD4 5 KCNH1 3 ATP6V0A4 1 

CD4 7 NTRK1 5 LEPR 3 CLN8 1 
LRP2 7 SLC26A3 5 LRP1 3 CNGB1 1 

PLCG2 7 SPTB 5 MYH7 3 ENTPD2 1 
CACNB3 6 SPTBN4 5 NOD2 3 GCH1 1 
CSF1R 6 TAS1R2 5 TG 3 HK1 1 
CXCR1 6 TRPM5 5 TLR3 3 TCOF1 1 
GNA14 6 CCKAR 4 ABCA13 2 TRPM2 1 
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Figure 4.2: The predicted protein interaction network generated by STRING. The 
thickness of the line between the interacting nodes indicates the interaction score of 
the prediction, thicker line corresponds to higher interaction score. 
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4.5.3 Functional Enrichment Analysis 

The aim of functional enrichment analysis is to study the possible functions of each 

gene within an interaction network, this step is very beneficial as it can help in the 

understanding of the molecular mechanism behind a disease. In this project, functional 

enrichment focused on the interacting genes predicted from the PPI analysis described in 

Section 4.5.2. A total of 86 biological processes (expressed as Gene Ontology (GO) terms) 

were enriched by DAVID v6.8 (Table 4.7), the relationship between the GO terms is 

illustrated in Figure 4.3. These GO terms were ranked hierarchically from category A to 

E, with category A refers to the GO terms with the highest association risk with JME and 

category E refers to the GO terms with the lowest association risk with JME (Table 4.7). 
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Table 4.7: List of Gene Ontology (GO) terms enriched by DAVID v6.8 and their respective EASE score and category. 

Accession no. Name Gene 
count 

Gene EASE score Category 

GO:0006810 transport 19 SLC12A2, GABRA1, ABCB1, SLC12A5, ABCC2, 

GABRA6, ABCB4, CLCN2, GABRG2, CACNA1H, 

TRPM1, CACNB3, CACNB4, TCOF1, CHRNE, 

GABRD, CDH17, CACNG4, CNGB1 

1.13E-11 Category B 

GO:0042391 regulation of membrane potential 11 CHRNB1, CHRNA4, CHRNA7, CHRNE, NEDD4, 

KCNMA1, SLC26A3, CACNA1H, CACNA1G, CNGB1, 

KCNH1 

5.57E-11 Category A 

GO:0070588 calcium ion transmembrane 
transport 

11 TRPM1, TRPM2, CACNB4, TRPC1, ATP2B4, TRPV3, 

CACNA1S, TRPM5, CACNA1H, CACNG4, CACNA1G 

5.63E-09 Category A 

GO:0007268 chemical synaptic transmission 14 PTPRS, SLC12A5, CHRNA4, SLC6A4, CACNA1G, 

GJD2, PTPRD, CACNB3, GRM4, CACNB4, KCNQ3, 

HCRT, GABRD, SCN1B 

5.84E-09 Category A 

GO:0034765 regulation of ion transmembrane 
transport 

10 KCNJ10, NEDD4, KCNMA1, KCNQ3, CACNA1S, 

TRPM5, CACNA1H, CACNA1G, SCN1A, KCNH1 

4.62E-08 Category A 

GO:0006811 ion transport 10 SLC12A2, CHRNB1, SLC9A3, GABRA1, SLC12A5, 

CHRNA4, CHRNA7, CHRNE, SLC26A3, SLC9A1 

1.49E-07 Category B 

GO:1902476 chloride transmembrane transport 9 SLC12A2, GABRA1, SLC12A5, GABRA6, GABRD, 

SLC26A3, CLCN2, GABRG2, ANO2 

1.68E-07 Category B 

GO:0006936 muscle contraction 9 CHRNB1, CHRNE, CACNA1S, UTRN, MYH6, 

CACNA1H, SNTA1, MYH7, TTN 

4.99E-07 Category C 

GO:0007528 neuromuscular junction 
development 

6 NTRK2, CACNB3, CACNB4, NEDD4, TNC, UTRN 9.59E-07 Category B 

GO:0071805 potassium ion transmembrane 
transport 

9 SLC9A3, SLC12A5, KCNMA1, KCNQ3, KCNN3, 

TRPM5, SLC9A1, CNGB1, KCNH1 

1.28E-06 Category B 

GO:0034220 ion transmembrane transport 10 ATP4B, GABRA1, GABRA6, CHRNA7, ATP6V0A2, 

ATP2B4, ATP6V0A4, CLCN2, GABRG2, ANO2 

9.83E-06 Category B 
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Table 4.7, continued.  

Accession no. Name Gene 
count 

Gene EASE score Category 

GO:0006816 calcium ion transport 7 TRPM2, CACNB3, CHRNA4, CHRNA7, TRPC1, 

CDH23, CACNA1S 

1.04E-05 Category C 

GO:0061337 cardiac conduction 6 SPTBN4, CACNB3, CACNB4, CACNA1S, SCN1B, 

CACNG4 

1.09E-05 Category C 

GO:0051899 membrane depolarization 5 CACNB3, CACNB4, CHRNA4, SCN1B, CACNG4 1.98E-05 Category C 
GO:0007169 transmembrane receptor protein 

tyrosine kinase signaling pathway 
7 NTRK1, NTRK2, CSF1R, HCK, CD4, ERBB4, KDR 3.96E-05 Category B 

GO:0007271 synaptic transmission, cholinergic 5 CHRNB1, CHRM3, CHRNA4, CHRNA7, CHRNE 9.75E-05 Category D 
GO:1902083 negative regulation of peptidyl-

cysteine S-nitrosylation 
3 ATP2B4, DMD, SNTA1 1.27E-04 Category B 

GO:0006813 potassium ion transport 6 ATP4B, SLC12A2, KCNJ10, KCNMA1, KCNQ3, 

KCNH1 

2.01E-04 Category C 

GO:0055085 transmembrane transport 9 GJD2, ABCG8, ABCB1, ABCC2, GJB3, ABCB4, 

TAP1, ABCA13, SLC6A4 

2.03E-04 Category C 

GO:0060048 cardiac muscle contraction 5 DMD, MYH6, SCN1B, MYH7, TTN 2.11E-04 Category B 
GO:0007214 gamma-aminobutyric acid 

signaling pathway 
4 SLC12A2, GABRA1, GABRA6, GABRG2 3.85E-04 Category B 

GO:0018108 peptidyl-tyrosine phosphorylation 7 NTRK1, NTRK2, CSF1R, HCK, ERBB4, KDR, TTN 5.10E-04 Category B 
GO:0051592 response to calcium ion 5 CCND1, TRPC1, NEDD4, KCNMA1, TTN 5.63E-04 Category C 
GO:0002485 antigen processing and 

presentation of endogenous 
peptide antigen via MHC class I 
via ER pathway, TAP-dependent 

3 ABCB1, ABCB4, TAP1 6.27E-04 Category E 
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Table 4.7, continued.  

Accession no. Name Gene 
count 

Gene EASE score Category 

GO:0002489 antigen processing and 
presentation of endogenous 
peptide antigen via MHC class Ib 
via ER pathway, TAP-dependent 

3 ABCB1, ABCB4, TAP1 6.27E-04 Category E 

GO:0002591 positive regulation of antigen 
processing and presentation of 
peptide antigen via MHC class I 

3 ABCB1, ABCB4, TAP1 6.27E-04 Category E 

GO:0086010 membrane depolarization during 
action potential 

4 CACNA1S, CACNA1H, CACNA1G, SCN1A 7.95E-04 Category A 

GO:0014068 positive regulation of 
phosphatidylinositol 3-kinase 
signaling 

5 NTRK2, ERBB4, NEDD4, KDR, CBL 8.68E-04 Category B 

GO:1901385 regulation of voltage-gated 
calcium channel activity 

3 CACNB3, CACNB4, DMD 8.74E-04 Category B 

GO:0002481 antigen processing and 
presentation of exogenous protein 
antigen via MHC class Ib, TAP-
dependent 

3 ABCB1, ABCB4, TAP1 8.74E-04 Category E 

GO:0046777 protein autophosphorylation 7 NTRK1, NTRK2, CSF1R, HCK, ERBB4, WNK3, KDR 9.41E-04 Category B 
GO:0002027 regulation of heart rate 4 DMD, MYH6, SNTA1, MYH7 0.001293339 Category B 
GO:0001934 positive regulation of protein 

phosphorylation 
6 NTRK1, NTRK2, CSF1R, CCND1, ERBB4, KDR 0.001485271 Category B 

GO:0035095 behavioral response to nicotine 3 CHRNB1, CHRNA4, CHRNA7 0.001485585 Category D 
GO:0030049 muscle filament sliding 4 DMD, MYH6, MYH7, TTN 0.001952825 Category B 
GO:0006821 chloride transport 4 GABRA1, GABRA6, SLC26A3, GABRG2 0.002265497 Category B 
GO:0006941 striated muscle contraction 3 MYH6, MYH7, TTN 0.00316414 Category D 64 
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Table 4.7, continued.  

Accession no. Name Gene 
count 

Gene EASE score Category 

GO:0051693 actin filament capping 3 SPTBN4, SPTB, SPTBN2 0.00316414 Category C 
GO:0098655 cation transmembrane transport 4 CHRNB1, CHRNA4, CHRNA7, CHRNE 0.00381852 Category D 
GO:0042493 response to drug 8 NTRK1, ABCG8, ABCB1, SLC12A5, CCND1, ABCB4, 

SLC6A4, SLC9A1 

0.003867952 Category B 

GO:0007411 axon guidance 6 NTRK1, SPTBN4, CSF1R, SPTB, SCN1B, SPTBN2 0.003938253 Category B 
GO:0042953 lipoprotein transport 3 LRP1, LRP2, APOB 0.004223174 Category C 
GO:0086002 cardiac muscle cell action potential 

involved in contraction 
3 SCN1B, CACNA1G, SCN1A 0.004805921 Category A 

GO:0070509 calcium ion import 3 CASR, CACNA1H, CACNA1G 0.005423516 Category A 
GO:0006855 drug transmembrane transport 3 ABCB1, ABCC2, ABCB4 0.006761363 Category C 
GO:0035584 calcium-mediated signaling using 

intracellular calcium source 
3 NTRK2, TRPM2, KDR 0.007480682 Category B 

GO:0008203 cholesterol metabolic process 4 LEPR, LRP5, APOB, CLN8 0.010068245 Category B 
GO:0007605 sensory perception of sound 5 SPTBN4, FZD4, GJB3, CDH23, ATP6V0A4 0.011383171 Category D 
GO:0008284 positive regulation of cell 

population proliferation 
9 NTRK2, CSF1R, HCK, ERBB4, CHRNA7, LRP5, TNC, 

KDR, ADRA2A 

0.011548433 Category B 

GO:0033344 cholesterol efflux 3 ABCG8, APOB, ABCA13 0.011562996 Category C 
GO:0035725 sodium ion transmembrane 

transport 
4 TRPM2, TRPM5, SCN1B, SCN1A 0.012204938 Category A 

GO:0007274 neuromuscular synaptic 
transmission 

3 CHRNB1, CHRNA4, CHRNE 0.012473479 Category D 

GO:0007584 response to nutrient 4 ABCG8, CCKAR, NOD2, SLC6A4 0.012661057 Category D 
GO:0097553 calcium ion transmembrane import 

into cytosol 
2 TRPM2, ATP2B4 0.013058952 Category B 
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Table 4.7, continued.  

Accession no. Name Gene 
count 

Gene EASE score Category 

GO:0016339 calcium-dependent cell-cell 
adhesion via plasma membrane 
cell adhesion molecules 

3 CDH23, ME2, CDH17 0.014384976 Category D 

GO:0006814 sodium ion transport 4 ATP4B, SLC12A2, SCN1B, SCN1A 0.01612612 Category A 
GO:0060070 canonical Wnt signaling pathway 4 CCND1, FZD4, LRP5, MYH6 0.017204322 Category C 
GO:0007628 adult walking behavior 3 SPTBN4, KCNJ10, SCN1A 0.01747218 Category A 
GO:0051480 regulation of cytosolic calcium ion 

concentration 
3 TRPC1, CDH23, CNGB1 0.018558235 Category C 

GO:0010976 positive regulation of neuron 
projection development 

4 NTRK1, NTRK2, DMD, SCN1B 0.02067599 Category B 

GO:0051453 regulation of intracellular pH 3 SLC9A3, SLC26A3, SLC9A1 0.023176531 Category B 
GO:0035094 response to nicotine 3 CHRNA4, CHRNA7, CHRNE 0.024397635 Category D 
GO:0007588 excretion 3 ABCG8, ATP6V0A4, SLC26A3 0.024397635 Category E 
GO:0061304 retinal blood vessel morphogenesis 2 FZD4, LRP5 0.025948899 Category D 
GO:0042490 mechanoreceptor differentiation 2 NTRK1, NTRK2 0.025948899 Category B 
GO:0051599 response to hydrostatic pressure 2 NTRK1, ATP2B4 0.025948899 Category B 
GO:0035426 extracellular matrix-cell signaling 2 FZD4, LRP5 0.025948899 Category D 
GO:0070374 positive regulation of ERK1 and 

ERK2 cascade 
5 NTRK1, CSF1R, ERBB4, KDR, NOD2 0.028051663 Category B 

GO:0038083 peptidyl-tyrosine 
autophosphorylation 

3 HCK, ERBB4, KDR 0.028214393 Category C 

GO:0007155 cell adhesion 8 ATP4B, ACAN, HCK, CD4, PTPRS, TNC, CDH17, 

SCN1B 

0.031283258 Category D 

GO:0045471 response to ethanol 4 NTRK1, CCND1, TNC, CBL 0.031677531 Category B 
GO:0098703 calcium ion import across plasma 

membrane 
2 TRPM2, ATP2B4 0.032331173 Category B 
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Table 4.7, continued. 

Accession no. Name Gene 
count 

Gene EASE score Category 

GO:0048015 phosphatidylinositol-mediated 
signaling 

4 NTRK1, CSF1R, ERBB4, KCNH1 0.032449019 Category B 

GO:0030900 forebrain development 3 NOTCH3, CCKAR, LRP2 0.036504608 Category D 
GO:0042110 T cell activation 3 IRF4, CHRNA7, NEDD4 0.037967175 Category C 
GO:2000651 positive regulation of sodium ion 

transmembrane transporter activity 
2 WNK3, DMD 0.038672006 Category B 

GO:0030644 cellular chloride ion homeostasis 2 SLC12A5, ABCC2 0.038672006 Category C 
GO:0030168 platelet activation 4 GNA14, ENTPD2, PLCG2, ADRA2A 0.039830743 Category B 
GO:0007165 signal transduction 14 CHRM3, CHRNB1, CSF1R, GABRA6, CHRNA4, 

CHRNA7, ADRA2A, GNA14, CD4, TG, ERBB4, 

CHRNE, GABRD, TLR3 

0.040121469 Category B 

GO:0007601 visual perception 5 TRPM1, GJD2, KCNJ10, CDH23, CNGB1 0.043186282 Category D 
GO:0019227 neuronal action potential 

propagation 
2 SCN1B, SCN1A 0.044971666 Category A 

GO:0044321 response to leptin 2 CCND1, LEPR 0.044971666 Category B 
GO:0046850 regulation of bone remodeling 2 LEPR, LRP5 0.044971666 Category B 
GO:0042908 xenobiotic transport 2 ABCB1, ABCB4 0.044971666 Category E 
GO:0051932 synaptic transmission, GABAergic 2 GABRA1, GABRG2 0.044971666 No test gene 
GO:0030317 flagellated sperm motility 3 CHRNA7, ATP2B4, APOB 0.048806337 Category B 
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Figure 4.3: The sunburst chart illustrating the relationship between the Gene 
Ontology (GO) terms. The GO terms in the outer rings serve as the child terms of 
that in the inner rings, the seven-digit numbers in the chart represent the accession 
number of the GO terms, the name of the GO terms is shown in Appendix H. 

 

As shown in Figure 4.3, all the 86 enriched GO terms can be grouped into nine sectors, 

which are ‘biological regulation’ (GO:0065007), ‘localization’ (GO:0051179), ‘cellular 

process’ (GO:0009987), ‘multicellular organismal process’ (GO:0032501), ‘response to 

stimulus’ (GO:0050896), ‘immune system process’ (GO:0002376), ‘signaling’ 

(GO:0023052), ‘developmental process’ (GO:0032502) and ‘metabolic process’ 

(GO:0008152). Among the sectors, both GO:0065007 and GO:0051179 contained 20 

enriched GO terms and were the main biological processes with the highest number of 

GO terms. In GO:0065007, ‘regulation of ion transmembrane transport’ (GO:0034765), 
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‘membrane depolarization during action potential’ (GO:0086010) and ‘regulation of 

membrane potential’ (GO:0042391) were classified as category A, this result was 

anticipated as epilepsy involves the generation of action potential, which was closely 

related to GO:0086010 and was regulated by GO:0042391 and GO:0034765. Meanwhile, 

category A GO terms under GO:0051179 included ‘sodium ion transmembrane transport’ 

(GO:0035725), ‘sodium ion transport’ (GO:0006814), ‘calcium ion transmembrane 

transport’ (GO:0070588), and ‘calcium ion import’ (GO:0070509). By comparing the 

category A GO terms in GO:0065007 and GO:0051179, it can be deduced that sodium 

and calcium ion transport were playing important roles in membrane depolarization, and 

the key genes behind this process included SCN1A, CACNA1G, CACNA1H and 

CACNA1S. In line with this deduction, ‘membrane depolarization’ (GO:0051899), the 

parent term for GO:0086010, was also performed by genes related to sodium ion transport 

(SCN1B) and calcium ion transport (CACNB3, CACNB4, CACNG4, CHRNA4). When 

analysis was expanded beyond GO:0065007 and GO:0051179, another four category A 

GO terms, namely ‘chemical synaptic transmission’ (GO:0007268), ‘cardiac muscle cell 

action potential involved in contraction’ (GO:0086002), ‘neuronal action potential 

propagation’ (GO:0019227), and ‘adult walking behavior’ (GO:0007628), were 

identified. Analysis of these GO terms found that CACNA1G was enriched in 

GO:0007268, hence suggesting a possible role of CACNA1G in synaptic transmission. In 

total, 11 category A GO terms were observed from this enrichment. 

Meanwhile, 38 GO terms were classified as category B. Apart from ion-transport-

related processes like ‘potassium ion transmembrane transport’ (GO:0071805) and 

‘chloride transport’ (GO:0006821), category B GO terms included a variety of cellular 

processes such as ‘transmembrane receptor protein tyrosine kinase signaling pathway’ 

(GO:0007169), ‘gamma-aminobutyric acid signaling pathway’ (GO:0007214), ‘protein 

autophosphorylation’ (GO:0046777), and developmental processes like ‘axon guidance’ 
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(GO:0007411). The enrichment of non-ion-transport-related processes had highlighted 

the complexity of molecular mechanism behind epilepsy. Further analysis of the category 

B GO terms revealed a few genes that were frequently presented in these GO terms, 

examples of such genes included NTRK1 (12 GO terms), NTRK2 (10 GO terms), CSF1R 

(9 GO terms) and ERBB4 (9 GO terms), these four genes functioned as protein kinase 

genes and were mainly involved in phosphorylation-related processes such as 

GO:0046777, GO:0007169 and ‘peptidyl-tyrosine phosphorylation’ (GO:0018108). 

However, on some occasions, protein kinase genes can affect other biological processes. 

For instance, NTRK1 was involved in ‘positive regulation of neuron projection 

development’ (GO:0010976) and GO:0007411, it is possible that NTRK1 was achieving 

the neurodevelopmental functions through a complex protein interaction network such as 

the one as shown in Figure 4.2. This presumption is practicable as NTRK1 might have an 

indirect interaction with SCN1B through NEDD4, DMD and SNTA1, and SCN1B in turn 

interacts with SPTBN4, SPTB and SPTBN2 to perform the biological process 

GO:0007411. If this presumption is true, then protein kinase genes like NTRK1, NTRK2, 

CSF1R and ERBB4 might be associated with epilepsy and should be discovered further. 

For the GO terms classified as category C or D, ‘calcium ion transport’ (GO:0006816), 

‘potassium ion transport’ (GO:0006813), ‘cation transmembrane transport’ (GO:0098655) 

and the aforementioned GO:0051899 should be considered in epilepsy-genetic analyses. 

Despite these GO terms were presumed to have a lower risk of inducing epilepsy, they 

were closely related to category A and B processes such as GO:0086010 and ‘ion 

transport’ (GO:0006811). Hence, there was an increased likelihood that the genes under 

these GO terms were contributing to epilepsy. Besides, one enriched GO term, ‘synaptic 

transmission, GABAergic’ (GO:0051932), was not classified as there was no test gene 

enriched in this process. However, the presence of training gene had indicated the 

potential involvement of GO:0051932 in epilepsy, and the genes behind this process 
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included GABRA1 and GABRG2 which were also involved in GO:0007214 and 

GO:0006821. 

In short, functional enrichment has raised four points to consider when analysing the 

candidate genes in GGE. Firstly, the genes involved in sodium and calcium ion transport 

should be analysed as they are probably playing important roles in the initialization of 

membrane depolarization during action potential. Secondly, the genes involved in other 

ion transport, such as potassium ion transport, should be considered as they may interact 

with sodium and calcium ion transporters in the regulation of membrane potential. 

Thirdly, genes involved in synaptic transmission, including those in the gamma-

aminobutyric acid signalling pathway and chloride ion transport, should be included in 

the analysis as synapses are serving as a platform for transmitting electrical impulses 

throughout the central nervous system. Fourthly and lastly, protein kinase genes may be 

associated with GGE through multiple mechanisms as they involved in many 

developmental processes such as GO:0007411, and signalling pathways like GO:0007169. 

Besides, protein kinases may affect the expression of cellular receptors, Section 4.6.2 

describes a case from our cohort in which the GGE phenotype in the family may be 

induced by the interaction between protein kinase gene ERBB4 and gamma-aminobutyric 

acid receptor gene GABRA1. The inclusion of protein kinase genes in epilepsy-genetic 

analyses may shed some light on the novel mechanism behind GGE. 

 

4.6 Segregation Analysis 

Segregation analysis was conducted in families F-1 and F-9 (Table 3.2). For F-1, the 

segregation analysis aimed to investigate the inheritance of the SCN1A c.5753C>T variant 

in the family. Meanwhile, segregation analysis for F-9 focused on the inheritance of 

ERBB4 c.1972A>T and GABRA1 c.448G>A variants in the family. 
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4.6.1 F-1 Family 

4.6.1.1 Clinical and Family Information 

GGE-1 was the proband of family F-1, she was a 31-year-old female diagnosed with 

juvenile myoclonic epilepsy (JME). GGE-1 had her febrile seizure onset at 1 year old and 

manifested generalized tonic-clonic seizures (GTC) and myoclonic seizures at 12 years 

old. In medical tests, both electroencephalograms of GGE-1 were reported as normal 

when electroencephalography (EEG) was conducted during 13 and 30 years old, and 

magnetic resonance imaging (MRI) on her brain was also reported as normal. In this 

family, 8 individuals including the proband had manifested the symptoms of epilepsy. 

Figure 4.4 shows the pedigree of this family and the phenotypes of each member. 

According to the clinical information of the family members, the mother (II.5, GGE-3) 

and nephews (IV.9 and IV.10) were diagnosed with JME. Meanwhile, the cousin (III.16) 

did not present any myoclonic seizures and was diagnosed with genetic generalized 

epilepsy (GGE). The phenotype of the maternal aunt (II.3) was undetermined due to poor 

recall; however, her daughter (III.9) was having febrile seizures and her grandsons (IV.9 

and IV.10) were diagnosed with JME. Besides, GGE-1’s brother (III.15) and maternal 

uncle (II.7) were also having febrile seizures. Table 4.8 shows the clinical characteristics 

of all the affected members in this family. 
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Figure 4.4: The pedigree of F-1 and the phenotypes of each member. GGE-1 (proband) is labelled as “III.13” and pointed by the black arrow. 
Squares represent male and circles represent female, the slash on the square/circle denotes the deceased member, + denotes the wild type SCN1A 
variant and m denotes the SCN1A c.5753C>T variant. 
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Table 4.8: Clinical characteristics of the affected family members in F-1. 

Individual II.5 II.7 III.9 III.13 
(proband) 

III.15 III.16 IV.9 IV.10 

Age (years 
old) 

65 62 44 31 30 33 18 14 

Age of onset 
(years old) 

12 Not known Not known 12 Not known 23 14 12 

Seizure type GTC, 
myoclonic 
seizures 

Not applicable Not applicable GTC, 
myoclonic 
seizures 

Not applicable GTC GTC, 
myoclonic 
seizures 

GTC, 
myoclonic 
seizures 

Febrile 
seizure 

Yes Yes Yes Yes Yes Yes Yes Yes 

Diagnosis JME and FS FS FS JME and FS FS GGE and FS JME and FS JME and FS 
EEG Not known Not known Not known Normal Not known Normal Not known Not known 
MRI Not known Not known Not known Normal Not known Not done Not known Not known 
Current 
treatment 

None Not known Not known VPA, LTG Not known None VPA, CBZ VPA, CBZ 

Presence of 
SCN1A 
c.5753C>T 
variant 

Yes Yes Not tested Yes Yes Yes Not tested Not tested 

Abbreviations: CBZ, Carbamazepine; EEG, Electroencephalography; FS, Febrile seizures; GGE, Genetic generalized epilepsy; GTC, Generalized tonic-
clonic seizures; JME, Juvenile myoclonic epilepsy; LTG, Lamotrigine; LVT, Levetiracetam; MRI, Magnetic resonance imaging; VPA, Sodium valproate. 
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4.6.1.2 PCR and Sanger Sequencing 

Polymerase chain reaction (PCR) and Sanger sequencing were conducted on 

individuals III.13 (proband), II.1, II.3, II.5, II.6, II.7, III.15, III.16 and III.21 (Figure 4.4). 

The results of the PCR amplification are shown in Figure 4.5. The expected PCR product 

size was 556 bp (Table 3.7) and PCR amplicons were detected between 500 bp and 600 

bp bands of the DNA ladder for all individuals (lane 2-10), these events indicated 

successful amplification. Furthermore, absence of PCR product band in no-template 

control (lane 11) indicated that the PCR amplification was valid and there was no 

contamination in the PCR reaction mix. 

 

 

Figure 4.5: The results of PCR amplification for SCN1A c.5753C>T variant in F-1 
family. Lane 1: 100 bp DNA ladder; Lane 2: III.13 (GGE-1); Lane 3: II.1; Lane 4: 
II.3; Lane 5: II.5; Lane 6: II.6; Lane 7: II.7; Lane 8: III.15; Lane 9: III.16; Lane 10: 
III.21; Lane 11: No-template control. 

 

As mentioned in Section 3.10.4, Sanger sequencing was outsourced to Apical 

Scientific Sdn Bhd, data analysis was based on the DNA chromatograms provided by the 

company. The proband III.13 (GGE-1), mother (II.5, GGE-3), II.3, II.7, III.15 and III.16 
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were found to be heterozygous for SCN1A c.5753C>T, these members (except II.3 in 

which her phenotype was undetermined) were having epilepsy in their lifetime. 

Meanwhile, this variant was absent in the non-epileptic father (II.6, GGE-2), uncle (II.1) 

and cousin (III.21). The presence and absence of the SCN1A variant in the mother (II.5, 

GGE-3) and father (II.6, GGE-2) were also consistent with the whole exome sequencing 

results. Figure 4.6 shows the confirmation of the heterozygous SCN1A c.5753C>T from 

the DNA chromatograms of the proband (GGE-1), the presence of the SCN1A variant in 

other family members is indicated in Figure 4.4. From the inheritance pattern of the 

SCN1A variant in this family, it can be deduced that the SCN1A c.5753C>T mutation is 

likely pathogenic and probably autosomal dominant. 
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Figure 4.6: DNA chromatograms from Sanger sequencing of the proband (III.13, 
GGE-1). The heterozygous SCN1A c.5753C>T variant is indicated by the yellow 
arrow. Above: DNA chromatogram of the forward reaction; Below: DNA 
chromatogram of the reverse reaction. 

 

4.6.1.3 Protein Analysis 

The SCN1A c.5753C>T variant in this family was predicted to cause damaging effects 

by both SIFT (SIFT score = 0) and Polyphen-2 (Prediction output: Probably damaging). 

This variant was expected to induce an amino acid change from serine to phenylalanine 

at position 1918 (p.S1918F) which corresponds to the C-terminal domain of SCN1A 

protein. Since there is no known three-dimensional SCN1A protein structure available at 

present, homology modelling was conducted to model the SCN1A C-terminal domain so 

that the effect of the p.S1918F mutation can be studied. Figure 4.7 (A) shows the wild 
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type SCN1A C-terminal domain modelled by SWISS-MODEL. In terms of quality 

assessment, the modelled SCN1A was having a QMEAN score of -0.62, Ramachandran 

plot showed 94.5% of the residues fell in the most favoured regions and 5.5% of the 

residues resided within the additional allowed regions. According to the documentation 

provided by SWISS-MODEL and PDBsum, the predicted SCN1A model was a good 

quality model as its QMEAN score had exceeded the minimum threshold of -4.0 and 

more than 90% of its residues were placed in the most favoured regions of Ramachandran 

plot (European Bioinformatics Institute, 2013; Swiss Institute of Bioinformatics, 2021). 

Meanwhile, the mutant SCN1A (Figure 4.7 (B)) was generated with UCSF Chimera by 

applying the “Rotamers tool” function on the wild type SCN1A (Figure 4.7 (A)). Based 

on the predicted SCN1A models, there was no observable structural difference between 

the wild type and mutant SCN1A, both the serine (wild type) and phenylalanine (mutant) 

residues were not predicted to form any hydrogen bond (Figure 4.7). As a result, it was 

very unlikely that the p.S1918F mutation would cause any structural change in SCN1A. 

Despite p.S1918F mutation was unlikely cause any structural change, this mutation 

was still classified as likely pathogenic due to high penetrance of epilepsy phenotype 

among the family members with the mutation. By analysing the template (PDB ID: 4JPZ) 

used in homology modelling, it was found that the C-terminal of the SCN2A was 

interacting with calmodulin (results not shown). Hence, it was hypothesized that the 

SCN1A p.S1918F mutation might have achieved its pathogenic effect through the 

interaction with calmodulin. In order to test this hypothesis, the binding of calmodulin to 

SCN1A C-terminal was stimulated with PyMOL. Figure 4.8 shows the results of the 

stimulation. From the stimulation, steric clash was observed between the calmodulin and 

the phenylalanine residue in the mutant SCN1A. As a result, the interaction between 

SCN1A and calmodulin was likely to be interfered by the p.S1918F mutation. 
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Figure 4.7: The modelled three-dimensional structures of SCN1A C-terminal 
domain. (A) Wild type SCN1A C-terminal domain, S1918 indicates the serine 
residue at position 1918. (B) Mutant SCN1A C-terminal domain, p.S1918F indicates 
the phenylalanine residue at position 1918. 

 

 

Figure 4.8: Stimulated binding orientation between SCN1A C-terminal (green) and 
calmodulin (yellow). (A) Wild type SCN1A C-terminal and calmodulin, no steric 
clash was observed in the structure. (B) Mutant SCN1A C-terminal and calmodulin, 
steric clash was observed between the phenylalanine residue with calmodulin. 
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4.6.2 F-9 Family 

4.6.2.1 Clinical and Family Information 

F-9 was a familial epilepsy case with variable epileptic syndromes, Figure 4.9 shows 

the pedigree and phenotypes of the family members, GGE-9 (II.3) was the proband of 

this family. The proband was a 30-year-old female with mixed syndromes of JME and 

TLE, she had her epilepsy onset at 2 years old. Electroencephalogram of GGE-9 at 22 

years old showed generalized polyspike and wave discharges with T4 preponderance, and 

her MRI results at the same age reported right hippocampal atrophy and left hippocampal 

malrotation. Meanwhile, her epileptic symptoms included headache, vertigo, vomiting, 

facial automatism, head deviation, gelastic episodes, tinnitus, catamenial and aggressive 

staring. The only family members in F-9 with epilepsy were the elder sister (II.1) and the 

daughter (III.1). The sister (II.1) was diagnosed with genetic generalized epilepsy, 

presented with generalized tonic-clonic seizures and loss of consciousness. EEG of II.1 

reported focal (frontal and occipital) and generalized polyspike and wave discharges. 

Meanwhile, the daughter (III.1) was diagnosed with focal epilepsy with learning 

disability. The symptoms of III.1 included vomiting, deviation of eyes and drooling of 

saliva, and the EEG conducted at 5 years old reported bilateral parietal epileptiform 

discharges. Interestingly, no family history of epilepsy was reported from both paternal 

and maternal parents. Table 4.9 shows the clinical characteristics of II.3, II.1 and III.1. 
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Figure 4.9: Pedigree of F-9 and the phenotypes of each member. GGE-9 (proband) 
is labelled as “II.3” and pointed by the black arrow. Squares represent male and 
circles represent female, + denotes the wild type variant and m denotes the mutant 
variant. 
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Table 4.9: Clinical characteristics of the affected family members in F-9. 

Individual II.1 II.3 (proband) III.1 
Diagnosis Genetic generalized epilepsy Temporal lobe epilepsy and juvenile 

myoclonic epilepsy 
Focal epilepsy with learning disability 

Age (years 
old) 

39 30 9 

Age of onset 
(years old) 

Between 1-5 2 1 

Seizure type Generalized tonic-clonic seizures Simple partial seizures Not classified 
Symptom Generalized tonic-clonic seizures, loss of 

consciousness 
Headache, vertigo, vomiting, facial 
automatism, head deviation, gelastic 
episodes, tinnitus, catamenial, aggressive 
staring, simple partial seizures 

Vomiting, eyes deviated to one side and 
drooling of saliva which lasted for 10-20 
minutes 

EEG Focal (frontal and occipital) and 
generalized polyspike and wave 
discharges 

Generalized polyspike and wave with T4 
preponderance 

Bilateral parietal epileptiform discharges 

MRI Normal Right hippocampal atrophy and left 
hippocampal malrotation 

Normal 

Current 
treatment 

VPA, TPX LTG, VPA, LVT VPA 

Abbreviations: EEG, Electroencephalography; MRI, Magnetic resonance imaging; VPA, Sodium valproate; TPX, Topiramate; LTG, Lamotrigine; LVT, 
Levetiracetam. 

82 
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4.6.2.2 PCR and Sanger Sequencing 

From the results of in silico pathogenicity prediction (Section 4.4; Appendix I) and 

gene prioritization (Section 4.5.1), ERBB4 was ranked the highest tier (Tier 3) among the 

genes listed in Appendix I. Hence, ERBB4 was chosen for further discovery and 

segregation analysis was conducted for the ERBB4 c.1972A>T variant identified in this 

family. Figure 4.10 shows the results of PCR amplification for the ERBB4 c.1972A>T 

variant. Due to time difference between sample collection for the family members, PCR 

was conducted separately for II.2 and III.1; therefore, two gel photos are shown in Figure 

4.10. Nevertheless, both PCRs were conducted using the same PCR reagent and under 

the same PCR condition.  
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Figure 4.10: The results of PCR amplification for ERBB4 c.1972A>T variant in F-9. 
(A) Lane 1: 100 bp DNA ladder; Lane 2 and 3: II.1; Lane 4 and 5: II.3 (GGE-9); 
Lane 6 and 7: I.1; Lane 8 and 9: I.2; Lane 10: No-template control. (B) Lane 1: 100 
bp DNA ladder; Lane 2 and 3: II.2; Lane 4 and 5: III.1; Lane 6: No-template control. 
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Following the successful PCR amplification of ERBB4 c.1972A>T variant among the 

family members (Figure 4.10), Sanger sequencing was conducted to study the inheritance 

pattern of this variant. The results showed both the affected proband (II.3) and sister (II.1) 

had inherited the ERBB4 c.1972A>T variant. While this variant was absent in the 

unaffected brother (II.2), Sanger sequencing on the parents confirmed the existence of the 

ERBB4 variant in the unaffected mother (I.2). The presence of ERBB4 c.1972A>T in I.2 

has questioned the pathogenicity of this variant. Despite ERBB4 c.1972A>T was 

predicted as a pathogenic variant in the in silico prediction step described in Section 3.8, 

its pathogenic effect might not strong enough to induce epilepsy. Since PPI analysis 

showed ERBB4 was interacting with GABRA1 (training gene) through NTRK2 (Section 

4.5.2; Appendix G), the exome sequencing data of GGE-9 was screened again for the 

presence of GABRA1 and NTRK2 variants. From the screening, no variant was found in 

NTRK2; however, a novel GABRA1 variant, c.448G>A, was identified. In order to 

investigate the potential association of the GABRA1 c.448G>A variant with epilepsy, 

segregation analysis was conducted for the GABRA1 variant. From the results, it was 

found that the GABRA1 c.448G>A was present in proband (II.3), sister (II.1), daughter 

(III.1) and the unaffected father (I.1). Figure 4.9 shows the inheritance of ERBB4 

c.1972A>T and GABRA1 c.448G>A variants among the family members. From the 

segregation pattern, it was shown that neither the ERBB4 c.1972A>T nor the GABRA1 

c.448G>A variant was pathogenic enough to induce epilepsy. Since II.1 and II.3 had 

inherited both ERBB4 and GABRA1 variants, it was hypothesized that the epileptic 

phenotypes in II.1 and II.3 were caused by interaction between ERBB4 and GABRA1. 

Meanwhile, the results of PCR amplification for GABRA1 c.448G>A are shown in Figure 

4.11, and the DNA chromatograms confirming the existence of ERBB4 c.1972A>T and 

GABRA1 c.448G>A are shown in Figure 4.12 and Figure 4.13 respectively. 
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Figure 4.11: The results of PCR amplification for GABRA1 c.448G>A variant in F-
9. (A) Lane 1: 100 bp DNA ladder; Lane 2 and 3: II.1; Lane 4 and 5: II.3 (GGE-9); 
Lane 6 and 7: I.1; Lane 8 and 9: I.2; Lane 10: No-template control. (B) Lane 1: 100 
bp DNA ladder; Lane 2 and 3: II.2; Lane 4 and 5: III.1; Lane 6: No-template control. 
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Figure 4.12: DNA chromatograms from Sanger sequencing of the proband (II.3, 
GGE-9). The heterozygous ERBB4 c.1972A>T variant is indicated by the yellow 
arrow. Above: DNA chromatogram of the forward reaction; Below: DNA 
chromatogram of the reverse reaction. 
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Figure 4.13: DNA chromatograms from Sanger sequencing of the proband (II.3, 
GGE-9). The heterozygous GABRA1 c.448G>A variant is indicated by the yellow 
arrow. Above: DNA chromatogram of the forward reaction; Below: DNA 
chromatogram of the reverse reaction. 
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4.6.2.3 Protein Analysis 

The novel GABRA1 c.448G>A variant in this family was predicted as benign variant 

by SIFT and Polyphen-2; however, it was predicted to be disease causing by 

MutationTaster (http://www.mutationtaster.org) and Combined Annotation Dependent 

Depletion (CADD) (Rentzsch et al., 2019). Table 4.10 shows the outcomes of in silico 

pathogenicity prediction for ERBB4 c.1972A>T and GABRA1 c.448G>A excerpted from 

wANNOVAR annotation. In order to investigate the possible effects of the variants on 

protein structures, structural analysis was conducted for both ERBB4 and gamma-

aminobutyric acid type A receptor subunit alpha1 (GABRA1) proteins. 

 

Table 4.10: The details and outcomes of in silico pathogenicity prediction for the 
ERBB4 and GABRA1 variants excerpted from wANNOVAR annotation. 

Gene symbol ERBB4 GABRA1 

Genomic position (hg19) chr2:g.212495294T>A chr5:g.161300315G>A 
cDNA change c.1972A>T c.448G>A 

Protein change p.I658F p.E150K 
dbSNP rs190654033 Not reported 

1000 Genomes MAF (EAS) 0.003 Not reported 
gnomAD MAF (EAS) 0.0034 Not reported 

SIFT score 0.037 0.169 
Polyphen-2 prediction Probably damaging Benign 

MutationTaster prediction Disease causing Disease causing 
CADD phred score 23.6 22.3 

Abbreviations: CADD, Combined Annotation Dependent Depletion; cDNA, 
Complementary DNA; EAS, East Asian; gnomAD, Genome Aggregation Database; 
MAF, Minor allele frequency; SIFT, Sorting Intolerant from Tolerant. 

 

As listed in Table 4.10, the ERBB4 c.1972A>T variant was expected to cause 

substitution of the isoleucine residue at position 658 with phenylalanine (p.I658F). 

According to the ERBB4 structure retrieved from RCSB Protein Database Bank (PDB 

ID: 2LCX) (Figure 4.14), the transmembrane region consisted of a 24-residue fragment 

with sequence LIAAGVIGGLFILVIVGLTFAVYV that was corresponding to residues 

652-675 in ERBB4 protein. This region contained a GG4-like motif AGVIGG (residues 
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655-660) that served as a polar interaction site for ERBB4 dimerization (Figure 4.14 (A)). 

When the receptors dimerized, hydrogen bond was formed between alanine residue A655 

and glycine residue G659’ on the adjacent chain (Figure 4.14 (B)). The p.I658F mutation 

was expected to cause a minor change in the GG4-like motif of ERBB4 receptors, while 

the mutation did not disrupt the hydrogen bond between A655 and G659’, additional 

hydrogen bond was formed between A655 and glycine residue G660’ (Figure 4.14 (C)). 

 

 

Figure 4.14: Structure of ERBB4 transmembrane domain dimer retrieved from 
RCSB Protein Database Bank (PDB ID: 2LCX), the individual ERBB4 in the dimer 
are indicated by green and cyan, yellow dotted lines represent the predicted 
hydrogen bond. (A) Side view of the ERBB4 transmembrane domain, the red box 
indicates the position of GG4-like motif. (B) GG4-like motif in wild type ERBB4. (C) 
GG4-like motif in mutant ERBB4, additional hydrogen bond is pointed by the 
yellow arrow. 
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Figure 4.15: Structure of GABA-A receptor retrieved from RCSB Protein Database 
Bank (PDB ID: 6HUO), yellow dotted lines represent the predicted hydrogen bond. 
(A) Top view of the GABA-A receptor, it was a pentamer consisting of two GABRA1 
subunits (green), two GABRB3 subunits (red) and one GABRG2 subunit (blue). The 
red box indicates the GABRA1 region shown in (B) and (C). (B) The wild type 
GABRA1. (C) The mutant GABRA1, additional hydrogen bonds are indicated by 
the yellow arrows. 

 

Meanwhile, analysis of the published GABA-A structure from RCSB Protein Database 

Bank (PDB ID: 6HUO) showed the GABA-A receptor was a pentamer consisting of two 

GABRA1, two gamma-aminobutyric acid type A receptor subunit beta3 (GABRB3) and 

one gamma-aminobutyric acid type A receptor subunit gamma2 (GABRG2) (Figure 4.15 

(A)). The GABRA1 c.448G>A variant changed the glutamic acid residue at position 150 

(E150), which was resided in the N-terminal domain of GABRA1, to lysine residue 

(p.E150K). The side chain of lysine residue in the mutant GABRA1 was predicted to 

form hydrogen bonds with the glycine residue G106 and proline residue P107 on the 

adjacent loop (Figure 4.15 (C)), the formation of the new hydrogen bonds was postulated 

to induce a minor structural disruption in the loop region of GABRA1. Figure 4.16 shows 

the distances of the GABRA1 loop from the mutation site and GABRB3, the distances 
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were measured between the alpha carbon atoms of E150 (or p.E150K in mutant 

GABRA1), P107, methionine residue M108 in GABRA1, and the glycine residue G58 

and proline residue P60 in GABRB3. The decrease in the distances indicated that the loop 

was drew closer to the mutation site p.E150K in mutant GABRA1. 

 

 

Figure 4.16: The distances of GABRA1 loop from the mutation site and GABRB3 in 
(A) GABA-A receptor with wild type GABRA1 subunit and (B) GABA-A receptor 
with mutant GABRA1 subunit. 
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CHAPTER 5: DISCUSSION 

5.1 Clinical Characteristics and Phenotypes of Probands 

The phenotypes of all the probands (except GGE-9) were very similar, most of them 

were diagnosed with JME, followed by GEFS+. In general, the phenotypes of the JME 

probands in our cohort are consistent with the clinical features mentioned in the ILAE 

diagnostic manual (Table 2.2). Meanwhile, GEFS+, which refers to the patients who 

developed febrile seizures after 6 years of age or afebrile seizures (Khair & Elmagrabi, 

2015), was presented by GGE-7, GGE-12 and GGE-15. Despite difference in diagnosis, 

there are overlapping clinical characteristics between JME and GEFS+, these clinical 

characteristics are best exemplified by the GTC and myoclonic seizures which were 

observed in both our JME probands and GEFS+ probands (GGE-7 and GGE-15). 

Meanwhile, GGE-12 was having afebrile seizures that resemble GTC, her phenotype is 

similar to the GEFS+ case reported by Emmilia H. Tan et al. (2012) but no mutation in 

SCN1A was observed. In terms of EEG, the presence of generalized spike and wave 

(GSW) and polyspike-waves (PSW) is concurrent with the GGE features described by 

ILAE (Table 2.2). For GGE-1, GGE-10 and GGE-14, the normal EEG results were 

probably caused by antiepileptic drugs as normal electroencephalogram can be obtained 

if EEG is conducted after the drugs are taken. Nevertheless, the presence of GTC and 

myoclonic seizures has indicated that GGE-1, GGE-10 and GGE-14 were having GGE. 

GGE-9 was the most complex case in this cohort. During the recruitment phase of this 

project, she was diagnosed with JME. However, as the project was ongoing, the diagnosis 

was changed to JME and TLE due to appearance of focal seizures. Interestingly, her EEG 

reported generalized PSW, this EEG result fulfilled the diagnostic criteria of GGE. Based 

on the clinical characteristics, epileptologist confirmed that GGE-9 was having both GGE 

and focal epilepsy. In contrast, all other probands in this study were manifesting the 

symptoms of GGE only. As discussed in Qaiser et al. (2020), there are genetic differences 
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between GGE and focal epilepsy. Since GGE-9 was having both GGE and focal epilepsy, 

she was removed from functional characterization analysis to prevent the accidental 

inclusion of focal epilepsy genes which might interfere the relevance of the functional 

characterization results to GGE. 

 

5.2 Functional Characterization Analysis 

5.2.1 Selection of Training Genes 

As mentioned in Section 3.9.1, 34 JME-associated genes (Appendix D) were extracted 

from literature and used as training genes for gene prioritization. The choice of using 

JME-associated genes instead of other epilepsy-associated genes as training genes was 

mainly due to the reason that most study subjects involved in the functional 

characterization analysis were diagnosed with JME. 

 

5.2.2 Selection of Reference Populations for Minor Allele Frequency (MAF) 

Determination 

The high-throughput data from WES has allowed the identification of large number of 

genetic variants (Section 4.3). However, most of the variants were common variants or 

polymorphism that may not bring on huge effect in the pathogenesis of epilepsy (Helbig 

et al., 2016a; Richards et al., 2015). Therefore, the MAF of each variant must be 

determined so that the rare mutations can be isolated from the common variants for further 

analysis. In a multi-ethnic population like Malaysian, it is important to note that the MAF 

of each variant can be different between ethnic groups (Malays, Chinese and Indians) due 

to genetic variation. The reference populations used in MAF determination must share 

similar genetic composition with the study population. Since no study has been conducted 

on the genetic make-up among the ethnic groups in Malaysia yet, the large-scale genome 

analysis of Singaporean Malays, Chinese and Indians was referred in selecting the 
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reference population for MAF determination (Wu et al., 2019). According to Wu et al. 

(2019), the genetic composition of Singaporean Chinese and Indians is similar with East 

Asian and South Asian respectively; whereas the genetics of Malays is distinct and does 

not overlap with East Asian or South Asian. The only populations in 1KGP database with 

close genetic distance (FST < 0.01) to the Malays are KHV and CDX (Wu et al., 2019). 

Hence, the Singapore Sequencing Malay Project, 1KGP KHV and CDX were chosen as 

the reference populations for Malays; 1KGP EAS and gnomAD EAS were used as 

references for MAF in Chinese; 1KGP SAS and gnomAD SAS were selected as the 

reference populations for Indians (Table 3.4). 

 

5.2.3 Gene Prioritization 

Even though hundreds of genes have been reported to be associated with epilepsy 

(Wang et al., 2017a), the association risk of each gene with epilepsy is different. This 

phenomenon is best demonstrated by Butler et al. (2017), some genes like SCN1A, 

KCNQ2, CDKL5 and SCN2A have higher mutation frequency in epilepsy patients. As 

shown in Ma et al. (2016), mutation frequency can be a measure to rank the disease-

association risk of a gene. However, the calculation of mutation frequency often involves 

hundreds of samples (Bu et al., 2019; Butler et al., 2017; Gu et al., 2019; Singh et al., 

2007). Compared to Butler et al. (2017), the sample size in this study is relatively small 

(only 13 individuals). Therefore, gene prioritization was used to assess the association 

risk of each gene with epilepsy instead of mutation frequency. 

From the gene prioritization results, SCN1A and CACNA1G were predicted to have the 

highest association risk with epilepsy in our cohort (Section 4.5.1). The prediction of 

SCN1A as a high-risk epilepsy gene in our results was consistent with literature. SCN1A 

has been proposed to be the top epilepsy-associated gene with more than 1,700 reported 

variants (Kluckova et al., 2020), this statement is in line with results of genetic screening 

from multiple studies that SCN1A is always having the highest mutation frequency among 
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the tested genes in their cohorts (Borlot et al., 2019a; Butler et al., 2017; Miao et al., 2018). 

While SCN1A is deeply explored in epilepsy, the study of CACNA1G in epilepsy is less 

established. Nevertheless, Singh et al. (2007) proposed CACNA1G as one of the GGE-

associated genes through a mutation analysis in 483 individuals consisted of 360 healthy 

controls and 123 GGE patients that were mostly made up of Japanese and Hispanics. 

Besides, another study involving 111-epilepsy-gene-panel screening in 57 Korean GGE 

patients reported high mutation frequency among the calcium ion channel genes 

CACNA1H, CACNA1A and CACNA1G (Lee et al., 2018). The high mutation rate in 

sodium and calcium ion channel genes suggests potential roles of sodium and calcium ion 

channels in the pathogenesis of epilepsy, this is also consistent with our results in 

functional enrichment analysis that both sodium and calcium ion channels were involved 

in the initialization of membrane depolarization, which is a key mechanism in the 

generation of action potentials and epileptic seizures (Section 4.5.3). 

Meanwhile, the genes classified under tier 2 and below (Table 4.5) normally have a 

low mutation rate in epilepsy patients. Interestingly, two mutations in GABRA6 were 

observed in our cohort. GABRA6 is rarely reported in large-scale epilepsy-genetic 

screening from other countries like China, Netherlands, and United States (Helbig et al., 

2016b; Snoeijen-Schouwenaars et al., 2019; Wang et al., 2017b). As a result, GABRA6 

may be a common genetic factor in epilepsy among Malaysians, further studies with large 

sample size are needed to confirm this presumption. 

 

5.2.4 Protein-Protein Interaction (PPI) Analysis 

In this project, PPI analysis aimed to study the possible interaction between the mutant 

genes from our patients and the known JME-associated genes. From Figure 4.2, it was 

shown that the molecular mechanism behind epilepsy involved a complex network of 

interacting proteins. Among the genes, SCN1A was found to have the highest number of 
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interactants in the network and it was predicted to interact with JME-associated genes 

from various categories like ion channels (SCN1B, CACNB4, CLCN2, KCNQ3, KCNMA1, 

KCNJ10), GABA receptor (GABRA1, GABRD, GABRG2), acetylcholine receptor 

(CHRNA4) and ion transporter (SLC12A5) (Section 4.5.2). Since ion channels, GABA 

receptors, acetylcholine receptors, and ion transporters are closely related with epilepsy 

(Psarropoulou, 2010), the close interaction between SCN1A and these groups of receptors 

or channels indicates a potential involvement of SCN1A in epilepsy. Being a sodium ion 

channel gene, SCN1A was involved in sodium ion transport (Table 4.7). As mentioned in 

Section 4.5.3, sodium and calcium ion transport were the key processes in the 

initialization of membrane depolarization. If a pathogenic mutation has occurred in 

SCN1A, there is a high probability that the membrane potential will be dysregulated due 

to abnormal influx of sodium ions, this will result in random membrane depolarization 

and subsequently epileptic seizures. Meanwhile, GABA receptors which act as antagonist 

for sodium ion channels tend to promote resting membrane potential by inducing the 

influx of chloride ions (Psarropoulou, 2010). The nature of GABA receptors in promoting 

a resting membrane potential makes it an ideal therapeutic target for epilepsy, many 

antiepileptic drugs like bromide, felbamate, stiripentol, topiramate and VPA inhibit 

seizures by enhancing the inhibitory effect of GABA receptors (Kobayashi et al., 2020). 

Besides, the calcium and potassium ion channels, which aided in the regulation of 

membrane potential (Table 4.7), may also serve as additional therapeutic targets for 

antiepileptic drugs. This condition is best demonstrated by LTG which also targets the 

calcium and potassium ion channels in addition to sodium ion channels (Moavero et al., 

2017). The combination of antiepileptic drugs targeting the GABA receptors and ion 

channels may serve as an optimum treatment option for some epilepsy patients with 

SCN1A mutation, example of such case in our cohort is the SCN1A-positive GGE-1 which 

was treated with VPA and LTG (Table 4.1). The same therapy can also be applied to 
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patients with mutation in calcium ion channel genes, such as the CACNA1G-positive 

GGE-13 in our cohort (Table 4.1; Appendix E), as calcium ion channels were sharing 

similar biological processes with sodium ion channels in the sense that they were also 

involved in the initialization of membrane depolarization during action potential. From 

this aspect, it is worth noting that dystrophin (DMD) was having an indirect interaction 

with sodium and calcium ion channels, it has been shown to co-express with SCN1A and 

CACNB4 in the brain (Doorenweerd et al., 2017), the roles of DMD in the regulation of 

voltage-gated calcium channel and sodium ion transmembrane transporter activity render 

its potential to be used as new therapeutic target for antiepileptic drugs (Table 4.7). 

Nonetheless, further studies are stilled needed to investigate the practicality of utilizing 

DMD as the therapeutic target in epilepsy. 

Apart from the ion channels or receptors involved in regulation of membrane potential 

and generation of action potential, SCN1A was also predicted to interact with signal 

transduction gene (EFHC1), spectrin genes (SPTB, SPTBN2 and SPTBN4), and 

syntrophin gene (SNTA1) (Appendix G). Despite it was not predicted in our functional 

enrichment analysis (Section 4.5.3), EFHC1 has been shown to involve in brain 

development in HEK293 cells and mouse models (de Nijs et al., 2012). Meanwhile, 

spectrin genes, CSF1R, NTRK1 and SCN1B were involved in axon guidance, which is 

also a part of brain development (Table 4.7). The interaction of SCN1A with EFHC1 and 

spectrin genes intimates a possible involvement of SCN1A in brain development, this may 

explain the phenomenon reported by Lee et al. (2017) that brain structural alteration was 

observed in epileptic children with SCN1A mutation. Besides, it also provides an 

explanation on how SCN1A is associated with developmental and epileptic 

encephalopathy (DEE), a condition characterized by early-onset seizures and 

developmental delay (Scheffer & Nabbout, 2019; Steward et al., 2019). On other hand, 

SNTA1 has been shown to be associated with sudden infant death syndrome by increasing 
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the peak and late sodium current in cardiac muscles (Cheng et al., 2009). Through this 

mechanism, the interaction between SNTA1 and SCN1A may induce sudden unexpected 

death in epilepsy (SUDEP), this is also in line with Massey et al. (2014) that SCN1A is a 

risk gene for SUDEP. Nevertheless, these mechanisms do not apply to the SCN1A 

c.5753C>T mutation in GGE-1, as the patient had normal MRI and no symptoms of DEE 

or SUDEP were observed from her and the family members with the mutation (Section 

4.6.1.1). 

 

5.2.5 Functional Enrichment Analysis 

As mentioned in Section 2.5.3, there are only two pathway analysis studies that have 

been conducted on GGE. The results from our functional enrichment analysis are 

compared with the two studies, Epi25 Collaborative (2019) and Ozdemir et al. (2019), in 

this section to investigate the similarities and differences in the GGE-associated 

biological processes between Malaysians and Europeans. 

In our results, ion transport like GO:0035725 (sodium ion transmembrane transport), 

GO:0070588 (calcium ion transmembrane transport), GO:0071805 (potassium ion 

transmembrane transport), GO:0006821 (chloride transport), and GABA-related 

processes such as GO:0007214 (gamma-aminobutyric acid signaling pathway) were 

flagged as important biological processes that are highly associated with GGE (Section 

4.5.3). The identification of ion transport and GABA signalling as epilepsy-associated 

pathways is also reported by Epi25 Collaborative (2019), this result is expected as 

mutations in the ion channel and GABA receptor genes have been widely reported in 

epilepsy (Section 2.2.3). Malfunctions in ion channels and GABA receptors can affect 

the regulation of membrane potential and induce epileptic seizures (Section 5.2.4), the 

mechanism of ion channels and GABA receptors in epilepsy can be described by the 

excitation-inhibition (E/I) balance model discussed in Section 5.3.2. 
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Besides, our functional enrichment analysis has also proposed the potential association 

of protein-kinase-related biological processes with GGE (Section 4.5.3). While the roles 

of ion transport and GABA signalling in GGE are well studied, the knowledge on protein 

kinases in GGE is less established. In comparison with the previous studies, Epi25 

Collaborative (2019) did not include kinase genes in their analysis and thus did not reveal 

any information on the involvement of protein kinases in GGE. However, all the five 

KEGG pathways enriched in Ozdemir et al. (2019), namely ‘neurotrophin signaling 

pathway’, ‘pathways in cancer’, ‘focal adhesion’, ‘metabolic pathway' and ‘MAPK 

signaling pathway’, involve protein kinases as part of the functioning components and 

can be considered as protein-kinase-related processes. Despite this, the protein-kinase-

related processes highlighted by Ozdemir et al. (2019) are mostly different from our study. 

For instance, the KEGG pathways ‘neurotrophin signaling pathway’, ‘focal adhesion’ and 

‘MAPK signaling pathway’, which are equivalent to the GO terms ‘neurotrophin 

signaling pathway’ (GO:0038179), ‘focal adhesion assembly’ (GO:0048041) and 

‘MAPK cascade’ (GO:0000165) respectively, were not enriched in our cohort. 

Meanwhile, the ‘metabolic pathway’ in KEGG pathway is equivalent to the GO term 

‘metabolic process’ (GO:0008152), it is too general to compare ‘metabolic pathway’ 

(KEGG pathway) in Ozdemir et al. (2019) with GO:0008152 in this study as both terms 

cover many metabolic activities such as carbohydrate, protein, and lipid metabolism. 

Nevertheless, the GO term ‘cholesterol metabolic process’ (GO:0008203), which is a 

child process of GO:0008152, was enriched in our cohort but its KEGG equivalent 

‘cholesterol metabolism’ was not reported in Ozdemir et al. (2019). On other hand, 

‘pathways in cancer’ in KEGG is an umbrella term that covers numerous cellular 

processes ranging from cell proliferation regulation to cellular signalling. Since 

extracellular signal-regulated kinase (ERK) signalling, phosphatidylinositol 3-kinase 

(PI3K) signalling, and Wnt signalling are components of ‘pathways in cancer’, there is a 
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possibility that the biological processes ‘positive regulation of ERK1 and ERK2 cascade’ 

(GO:0070374), ‘canonical Wnt signaling pathway’ (GO:0060070), ‘positive regulation 

of phosphatidylinositol 3-kinase signaling’ (GO:0014068) and ‘phosphatidylinositol-

mediated signaling’ (GO:0048015) are serving as GGE-associated pathway in both 

Malaysians and Europeans. From the comparison of enrichment results between our study 

and Ozdemir et al. (2019), it can be deduced that the protein-kinase-related processes 

associated with GGE among Malaysians are different from those of Europeans, except 

ERK signalling, PI3K signalling, and Wnt signalling pathways. On top of this, the 

‘transmembrane receptor protein tyrosine kinase signaling pathway’ (GO:0007169) and 

‘calcium-mediated signaling using intracellular calcium source’ (GO:0035584) observed 

from our cohort were not reported in both Epi25 Collaborative (2019) and Ozdemir et al. 

(2019), this makes GO:0007169 and GO:0035584 worthy to study as they may serve as 

GGE-associated pathways that are unique to Malaysians or even Asians. 

 

5.3 Segregation Analysis 

5.3.1 F-1 (SCN1A c.5753C>T Variant) 

Since our gene prioritization and PPI analysis demonstrated that SCN1A might serve 

as a key gene in JME (Sections 4.5.1 and 4.5.2), the SCN1A c.5753C>T variant in GGE-

1 was undoubtably selected as the key variant for further analysis. From the segregation 

pattern of this variant, it can be deducted that the SCN1A c.5753C>T variant is likely 

pathogenic and autosomal dominant (Section 4.6.1.2). As discussed in Section 5.2.3, 

SCN1A has been proposed to be top epilepsy-associated gene. Apart from DEE and 

SUDEP (Section 5.2.4), SCN1A has been reported in Dravet syndrome and GEFS+ 

(Binini et al., 2017; Tunçer et al., 2018). However, SCN1A is rarely reported in JME. 

Despite Jingami et al. (2014) has proposed the possible association of SCN1A with JME, 

the family phenotype in their study was GEFS+. According to Richards et al. (2015), the 
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evidence provided by Jingami et al. (2014) may not strong enough to show the pathogenic 

role of SCN1A in JME due to the lack of segregation and functional analysis data. In 

contrast, four family members from F-1 in this study were diagnosed with JME (II.5, 

III.13, IV.9 and IV.10), while Sanger sequencing was not conducted in IV.9 and IV.10, 

the presence of SCN1A c.5753C>T variant in II.5 and III.13 may serve as supportive 

evidence to show the association of SCN1A with JME (Table 4.8). Besides, the SCN1A 

c.5753C>T variant was also inherited in II.7, III.15 and III.16, the symptoms of these 

individuals were considered milder compared to II.5 and III.13, as III.16 exhibited GTC 

without myoclonic seizures, while II.7 and III.15 were having febrile seizures only. 

Pleiotropy among family members with SCN1A mutation has been reported in previous 

studies (Mahoney et al., 2009; Marini et al., 2006). This phenomenon is probably caused 

by the interaction between SCN1A and other genetic as well as environmental factors, the 

same condition was also observed in epileptic mouse models (Escayg & Goldin, 2010; 

Salgueiro-Pereira et al., 2019). 

SCN1A encodes the alpha subunit of voltage-gated sodium channel Nav1.1, this 

subunit consists of one N-terminal, one C-terminal, and four homologous transmembrane 

domains, each transmembrane domain in turn is made up of six transmembrane segments; 

the alpha subunit binds with beta-1 and beta-2 subunits, which are encoded by SCN1B 

and SCN2B respectively, to form a complete sodium channel (Catterall, 2000). In terms 

of molecular function, the alpha subunit is primarily involved in the regulation of sodium 

ion intake by changing the permeability to sodium ions through structural reconfiguration, 

whereas the beta subunits regulate the voltage-gating activity of the alpha subunit 

(Catterall, 2000; Escayg & Goldin, 2010). Due to direct involvement in sodium ion 

transport, disruption in the alpha subunit is prone to epilepsy. As shown in Figure 5.1, 

epilepsy-associated mutations have been reported from almost any domain in the alpha 
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subunit, suggesting that all the domains in the alpha subunit are important for the normal 

function of voltage-gated sodium channel Nav1.1. 

 

 

Figure 5.1: Schematic diagram showing the domain organization of the alpha 
subunit of voltage-gated sodium ion channel Nav1.1 as well as the positions of 
variants implicated in Dravet syndrome, GEFS+, JME or febrile seizures retrieved 
from SCN1A Variant Database (Claes et al., 2009) (accessed May 2019). The red 
square marks the position of the SCN1A c.5753C>T variant in the structure. 

 

The SCN1A c.5753C>T mutation in GGE-1 induced the amino acid change p.S1918F 

in the C-terminal domain of Nav1.1 alpha subunit (Section 4.6.1.3). According to Parihar 

& Ganesh (2013), the C-terminal domain serves as an activation-inactivation switch for 

the sodium channel and about 7% of missense mutations are resided in this region. It is 

believed that mutations in the C-terminal are causing epilepsy through two mechanisms: 

first, by weakening the interaction with the beta subunit; and second, by interfering the 

interaction with calmodulin (Gaudioso et al., 2011; Rusconi et al., 2009; Spampanato et 

al., 2004). The SCN1A c.5753C>T variant identified from this project is a novel variant 

that has not been reported in 1KGP or gnomAD, and no previous study has been 

conducted on this variant yet. This mutation was expected to interfere the binding of 

calmodulin due to steric clash (Figure 4.8). As demonstrated in Gaudioso et al. (2011), 
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calmodulin tends to boost the inactivation of sodium channels. The interference in 

calmodulin binding brought on by the p.S1918F mutation is likely to cause delay in the 

inactivation of sodium ion channels which can subsequently promote the generation of 

epileptic seizures. 

By combining evidence from multiple aspects such as variant rarity, in silico 

prediction, protein analysis, and segregation analysis, we conclude that the SCN1A 

c.5753C>T variant is likely pathogenic and is potentially associated with the epileptic 

syndromes in family F-1. The findings on the SCN1A c.5753C>T variant in this project 

were published as Chan et al. (2020) in Neurological Sciences (List of Publications and 

Papers Presented). 

 

5.3.2 F-9 (ERBB4 c.1972A>T and GABRA1 c.448G>A Variants) 

In comparison with the SCN1A c.5753C>T variant in F-1, the pathogenicity of ERBB4 

c.1972A>T and GABRA1 c.448G>A variants in F-9 was lower. As shown in Figure 4.9, 

even though the father (I.1) inherited the GABRA1 c.448G>A variant and the mother (I.2) 

carried the ERBB4 c.1972A>T variant, both of them were unaffected. This observation 

indicated that the GABRA1 c.448G>A and ERBB4 c.1972A>T variants were not 

pathogenic enough to induce epilepsy when present in isolation. On other hand, GGE was 

observed from the proband (II.3) and sister (II.1) who carried both GABRA1 c.448G>A 

and ERBB4 c.1972A>T variants. This event led to the hypothesis that the GGE phenotype 

in this family was caused by interaction between the GABRA1 and ERBB4 mutations. 

GABRA1 encodes the alpha1 subunit of GABA-A receptor, it has been shown to be 

associated with many GGE syndromes such as JME, GGE with generalized tonic-clonic 

seizures alone, GEFS+ and CAE (Johannesen et al., 2016). GABA-A receptors are 

predominant in neurons and serve as major inhibitory neurotransmitter receptors in 

mammalian brains (Ito et al., 2005). The mechanism of function of the GABA-A 
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receptors in central nervous system can be described using the “lock-and-pull” model 

proposed by Masiulis et al. (2019). According to the model, the GABA-A receptor 

consists of two GABRA1 subunits, two GABRB3 subunits and one GABRG2 subunit 

(Figure 4.15), the binding of GABA induces a conformational change in the receptor and 

the GABRB3 subunits are then drawn closer to the GABRA1 subunits. This 

conformational change leads to activation of GABA-A receptor which will subsequently 

allow the influx of chloride ions into the cell. Under this mechanism, all GABA-A 

subunits are important as mutation in any of the subunits, including the GABRA1, 

GABRB3 and GABRG2, can induce epilepsy (Hernandez & Macdonald, 2019). In this 

study, the GABRA1 c.448G>A variant induced the amino acid change p.E150K in the 

GABRA1 subunit. As shown in Figures 4.15 and 4.16, this mutation allowed the 

formation of additional hydrogen bonds, the conformation of the GABA-A receptor was 

slightly disrupted and there was a decrease in the distance between GABRB3 and the loop 

of GABRA1. The function of this loop is unknown, but previously reported GABRA1 

p.F104C, GABRB3 p.G32R and GABRB3 p.V37G mutations affecting the loop region 

have been shown to be associated with epilepsy (Hernandez & Macdonald, 2019). We 

hypothesize that the structural disruption in the loop region may reduce the efficiency of 

GABA-A receptors by interfering the interaction between GABRB3 and GABRA1 

subunits in the “lock-and-pull” mechanism. 

In contrast to GABRA1, studies on ERBB4 in epilepsy are much more limited. ERBB4 

encodes a receptor tyrosine kinase that serves many biological functions, previous studies 

on animal models have showed the involvement of ERBB4 in the development of 

neuromuscular system as well as the regulation of GABA release and extracellular 

dopamine level (Deng et al., 2019; Paatero et al., 2019; Skirzewski et al., 2018). In the 

context of ERBB4 receptor activation, the GG4-like motif in the transmembrane domain 

functions as the binding site for dimerization of ERBB4 receptors, the dimer is held by 

Univ
ers

iti 
Mala

ya



106 
 

the hydrogen bonds between the GG4-like motifs of the two interacting ERBB4 receptors 

(Bocharov et al., 2012). The amino acid change p.I658F induced by the ERBB4 

c.1972A>T variant in this family caused the formation of an additional hydrogen bond in 

the GG4-like motif (Figure 4.14). According to previous studies on p.I658E mutation, 

additional hydrogen bond in the GG4-like motif can lead to the generation of 

constitutively active ERBB4 receptors (Bocharov et al., 2012; Vidal et al., 2007), it is 

possible that the p.I658F mutation in this family is having similar effect as p.I658E and a 

constitutively active ERBB4 receptor is produced.  

The interaction between GABRA1 and ERBB4 is very complex, it involves multiple 

signalling pathways. From the PPI analysis, GABRA1 and ERBB4 were predicted to 

interact indirectly with each other through NTRK2 (Section 4.5.2, Appendix G). NTRK2 

encodes tropomyosin-related kinase B (TrkB) that functions as a key component in brain 

derived neurotrophic factor (BDNF) signalling pathway, this pathway alters the 

expression of GABA-A receptors by modulating the phosphorylation level on the GABA-

A receptors (Porcher et al., 2018). Meanwhile, the interaction between ERBB4 and 

NTRK2 is shown to influence the expression of TrkB and BDNF in mouse models (Zhang 

et al., 2018). If a mutation has occurred in ERBB4, it is likely that the BDNF signalling 

pathway will be affected and this event will eventually impact the phosphorylation 

process of GABA-A receptors. Besides, other studies in mouse models also revealed the 

regulatory effect of ERBB4 on expression of GABA-A receptors through ERBB4-

Neuregulin (ERBB4-NRG) signalling pathway (Li et al., 2011; Mitchell et al., 2013; 

Okada & Corfas, 2004). These lines of evidence sum up the point that EBRR4 may affect 

the GABA-A receptors through multiple signalling pathways such as BDNF and ERBB4-

NRG signalling. 

In mouse models, the downregulation of the expression of GABA-A receptors on 

neuronal surface can cause a decrease in inhibitory postsynaptic current (iPSC) (Mitchell 
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et al., 2013). The reduced iPSC is believed to disrupt the E/I balance and give rise to a 

condition that favours neuronal excitation and epileptic seizures (Stafstrom, 2014). We 

postulate that the evoked iPSC needs to achieve a certain threshold before an inhibitory 

signal can be generated, Figure 5.2 illustrates our hypothesized disease model on the 

pathogenesis of GGE through the interaction between GABRA1 and ERBB4. Under a 

normal condition where the individuals carry both wild type GABRA1 and ERBB4, the 

GABA-A and ERBB4 receptors are functioning properly, the E/I balance is well 

maintained and thus there is no symptom of epilepsy (Figure 5.2 (A)). The structural 

change in the GABA-A receptor induced by GABRA1 c.448G>A mutation is expected to 

decrease the efficiency of the receptor and slightly reduce the iPSC, and the constitutively 

active ERBB4 receptor produced by ERBB4 c.1972A>T mutation may reduce the iPSC 

by downregulating the expression of GABA-A receptors. Nevertheless, each of the 

mutations will only contribute to a minor disruption in iPSC. When the individuals inherit 

only one of the mutations (either the GABRA1 mutation or the ERBB4 mutation), the 

evoked iPSC can still achieve the threshold, the E/I balance is still maintained and thus 

they are asymptomatic (Figure 5.2 (B and C)). However, when the individuals carry both 

GABRA1 and ERBB4 mutations, the pathogenic effects brought by the mutant GABA-A 

and ERBB4 receptors may act synergically. In this case, the evoked iPSC is greatly 

reduced and no longer exceeds the threshold. As a result, the inhibitory signal cannot be 

generated, the E/I balance is tilted to excitation, and these events give rise to GGE 

syndromes (Figure 5.2 (D)). 

Although this hypothesized disease model may explain the pathogenesis of GGE, the 

individual III.1 diagnosed with focal epilepsy did not inherit the ERBB4 c.1972A>T 

variant (Figure 4.9). This observation indeed suggests that our hypothesized disease 

model is only applicable to the pathogenesis of GGE but not focal epilepsy. It is possible 

that the focal epilepsy in this family was induced by different set of genes or even 
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environmental factors. While this disease model may shed some light on the mechanism 

of ERBB4 c.1972A>T and GABRA1 c.448G>A variants in GGE, further investigations 

such as functional studies are still needed to verify these findings including our 

hypothesized disease model. 

 

 

Figure 5.2: Hypothesized disease model on the pathogenesis of genetic generalized 
epilepsy through the interaction between GABRA1 and ERBB4. 
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5.4 Usefulness of Functional Characterization Analysis in Whole Exome 

Sequencing Data Analysis 

This study utilized functional characterization analysis to aid the identification of 

potential pathogenic variants from exome sequencing data. As discussed in Section 2.3.2, 

WES has an added advantage over gene panels in identification of novel or rare disease 

genes. For instance, the identification of ERBB4 as a potential GGE-associated gene in 

GGE-9. Until 31 December 2020, ERBB4 has never been tested in commercialized 

epilepsy panels such as Invitae Epilepsy Panel (Invitae Corporation, 2020), EPSAN 

(Mayo Foundation for Medical Education and Research, 2020), GeneDx Comprehensive 

Epilepsy Panel (GeneDx, 2020), Athena Epilepsy Panel (Athena Diagnostics, 2020), and 

MNG Epilepsy Genetic Testing (Laboratory Corporation of America, 2020). The ERBB4 

c.1972A>T variant would not be discovered if gene panels were opted as the screening 

method in this project. Despite the added advantage, WES identifies huge number of 

genetic variants from each test subject (Section 4.3), these variants must be shortlisted so 

that the variants with greater potential to cause epilepsy can be focused in the analysis. In 

familial cases, one of the shortlisting strategies is to search for shared variants between 

affected members, this strategy can be applied if WES was conducted in at least two 

affected family members (Goh & Choi, 2012), as in the case of trio WES in F-1 and F-4. 

However, trio WES imposed higher experimental cost as the sequencing was conducted 

on three individuals from a single family. Due to budget constraint, singleton WES was 

conducted for probands from families F-7 to F-18 (Table 3.2). 

Variant shortlisting via identification of shared variants was not possible for the cases 

that underwent singleton WES. Under this circumstance, gene prioritization is very 

helpful as the variant with the highest possibility of being associated with GGE can be 

deduced from the gene ranks. The effectiveness of gene prioritization in variant 

shortlisting is best demonstrated in family F-1. The ranking of SCN1A as tier 1 gene in 
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gene prioritization indicated that the SCN1A c.5753C>T variant in GGE-1 was highly 

associated with JME (Section 4.5.1), this prediction was in line with the outcome of the 

analysis conducted using the shared-variant strategy proposed by Goh & Choi (2012) that 

the SCN1A c.5753C>T variant was called in the WES data of both epileptic GGE-1 and 

GGE-3 but not the unaffected GGE-2, and segregation analysis involving more family 

members further supported that SCN1A c.5753C>T variant in this family is probably 

pathogenic (Section 4.6.1.2). The consistency between the results of gene prioritization 

and segregation analysis has hinted the potential of gene prioritization in the shortlisting 

of genetic variants identified from WES. 

On other hand, PPI analysis may not as useful as gene prioritization in the process of 

shortlisting genetic variants. However, it is still a useful tool in the analysis of polygenic 

epilepsy like the one in GGE-9. In family F-9, gene prioritization predicted ERBB4 

c.1972A>T variant as the most probable epilepsy-causing variant in the family, but 

conflicting results from segregation analysis have questioned the pathogenicity of the 

ERBB4 variant (Section 4.6.2.2). This event led to the hypothesis that the epilepsy in this 

family is polygenic. The interaction between ERBB4, NTRK2 and the GGE-associated 

GABRA1 revealed from PPI analysis has facilitated the discovery of the regulatory role 

of ERBB4 in the BDNF signalling pathway and its impact on the GABA-A receptors 

(Section 5.3.2). Our findings in F-9 may provide indirect evidence on the influence of 

ERBB4 in human BDNF signalling pathway. 

Meanwhile, the usefulness of functional enrichment in WES data analysis may vary 

depending on application or study design. In the context of individual analysis, such as 

identifying a pathogenic variant from a proband, functional enrichment might not be 

useful as the functional effects of each variant can be obtained from literature or by 

conducting functional studies (Richards et al., 2015). However, in population analysis, 

functional enrichment on pooled exome sequencing data can help to identify the potential 
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pathways associated with GGE in the study population (Section 4.5.3). The reason behind 

functional enrichment of being less useful in individual analysis is that enrichment 

software like DAVID requires an input gene list that fulfils certain criteria, such as 

containing appropriate number of key genes, for accurate enrichment (Huang et al., 2009). 

The gene list generated by WES data from single individual contains too few genes for 

the enrichment process and this may lead to imprecise results. As demonstrated in this 

project, even with the pooled WES data from 13 individuals, the GO terms ‘brain-derived 

neurotrophic factor receptor signaling pathway’ (GO:0031547) and ‘ERBB signaling 

pathway’ (GO:0038127), which are equivalent to the BDNF and ERBB4-NRG signalling 

pathways discussed in Section 5.3.2, are not enriched in our functional enrichment 

analysis (Section 4.5.3). Nonetheless, our enrichment results are still acceptably good 

with the positive enrichment of ‘transmembrane receptor protein tyrosine kinase signaling 

pathway’ (GO:0007169) that serves as a parent term covering both GO:0031547 and 

GO:0038127, but it will be better if GO:0031547 and GO:0038127 are called up in the 

results. 

 

5.5 Implications/Key Findings of This Study 

This project is a preliminary study to investigate the potential genetic factors and 

biological processes associated with GGE among Malaysians. From the results, it has 

been shown that ion transport, particularly sodium and calcium ion transport, were 

playing important role in pathogenesis of GGE. Mutations in the ion channel or GABA 

receptor genes may disrupt the E/I balance and thus causing epilepsy. Due to active 

involvement of ion channels and GABA receptors in neuronal-membrane-potential 

regulation, most antiepileptic drugs are designed to manipulate the function of ion 

channels or GABA receptors so that epileptic seizures can be suppressed (Kobayashi et 

al., 2020; Moavero et al., 2017; Stefanović et al., 2018). In this context, our PPI analysis 
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demonstrated the potential of DMD to be used as therapeutic target for antiepileptic drugs 

(Section 5.2.4). This discovery may provide some new insights on the design of 

antiepileptic drugs in future. 

Besides, another key finding of this project is the roles of kinase genes in the 

pathogenesis of GGE. Our functional characterization analysis has demonstrated the 

potential association of NTRK1, NTRK2, CSF1R and ERBB4 with GGE among Malaysian 

patients (Section 4.5). These genes were involved in ‘transmembrane receptor protein 

tyrosine kinase signaling pathway’ (GO:0007169) that performs many complex 

molecular functions. From our analysis in F-9, we proposed a possible mechanism of 

ERBB4 in the reduction of iPSC and E/I balance disturbance (Section 5.3.2). On other 

hand, NTRK1, NTRK2 and CSF1R were intimated to play important roles in brain 

development (Section 4.5.3), these genes were expected to induce a positive feedback on 

the ERK1/2 signalling cascade (GO:0070374) and PI3K signalling pathway 

(GO:0014068) during brain development (Table 4.7; Sánchez-Alegría et al., 2018; Sun 

& Nan, 2017). While there are studies showing the association of brain developmental 

abnormalities with JME (Gilsoul et al., 2019; Wandschneider et al., 2019), we were 

unable to confirm whether such association applies to Malaysian patients due to the lack 

of MRI data. If brain development is associated with JME among Malaysians, then the 

genes related to ‘phosphatidylinositol-mediated signaling’ (GO:0048015) such as CBL 

and NEDD4 should also be considered for further analysis. 

In addition, the GO term ‘calcium-mediated signaling using intracellular calcium 

source’ (GO:0035584) was enriched in our cohort but not in Europeans, the underlying 

genes contributing to this GO term included NTRK2, TRPM2 and KDR. Similar to 

tyrosine kinase signalling, calcium-mediated signalling has multiple roles in cellular 

process. TRPM2, one of the key genes in calcium-mediated signalling, has been shown 

to regulate brain development as well as the activity of voltage-gated calcium ion 
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channels (Sawamura et al., 2017). Since voltage-gated calcium ion channels are important 

in the regulation of membrane potential, TRPM2 maybe a risk factor in GGE among 

Malaysians. Interestingly, TRPM1 and TRPM5 were also predicted to be involved in 

calcium ion transmembrane transport (Table 4.7). Nevertheless, there is no evidence 

showing that TRPM1 and TRPM5 are highly expressed in human brain. Thus, the 

association of TRPM1 and TRPM5 with GGE remains to be discovered. 

The findings from this project have indicated that ion channels and GABA receptors 

are not the only genetic causes of GGE. While mutations in the ion channels and GABA 

receptors are still the primary risk factors, genetic analysis should be expanded beyond 

the ion channels, and kinase genes should be considered as secondary genetic factors in 

GGE. As discussed earlier, protein kinases may alter the expression of GABA receptors 

and serve as regulators in brain developmental process. These findings further support 

the fact that epilepsy is not a pure channelopathy disease and it may involve a complex 

underlying molecular mechanism, the inclusion of kinase genes in the analysis may help 

to explore the complex mechanism behind GGE. 

 

5.6 Limitations of Study 

Despite this study has highlighted some new ideas on the genetics behind GGE 

(Section 5.5), there is room for improvement for this project. One of the limitations of 

this project is the lack of functional study. As mentioned in Section 2.4.2, while in silico 

tools can provide quick prediction on the outcome of a genetic mutation, it is still very 

important to verify the results using experimental data such as family segregation analysis 

and functional studies. This condition is best represented by the ERBB4 c.1972A>T 

variant in GGE-9, the variant itself was not pathogenic enough to induce epilepsy even 

though it had been predicted to be damaging by SIFT and Polyphen-2. Although we have 

proposed a possible disease mechanism for the ERBB4 variant in the pathogenesis of GGE, 
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we are unable to confirm whether our disease model is correct until functional study is 

conducted. 

Besides, JME-associated genes were used as training genes during the gene 

prioritization, this would indicate that the results obtained from functional 

characterization analysis are more related with JME. Despite JME is a subtype of GGE, 

the findings from this study would not cover the whole spectrum of genetic factors in 

GGE. This work can be improved by including additional samples that cover more GGE 

phenotypes and by incorporating other GGE-associated genes as training genes in the 

gene prioritization analysis. The inclusion of additional samples with other GGE 

phenotypes such as CAE and JAE together with other GGE-associated genes in the 

analysis will provide us a more complete picture of the PPI network and the biological 

pathways associated with GGE in our country. Nevertheless, current results are still 

enough for us to draw the conclusion that in addition to ion channel and GABA receptor 

genes, protein kinase genes are also having the possibility of being associated with GGE, 

or at least JME in Malaysian population. 
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CHAPTER 6: CONCLUSION 

This study has identified a few genetic factors which are associated with GGE among 

Malaysian population. From the functional characterization analysis, it is found that ion 

channels and GABA receptors are crucial in the generation and propagation of action 

potential. The genes encoding the ion channels, such as SCN1A, CACNA1G, CACNA1S, 

CACNB3, CACNG4 and KCNH1, and GABA receptors, like GABRA1 and GABRA6, 

should be treated as primary genetic factors as pathogenic mutations in these genes are 

very likely to induce GGE among Malaysians. Besides, our results have intimated the 

possible risk of tyrosine kinases in GGE, these kinases are involved in the coordination 

of numerous cellular processes including brain development and GABA-A-receptor 

expression. While we are unable to confirm the risk of brain developmental abnormalities 

in GGE with this study, we have proposed a disease model on the mechanism of tyrosine 

kinase ERBB4 in pathogenesis of GGE. Due to multiple roles of protein kinases in our 

body, further studies on the protein-kinase-related pathways will provide noteworthy 

knowledge on the mechanism behind GGE. Additionally, this study has also identified 

DMD as a new therapeutic target due to its capability of regulating the sodium 

transporters and calcium ion channels, this finding may contribute to the design of new 

antiepileptic drugs in future. 
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