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ABSTRACT 

 

Over the past decade and a half, considerable advances have been made in the 

understanding of the molecular mechanisms underlying the idiopathic epilepsies. 

Technological advances and completion of the Human Genome Project have enabled 

continued progress. Much of this has impacted on families with epilepsies developing in 

infancy. 

 

Benign familial neonatal seizures (BFNS) is often caused by mutations in either of two 

potassium channel subunit genes, KCNQ2 and KCNQ3. Twenty-three of 36 families 

investigated (65%) were found to have mutations in one of these genes detectable by 

sequencing. Multiplex ligation-dependent probe amplification, which detects deletions 

and duplications affecting a specific gene, was applied to solve a further 17% of 

families. This revealed that deletions and duplications in KCNQ2 are a common 

mechanism for the pathogenesis of BFNS. 

 

The remaining unsolved BFNS families were analysed further to seek other 

mechanisms. A novel microduplication was identified in one family with BFNS and 

intellectual disability. This was characterised by comparative genome hybridisation 

(CGH) and fluorescence in-situ hybridisation and demonstrated the value of applying 

these technologies to familial as well as sporadic cases. A patient with neonatal seizures 

and long-QT syndrome (LQTS) was found to have a unique combination of changes in 

two genes associated with LQTS, supporting speculation that he had a “cardio-cerebral” 

channelopathy. 

 

Two “BFNS” families had mutations in SCN2A, the gene usually associated with 

benign familial neonatal-infantile seizures (BFNIS). BFNIS is distinguished from BFNS 

by a higher age of seizure onset distribution. The initial clinical misclassification 

highlights the phenotypic overlap between these two disorders. These families are now 

reclassified on molecular criteria as BFNIS families with an earlier than usual age of 

onset. This distinction is of clinical significance since unlike BFNIS with SCN2A 

mutations 15% of BFNS patients with KCNQ2 mutations have seizures later in life. 
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The remaining three BFNS families are unsolved. For two families, genotyping of 

microsatellite markers linked to known BFNS loci showed that they could not have 

mutations at those loci. Linkage to these loci was excluded by recombination, 

demonstrating that at least one other gene associated with BFNS exists.  

 

The parental origin of de novo mutations in SCN1A was investigated. These mutations 

cause Dravet Syndrome (DS), a severe childhood epileptic encephalopathy. The 

mutations were found to originate on the paternal chromosome in approximately 75% of 

cases. The effect of parental age on mutagenesis in SCN1A was investigated and found 

not to be a contributing factor. This is the only epilepsy syndrome where sufficient de 

novo mutations have been identified for meaningful analysis of their parental origin. 

 

Finally, the causative gene for benign familial infantile seizures (BFIS) mapped to 

chromosome 16p11.2-q12.1 remains elusive. Array CGH revealed no pathogenic copy 

number changes. Sequence capture and next-generation sequencing of the genes in the 

linkage region did not detect a mutation in a coding region. Several unique, but non-

pathogenic, variants were identified in BFIS families. This paves the way for the next 

steps aimed at detecting rarer molecular defects such as recurrent inversions or unstable 

repeats. 
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What is Epilepsy? 

The epilepsies are a heterogeneous group of disorders in which patients have a 

predisposition to spontaneous seizures. Seizures are defined by the International League 

Against Epilepsy (ILAE) as the “transient occurrence of signs and/or symptoms due to 

abnormal excessive or synchronous neuronal activity in the brain” (Engel 2006). 

Epileptic seizures are further divided into many different types based on one or more of 

the following criteria: their pathophysiology; the neuronal structures involved; their 

response to medication; electroencephalogram (EEG) patterns; the pattern of seizure 

propagation; clinical features associated with the seizures and associated syndromes. 

 

Seizures may be generalised, involving the whole brain, or focal, in which the 

synchronous activity is restricted to one part of the brain. Generalised seizures involve 

the loss of consciousness and often rhythmic jerking of the body. In focal seizures the 

restriction of the synchronized activity to one part of the brain results in shaking of part 

of the body, for instance one arm. Focal seizures may become secondarily generalised if 

the synchronized activity spreads to the rest of the brain (Turnbull et al 2005). The 

clinical manifestations of seizures include the rhythmic shaking or jerking of limbs, loss 

of consciousness, loss of muscle tone, motor or other automatisms, hallucinations and 

sensory disturbances. 

 

Approximately 30% of epilepsy cases have an acquired cause, such as head trauma, 

stroke, tumour, infection or a congenital lesion (Annegers et al 1996). These cases may 

be described as symptomatic, that is, the seizures are a symptom of another disorder. 

The remainder are considered to be idiopathic, that is, with no evident cause other than 

a presumed genetic basis. Evidence for the role of genetics in epilepsy is provided by 

family and twin studies (Berkovic et al 2006b, Helbig et al 2008).  

 

Epilepsy affects approximately 3% of the population at some point in life (Hauser et al 

1993). It is the most frequent neurological disorder affecting infants and children, with 

the incidence declining in adolescence and adulthood and then increasing in the elderly. 

Epilepsies with a genetic basis are more common in the young, with more cases in the 

elderly being acquired from non-genetic causes, such as stroke or other forms of brain 

injury. 
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A Short History of the Understanding of Epilepsy 

The oldest known description of epilepsy comes from the Sakikku, a Babylonian 

medical diagnostic text dated to between 1067 and 1046 BC, and thought to be a copy 

of an earlier work dating to the middle of the second millennium BC. The text contains 

recognisable descriptions of many of the symptoms of epilepsy, and indicates that 

epilepsy was attributed to the possession of the patient by demons or ghosts (Eadie, 

1995, Reynolds and Kinnier Wilson 2008). This view of the cause of epilepsy has 

persisted throughout much of recorded history (Eadie and Bladin 2001), until 

challenged relatively recently as our scientific understanding of the underlying 

mechanisms increased.  

 

The concept of epilepsy as a disorder of the brain was first postulated by a Hippocratic 

author, who also observed that it could be an hereditary disorder. Epilepsy was thought 

to result from an excess of phlegm in the brain, in accordance with the “humoral” view 

of disease, which prevailed at the time. This view underpinned medical thought until the 

Renaissance, when physicians began to put forward other hypotheses involving 

chemical alterations of the brain and nervous system. An accurate biological 

understanding of the basis of epilepsy only began to develop in second half of the 19th 

century with the work of John Hughlings Jackson, who defined epileptic seizures as 

“An occasional sudden, excessive and rapid discharge of gray matter in some part of the 

brain”. This definition suggests the hyperexcitability of nerve cells which leads to 

epileptic seizures. Jackson’s thoughts about the pathogenesis of epilepsy still form the 

basis of current understanding of the disease and his work also alluded to the idea that 

an electrical process was involved (Eadie and Bladin 2001).  

 

The electrical basis of neurotransmission was demonstrated in 1929, when the technique 

of electroencephalography was described. EEG technology developed rapidly over the 

subsequent decades and was used to show electrical changes in the brain during 

epileptic seizures and to localise brain regions involved in seizures. The localisation of 

brain regions involved in seizures improved again with the development of magnetic 

resonance imaging (MRI) technology in the 1970s and early 1980s. This allowed the 

observation of structural abnormalities and lesions in the brain which had been 

previously undetectable (Jackson et al 2005). 
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A genetic cause was suspected for many cases of epilepsy. Relatively benign autosomal 

dominant epilepsy is seen in large families and a genetic component for sporadic 

epilepsy and epilepsy in smaller families can be inferred from twin studies, with a high 

degree of phenotypic concordance seen in monozygous twins (Berkovic et al 1998). 

Furthermore, the incidence of epilepsy in the relatives of people with idiopathic 

epilepsy has been observed to be higher than in controls (Berkovic et al 2006b). The 

development of modern molecular genetic techniques has allowed the identification of 

many genes in which mutations are associated with epilepsy (Heron et al 2007d, Reid et 

al 2009). Some of these are genes of major effect in which mutations are inherited in an 

autosomal dominant (AD) manner through large families or in certain cases occur de 

novo.  

 

Other genetic lesions contribute to epilepsy with complex genetics. It is postulated that 

these lesions are not sufficient on their own to cause epilepsy, but contribute to its 

pathogenesis in concert with a number of other variants and/or single nucleotide 

polymorphisms (SNPs). It has been speculated that genetic variants contributing to 

epilepsy with complex genetics also contribute to the phenotypic heterogeneity which is 

seen in families with autosomal dominant inheritance of mutations in genes of large 

effect (Mulley et al 2005a).  

 

 

Mendelian Epilepsy Syndromes 

A number of epilepsy syndromes associated with mutations in single genes are 

described below. Although these syndromes have dominant inheritance or result from 

de novo mutations, they cannot be considered truly monogenic. This is because, as is 

the case with many genetic disorders, a marked degree of phenotypic heterogeneity is 

seen in many pedigrees. This indicates that modifier genes play a significant role in the 

phenotype that a particular individual will have, even if they are carrying the same 

mutation in the same gene of large effect. The genes that have been identified for 

“monogenic” epilepsy syndromes are listed in Table 1-1. Linkage intervals with yet to 

be identified genes for idiopathic epilepsy are listed in Table 1-2 
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Table 1-1: Genes associated with Mendelian epilepsy syndromes. 

Gene Syndrome(s) References 

CHRNA4 ADNFLE Steinlein et al 1995, Steinlein et al 1997, Hirose et 

al 1999, Phillips et al 2000, Steinlein et al 2000, 

Cho et al 2003, Leniger et al 2003, Rozycka et al 

2003 

CHRNB2 ADNFLE De Fusco et al 2000, Phillips et al 2001, Bertrand et 

al 2005, Hoda et al 2008 

CHRNA2 ADNFLE Aridon et al 2006 

KCNQ2 BFNS Biervert et al 1998, Singh et al 1998, Singh et al 

2003 

KCNQ3 BFNS Charlier et al 1998, Hirose et al 2000, Singh et al 

2003, Li et al 2008b 

SCN1B GEFS+ Wallace et al 1998, Wallace et al 2002, Audenaert 

et al 2003, Scheffer et al 2007 

SCN1A GEFS+, Dravet 

Syndrome 

Escayg et al 2000, Claes et al 2001, Escayg et al 

2001, Wallace et al 2001b, Wallace et al 2003, 

Harkin et al 2007 

SCN2A BFNIS, GEFS+, 

intractable 

epilepsy 

Sugawara et al 2001, Heron et al 2002, Berkovic et 

al 2004a, Kamiya et al 2004, Striano et al 2006a, 

Herlenius et al 2007, Ogiwara et al 2009, Shi et al 

2009, Liao et al 2010 

GABRG2 CAE, FS, GEFS+ Baulac et al 2001, Wallace et al 2001a, Kananura et 

al 2002, Audenaert et al 2006 

GABRA1 CAE, JME Cossette et al 2002, Maljevic et al 2006 

EFHC1 JME Suzuki et al 2004, Ma et al 2006, Stogmann et al 

2006 

LGI1 ADPEAF Gu et al 2002, Kalachikov et al 2002, Morante-

Redolat et al 2002, Fertig et al 2003, Michelucci et 

al 2003, Berkovic et al 2004b, Ottman et al 2004, 

Chabrol et al 2007 

PCDH19 EFMR, Dravet-

like syndrome 

Dibbens et al 2008, Depienne et al 2009, Hynes et 

al 2010 



 Chapter 1 7 

Table 1-2: Genetic localisations for idiopathic epilepsy syndromes. 

Phenotype Genetic locus Reference 

ADNFLE 15q24 Phillips et al 1998 

BFIS 16p11-q12 Szepetowski et al 1997, Caraballo et al 

2001, Weber et al 2004, Callenbach et al 

2005, Striano et al 2006b, Weber et al 

2008 

BFIS 19q Guipponi et al 1997 

BFIS 1p36.12-p35-1 Li et al 2008a 

ADPEVF 2q Scheffer et al 1998 

ADPEVF 22q11-q12 Xiong et al 1999, Callenbach et al 2003, 

Berkovic et al 2004c 

TLE 5q31.3-q32 Angelicheva et al 2009 

TLE and FS 12q22-23.3 Claes et al 2004a 

FS 3q26.2-q26.33 Dai et al 2008 

FS 5q14.3-q23.1 Deprez et al 2006 

FS 6q22-q24 Nabbout et al 2002 

FS 8q13-21 Wallace et al 1996 

FS 21q22 Hedera et al 2006 

CAE 8q24 Sugimoto et al 2000 

GEFS+ 2p24 Audenaert et al 2005 

GEFS+ 8p23-p21 Baulac et al 2008 

JME 2q33-q36 Ratnapriya et al 2010 

IGE 10p11 Kinirons et al 2008 

Familial Adult Myoclonic 

Epilepsy (FAME) 

2p11.1-q12.2 Striano et al 2004, Madia et al 2008 

FAME 8q23.3-q24.1 Mikami et al 1999 

Familial Infantile 

Myoclonic Epilepsy 

(Recessive) 

16p13 Zara et al 2000 

Hot water reflex epilepsy 4q24-q28 Ratnapriya et al 2009a 

Hot water reflex epilepsy  10q21.3-q22.3 Ratnapriya et al 2009b 
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The Benign Autosomal Dominant Seizure Syndromes of Infancy 

Three autosomal dominant seizure syndromes occurring in infancy have been described. 

Mutations in genes responsible for these syndromes have high penetrance and two of 

the three syndromes are genetically heterogeneous. All three are attributable to different 

genes associated with different median ages of onset. Molecular genetics is informative 

for diagnosis in smaller families where the overlapping distributions of ages of onset 

make precise clinical diagnosis problematic. 

 

Benign familial neonatal seizures (BFNS) was first described in 1964 (Rett and Teubel 

1964). BFNS starts in the first few days of life and offset of seizures occurs by a few 

months of age, although approximately 15% of patients have occasional seizures later in 

life. BFNS is caused in most cases by mutations in two related genes, KCNQ2 (Biervert 

et al 1998, Singh et al 1998) and KCNQ3 (Charlier et al 1998). Both these genes code 

for voltage-gated potassium channel subunits and together these subunits form the M-

channel, which conducts the inhibitory M-current (Delmas and Brown 2005). Some of 

the mutations seen in BFNS families, for which functional studies have been done, 

reduce this potassium current, thus reducing neuronal inhibition and leading to seizures 

(Biervert et al 1998, Lerche et al 1999, Dedek et al 2001, Castaldo et al 2002, Bassi et al 

2005). More than 80 mutations in KCNQ2 have been described in BFNS families 

(Biervert et al 1998, Singh et al 1998, Biervert and Steinlein 1999, Lerche et al 1999, 

Lee et al 2000, Miraglia de Giudice et al 2000, Dedek et al 2001, Moulard et al 2001, 

Coppola et al 2003, Dedek et al 2003, Singh et al 2003, Borgatti et al 2004, Claes et al 

2004b, Pereira et al 2004, Richards et al 2004, Tang et al 2004, Bassi et al 2005, 

Schmitt et al 2005, de Haan et al 2006, Hunter et al 2006, Zhou et al 2006, Zimprich et 

al 2006, Heron et al 2007a, Soldovieri et al 2007a, Steinlein et al 2007, Wuttke et al 

2007, Yalçin et al 2007, Neubauer et al 2008, Sadewa et al 2008, Wuttke et al 2008, 

Goldberg-Stern et al 2009, Kurahashi et al 2009, Lee et al 2009, Miceli et al 2009, 

Volkers et al 2009, Yum et al 2010). Some sporadic patients with neonatal seizures 

have also been shown to have de novo mutations in KCNQ2 (Claes et al 2004b, Ishii et 

al 2009). Mutations in KCNQ3 are rare, with only four described to date (Charlier et al 

1998, Hirose et al 2000, Singh et al 2003, Li et al 2008b). 

 

Benign familial infantile seizures (BFIS) was first described in 1992 by Vigevano and 

colleagues. They described five families with an age of seizure onset between 4 and 8 
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months of age and seizure offset usually occurring by 1 year of age. More than 50 BFIS 

families have been reported with linkage to the pericentromeric region of chromosome 

16 (Szepetowski et al 1997, Caraballo et al 2001, Weber et al 2004, Callenbach et al 

2005, Striano et al 2006b, Weber et al 2008). Some patients in these families also have 

paroxysmal movement disorders such as paroxysmal kinesigenic dyskinesia and 

paroxysmal choreoathetosis, suggesting that there is a common genetic defect 

underlying both disorders in some cases. Despite the large number of families that are 

linked to this region, no causative genes have been identified. A small number of Italian 

BFIS families with linkage to a locus on chromosome 19q have been reported 

(Guipponi et al 1997), but this result has not been replicated by other groups (Gennaro 

et al 1999). A single Chinese BFIS family has been linked to a locus at chromosome 

1p36.12-p35.1 (Li et al 2008a). The only gene so far associated with BFIS is ATP1A2, 

which codes for a cation transport ATPase. Mutations in this gene most commonly 

cause familial hemiplegic migraine (FHM), but a single family with a mutation in 

ATP1A2 has been reported in which both FHM and BFIS occur (Vanmolkot et al 2003). 

 

Benign-familial neonatal-infantile seizures (BFNIS) was first described in 1983 (Kaplan 

and Lacey 1983). However, it was not easily recognised clinically due to its age of 

onset, which is usually intermediate between those seen in BFNS and BFIS, although 

individuals in BFNIS families have been described with ages of onset ranging from 3 

days to 13 months of age (Herlenius et al 2007). BFNIS is caused by mutations in the 

voltage-gated sodium channel subunit gene SCN2A (Heron et al 2002, Berkovic et al 

2004a, Herlenius et al 2007, Liao et al 2010). Functional analysis has been done for six 

BFNIS mutations. These studies showed that the mutations increased sodium currents, 

consistent with increased neuronal excitability (Scalmani et al 2006, Xu et al 2007, Liao 

et al 2010). Families with BFNIS were not readily diagnosed until the molecular 

delineation of the seizure syndrome. This led to the examination of the range of ages of 

onset and phenotypes seen in families with SCN2A mutations as well as the more 

accurate phenotypic definition and increased clinical recognition of BFNIS (Heron et al 

2002, Berkovic et al 2004a). 

 

A degree of phenotypic overlap between BFNS, BFNIS and BFIS has become apparent 

since the molecular characterisation of BFNIS. BFNS families with KCNQ2 mutations 

have been reported in which some individuals have a later age of onset (Singh et al 
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2003), and a family with ages of onset between 2 and 4 months of age, similar to 

BFNIS, has been described (Zhou et al 2006). Some families with SCN2A mutations 

have ages of onset exclusively later than 4 month of age, making them phenotypically 

indistinguishable from BFIS families (Striano et al 2006). Indeed, the initial linkage to 

the SCN2A region was reported in families described as BFIS (Malacarne et al 2001).  

 

The interfamilial variation in phenotypes seen in families with KCNQ2 and SCN2A 

mutations may be the result of variations in the functional effects of the different 

mutations within the one gene. Mutations may vary either in the magnitude of their 

effect or in the precise effect that they have on channel function. For instance, some 

KCNQ2 mutations may only affect channel gating properties whereas others may affect 

the transport of channels to the cell membrane or the interaction of channel subunits 

(Biervert et al 1998, Lerche et al 1999, Coppola et al 2003, Bassi et al 2005). The 

intrafamilial variation in phenotypes seen in both BFNS and BFNIS segregating the 

same causative mutation is likely to be the result of modifier genes. 

 

Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) 

ADNFLE is a rare partial epilepsy syndrome characterised by seizures during light 

sleep. Affected individuals most frequently have seizure onset during childhood and 

seizures continue through adult life (Scheffer et al 1995). Mutations in three nicotinic 

acetylcholine receptor (nAchR) subunit genes have been reported in a small proportion 

(12%) of ADNFLE families (Steinlein et al 1995, Steinlein et al 1997, Hirose et al 

1999, Sáenz et al 1999, Phillips et al 2000, Steinlein et al 2000, De Fusco et al 2000, 

Phillips et al 2001, Cho et al 2003, Leniger et al 2003, Rozycka et al 2003, Bertrand et 

al 2005, Aridon et al 2006, Diaz-Otero et al 2008, Hoda et al 2008, Chen et al 2009). 

Most of these mutations are in CHRNA4 and CHRNB2, the genes coding for the α4 and 

β2 subunits which together form the most common nAchR in the brain.  

 

The mutations described in ADNFLE families almost all affect the transmembrane 

(TM) domains of the nAchR subunits and all but one are missense mutations. The 

remaining mutation is an in-frame insertion of a leucine residue in the second TM 

domain (TM2) of the α4 nAchR subunit (Steinlein et al 1997). Several mutations are 

recurrent. Two of the mutations in CHRNA4, p.S284F and p.S252L, have been reported 

in three and four unrelated families respectively (Steinlein et al 1995, Hirose et al 1999, 



 Chapter 1 11 

Sáenz et al 1999, Phillips et al 2000, Steinlein et al 2000, Cho et al 2003, Rozycka et al 

2003). Similarly, the p.V287M mutation in CHRNB2 has been reported twice (Phillips 

et al 2001, Diaz-Otero et al 2007) and a second mutation affecting the same amino acid 

residue has also been described (De Fusco et al 2000).  

 

These mutations have been shown to have specific effects on receptor function. A study 

of five ADNFLE mutations all located in the TM2 domains of the α4 and β2 nAchR 

receptor subunits showed that they all reduced the calcium dependence of the response 

of the receptor to acetylcholine (Rodrigues-Pinguet et al 2003). Three mutations in the 

TM3 domain of the β2 subunit have been shown to lead to an increased sensitivity to 

acetylcholine (Bertrand et al 2005, Hoda et al 2008). A mutation in another nAchR 

subunit gene, CHRNA2, has been reported in a single family. This mutation alters an 

amino acid in the TM1 domain of the α2 subunit of the nAchR and has been shown to 

increase the sensitivity of the subunit to acetylcholine (Aridon et al 2006). Mutations at 

other sites within the TM domains have not been reported. Rare variants causing amino 

acid changes in the intracytoplasmic loops of the nAchR α3, α4, and β4 subunits have 

been associated with sporadic amytrophic lateral sclerosis (Sabatelli et al 2009). These 

variants were also shown to cause gain-of-function effects. Thus, it appears that 

mutations causing ADNFLE only occur at specific sites within the TM domains of the 

nAchR subunit, and that mutations affecting other regions of the protein do not have the 

same phenotypic effect.  

 

As well as mutations in the nAchR genes, two rare variants in the promoter of the gene 

coding for corticotropin-releasing hormone, CRH, have been found in some ADNFLE 

patients. However, these two variants are unlikely to be the sole cause of ADNFLE in 

these patients (Combi et al 2005, Combi et al 2008). 

 

Autosomal Dominant Partial Epilepsy with Variable Foci (ADPEVF) 

In ADPEVF, autosomal dominant inheritance of partial epilepsy is seen but there is 

considerable heterogeneity of phenotypes within families. Seizures arising from 

different foci within the brain, as determined by EEG localisation, are seen. The 

different seizure types vary in severity and ages of onset range from less than 1 to 50 

years of age. The first family described has possible linkage to chromosome 2q 
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(Scheffer et al 1998). Autosomal dominant inheritance of epilepsy accompanied by 

definitive genetic localisations is seen in large ADPEVF pedigrees, demonstrating that 

the heterogeneous phenotypes within families are phenotypic variations of the same 

genetic disorder.  

 

Several more large families with ADPEVF have been described with linkage to 

chromosome 22q12 (Xiong et al 1999, Callenbach et al 2003, Berkovic et al 2004c). 

This demonstrates that there is some genetic heterogeneity for this epilepsy syndrome. 

Despite these positive linkage results, no causative mutations have been described at 

either locus. 

 

Autosomal Dominant Partial Epilepsy with Auditory Features (ADPEAF) 

ADPEAF is a rare epilepsy syndrome in which patients have temporal lobe seizures 

accompanied by aphasia and auditory or other sensory hallucinations. Seizure onset in 

this syndrome generally occurs in childhood or adolescence, although onsets at as late 

as 50 years of age have been reported (Ottman et al 1995). ADPEAF is caused by 

mutations in a gene coding for a leucine-rich repeat containing protein, LGI1 (Gu et al 

2002, Kalachikov et al 2002, Fertig et al 2003, Berkovic et al 2004b, Ottman et al 

2004). The LGI1 protein assembles with voltage-gated potassium channels containing 

the shaker-related subfamily subunit 1 (Kv1.1) and inhibits rapid channel inactivation 

(Schulte et al 2006). Mutations seen in ADPEAF cause the loss of this function of the 

LGI1 protein. Although the LGI1 protein is an ion channel-associated gene, the 

identification of LGI1 as an epilepsy gene was a departure from the ion channel 

paradigm that had been established by previous gene discoveries. 

 

There is evidence for genetic heterogeneity of ADPEAF. Families have been described 

who have the ADPEAF phenotype but no identified mutations in the LGI1 coding 

sequence and one family does not have linkage to the LGI1 locus (Bisulli et al 2002). 

Alternatively, some families may have mutations in a non-coding region of the gene or 

the deletion or duplication of one or more exons. These mutations would be expected to 

have a similar affect to the known nonsense, frameshift and splice site mutations in 

LGI1 (Kalachikov et al 2002, Morante-Redolat et al 2002, Chabrol et al 2007), that is, 

they would cause a non-functional protein to be produced from the mutated allele. 

Testing DNA from ADPEAF families without known LGI1 mutations by multiplex 
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ligation-dependent probe amplification, real-time PCR or array comparative genome 

hybridisation needs to be done to determine whether deletions or duplications in the 

LGI1 gene can account for the phenotype in these families. 

 

Idiopathic Generalised Epilepsy (IGE) and Genetic Epilepsy with Febrile Seizures plus 

(GEFS+) 

Idiopathic generalised epilepsy comprises several well-recognized sub-syndromes with 

some overlap between them. These include childhood absence epilepsy (CAE), juvenile 

absence epilepsy (JAE), juvenile myoclonic epilepsy (JME) and IGE with generalised 

tonic-clonic seizures alone (IGETCS). GEFS+ is a related familial epilepsy syndrome 

with autosomal dominant inheritance. Individuals within a family diagnosed as GEFS+ 

may have phenotypes including febrile seizures (FS), febrile seizures plus (FS+) where 

FS occur after 5 years of age, FS+ with other IGE seizure types, myoclonic-astatic 

epilepsy (MAE) (Scheffer and Berkovic 1997), temporal lobe epilepsy (TLE) (Abou-

Khalil et al 2001) and severe myoclonic epilepsy of infancy (SMEI) (Singh et al 2001), 

now more commonly referred to as Dravet Syndrome. Although the two groups of 

syndromes are clinically distinct, individuals with phenotypes from both groups (IGE 

and GEFS+) are seen in some families (Marini et al 2003). This suggests that there are 

some shared genetic determinants for IGE and GEFS+. 

 

Mutations in two voltage-gated sodium channel subunit genes have been identified a 

small proportion of GEFS+ families. The first gene for GEFS+ was identified in 1998 

(Wallace et al 1998). This was SCN1B, which codes for an accessory subunit of the 

voltage-gated sodium channel. Missense mutations in the gene coding for the pore-

forming subunit, SCN1A, were subsequently identified (Escayg et al 2000, Wallace et al 

2001b). Four mutations in SCN1B have been described to date. Three of these are 

missense mutations and one of these is seen in multiple families (Wallace et al 1998, 

Wallace et al 2002, Scheffer et al 2007). The fourth mutation is a splice site mutation 

which causes aberrant splicing leading to an mRNA transcript which is missing 15 

nucleotides and therefore to the production of a protein with five amino acid residues 

missing (Audenaert et al 2003). Approximately 50 SCN1A mutations associated with 

GEFS+ are currently listed in the SCN1A variant database at 

http://www.molgen.ua.ac.be/SCN1AMutations/ (Claes et al 2009).  
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Mutations in two genes coding for γ-aminobutyric acid (GABA) A receptor subunits, 

GABRG2 (Baulac et al 2001, Wallace et al 2001a, Harkin et al 2002, Kananura et al 

2002, Audenaert et al 2006), and GABRA1 (Cossette et al 2002, Maljevic et al 2006), 

have been reported in several families with IGE and GEFS+. Mutations in EFHC1, 

which codes for a calcium-binding protein, have been reported in some families with 

autosomal dominant inheritance of JME and in families with other genralized epilepsy 

phenotypes (Suzuki et al 2004, Ma et al 2006, Stogmann et al 2006). As well as these 

genes, linkages to several loci for large families with IGE and GEFS+ phenotypes have 

been described without causative genes being identified (Wallace et al 1996, Sugimoto 

et al 2000, Claes et al 2004a, Audenaert et al 2005, Baulac et al 2008). However, the 

genetic basis of the majority of cases of IGE and GEFS+ has yet to be determined. 

 

Dravet Syndrome (DS) 

Dravet syndrome, previously referred to as Severe Myoclonic Epilepsy of Infancy 

(SMEI) is a severe epileptic encephalopathy which is considered to be part of the 

GEFS+ spectrum (Scheffer et al 2009). Patients initially present with febrile seizures at 

around 6 months of age. Subsequently, other seizure types develop and developmental 

delay is seen. The majority of cases of DS are caused by de novo mutations in the 

sodium channel subunit gene SCN1A (Claes et al 2001, Mulley et al 2005b, Harkin et al 

2007) and over 600 such mutations have been described so far (Claes et al 2009).  

 

The mutations in SCN1A causing DS differ from those causing GEFS+ in that many of 

them are truncating mutations presumed to cause haploinsufficiency. The missense 

mutations seen in DS typically occur in highly conserved regions of the protein or have 

functional effects distinct from those causing GEFS+ (Mulley et al 2005b, Kanai et al 

2009). However, there are some GEFS+ families with SCN1A mutations that include 

DS patients, suggesting that modifier genes play some role in the aetiology of DS. This 

is supported by the report of rare variants in another neuronal sodium channel subunit 

gene, SCN9A, in DS patients with SCN1A mutations (Singh et al 2009).  

 

Several patients with atypical DS and other intractable childhood epilepsies have been 

found to have de novo mutations in SCN2A (Kamiya et al 2004, Shi et al 2009, Ogiwara 

et al 2009). Most of these mutations are truncating mutations. The single de novo 

missense mutation seen in these patients affects a highly conserved amino acid. 
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Interestingly, DS has also been demonstrated as the true cause of some cases of 

supposed vaccine encephalopathy: 11 of 14 patients whose epileptic encephalopathy 

had been attributed to vaccination were found to have de novo SCN1A mutations 

(Berkovic et al 2006a). Vaccination may trigger the onset of DS in children who would 

otherwise have developed it at a later date due to a de novo SCN1A mutation (McIntosh 

et al 2010).  

 

Epilepsy and Mental Retardation Limited to Females (EFMR) 

EFMR is a rare familial epilepsy syndrome in which girls have onset of seizures in 

infancy, frequently followed by developmental regression. Patients may also have 

autistic, obsessive or other psychiatric features. EFMR was first recognised in a single 

large family that was described in three papers published sequentially over a 26 year 

period (Fabisiak and Erickson 1990, Ryan et al 1997). A further four EFMR families 

were subsequently described (Scheffer et al 2008). The most unusual feature of this 

syndrome is the inheritance pattern: the disorder is X-linked, but only females are 

affected, while males transmit the disorder but are unaffected, reversing the typical 

pattern for X-linked disorders.  

 

Mutations have been found in the protocadherin gene PCDH19 in eight EFMR families, 

including the five that had been previously described (Dibbens et al 2008, Hynes et al 

2010). De novo mutations in this gene have also been found in sporadic patients and 

small families with infantile onset of seizures and mental retardation (Depienne et al 

2009, Hynes et al 2010). Some of these patients were initially diagnosed as having 

Dravet Syndrome, but did not have an SCN1A mutation. 

 

 

Epilepsies with complex genetics 

Dominant mutations that segregate in large families comprise most of the monogenic 

epilepsies, but these are a relatively rare cause of epilepsy. Most patients who present 

with a genetic form of epilepsy are sporadic or have only a few affected relatives, 

suggesting that their epilepsy has a complex genetic basis. This is because diseases with 

a complex genetic basis are by definition caused by the incidence in a single patient of a 
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number of predisposing genetic variants. Close relatives of this patient would be more 

likely to have these variants and therefore be more likely to have epilepsy.  

 

The hypothesis that epilepsy has a complex genetic basis is also supported by data from 

twin studies of idiopathic epilepsy. Monozygous (MZ) twin pairs with epilepsy have a 

significantly higher degree of concordance of epilepsy syndrome than dizygous (DZ) 

twin pairs (Berkovic et al 1998, Vadlamudi et al 2004). This suggests that genetics 

plays a significant role in the aetiology of any particular epilepsy syndrome. While the 

degree of concordance in MZ twins is higher than in DZ twins, it is less than 100%. 

This may be due to the occurrence of discordant de novo mutations during early 

embryogenesis, leading to some genetic differences in MZ twin pairs. External factors 

may also play a role. 

 

There are two models for the genetic architecture of diseases with complex genetics: the 

common disease/common variant model (Lander 1996) and the common disease/rare 

variant model (Pritchard 2001). The first model hypothesises that a small number of 

common polymorphisms contribute to the pathogenesis of a disease. As these variants 

are common, the frequency of any susceptibility allele should be significantly increased 

in the disease population compared to the control population and they will be detectable 

by case-control association studies.  

 

The second model hypothesises that a large number of rare alleles exist and any of these 

may contribute to a particular disease. An affected individual will carry a subset of 

these alleles. This model is not amenable to testing by case-control association studies 

as the disease alleles will be too rare at each locus for a statistically significant 

association to be detected. There is, however, evidence supporting this model: data from 

large-scale resequencing projects indicates that the majority of variants within the 

human gene pool are present at a very low frequency and recent data suggest that 

approximately half of all rare missense variants are mildly deleterious (Kryukov et al 

2007). This model is amenable to testing using an association study design in which the 

total number of rare variants in a patient population is compared to the number of rare 

variants seen in an equal number of controls. This approach requires the analysis of a 

large number of genes for a large number of patients to provide adequate data for 

analysis, which has made it impractical in the past. However, with the development of 
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technologies for the resequencing of the entire exome or genome of an individual, rapid 

progress in the identification of rare disease-susceptibility variants is now feasible. 

 

Some case-control association studies have been done for epilepsy, but no positive 

associations have been independently replicated, rasing doubts about this approach as 

applied to epilepsy (Tan et al 2004). Thus, the current evidence points to many different 

rare variants in a number of genes as the main alleles contributing to epilepsy with 

complex genetics, with occasional more common polymorphisms possibly also playing 

a role. However, none of these have been found at intermediate frequency. Several of 

these susceptibility genes have been identified by functional criteria, but none of them 

account for a large proportion of cases. These genes are listed in Table 1-3. We have 

conceptualised the underlying model as one of polygenic heterogeneity (Dibbens et al 

2007b). 
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Table 1-3: Genes and functional variants associated with epilepsy susceptibility 

Gene/Variant Syndrome(s) References 

CACNA1H CAE, IGE Chen et al 2003, Heron et al 2004, Liang et al 

2006, Heron et al 2007b 

SLC2A1 Early onset CAE Suls et al 2009 

GARBD IGE, GEFS+ Dibbens et al 2004 

HCN2 FS, GEFS+ Dibbens et al 2010 

NEDD4-2 Photosensitive IGE Dibbens et al 2007a 

KCND2 TLE Singh et al 2006 

GABRB3 CAE Urak et al 2006 

CLCN2 IGE Kleefuß-Lie et al 2009, Saint-Martin et al 

2009 

15q13.3 

microdeletion 

IGE Helbig et al 2009, Dibbens et al 2009b, 

Mefford et al 2010 

15q11.2 

microdeletion 

IGE de Kovel et al 2010, Mefford et al 2010 

16p13.11 

microdeletion 

IGE de Kovel et al 2010, Heinzen et al 2010, 

Mefford et al 2010 

 

 

CACNA1H 

Rare variants in the T-type calcium channel gene CACNA1H have been reported in 12% 

of CAE patients (Chen et al 2003), and in 11% of unrelated families with IGE and 

GEFS+ (Heron et al 2004, Heron et al 2007b). Some of these changes have been shown 

to alter ion channel properties in a way consistent with epileptogenesis (Khosravani et 

al 2004, Khosravani et al 2005, Vitko et al 2005, Heron et al 2007b). Most of these 

variants were seen in unaffected relatives of the patients or in controls, indicating that 

although they contribute to the pathogenesis of epilepsy, they alone are not sufficient to 

cause it. Two non-synonymous polymorphisms in CACNA1H were also found to alter 

channel properties. These may be common epilepsy susceptibility alleles as a small, but 

not statistically significant, increase in their frequency was seen in epilepsy patients 

compared to the general population (Heron et al 2007b).  
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SLC2A1 

The gene SLC2A1 codes for GLUT1, a major glucose transporter in the blood-brain 

barrier. Mutations in this gene were originally found to cause GLUT1 deficiency 

syndrome, which presents in infancy with developmental delay, seizures, movement 

disorders and decelerated head growth (Brockmann 2009). However, a patient with an 

SLC2A1 mutation and an IGE phenotype has been described (Roulet-Perez et al 2008). 

A more recent study found mutations in SLC2A1 in four of 34 (12%) of patients with 

early onset absence epilepsy (Suls et al 2009). The authors of this study suggested that 

SLC2A1 screening is warranted in all cases of early-onset absence epilepsy, which may 

be the only phenotypic manifestation of the mutation in some cases. Identification of an 

SLC2A1 mutation is of particular clinical relevance as these patients may be treated 

effectively with the ketogenic diet (Suls et al 2009). 

 

GABAA receptor subunit genes 

In addition to the mutations in GABRG2 and GABRA1 causing familial epilepsy that are 

described above, several susceptibility variants have been reported in the GABAA 

receptor subunit genes. The most well-characterised of these are in GABRD, which 

codes for the delta subunit. A rare variant causing functional changes in this gene has 

found in a small GEFS+ family. A polymorphism which is predicted to reduce current 

amplitude and therefore increase seizure susceptibility was found in 8.3% of IGE 

patients compared to 4.2% of controls, although this increase in frequency was not 

found to be statistically significant (Dibbens et al 2004). Additional rare non-

synonymous variants and polymorphisms have been found in GABAA receptor subunit 

genes, but none of these has been demonstrated to affect channel properties (Dibbens et 

al 2004, Dibbens et al 2009a). However, the possibility that these variants alter channel 

properties in a subtle way not detected by the functional assays used cannot be 

excluded. Additionally, a polymorphism within the promoter sequence of GABRB3 

which reduces transcriptional activity has been described (Urak et al 2006). However, 

case-control association studies did not find a significant increase in the frequency of 

this polymorphism in epilepsy patients (Hempelmann et al 2007, Heron et al 2007c). 
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HCN2 

An in-frame deletion of nine nucleotides in the hyperpolarization-activated cyclic 

nucleotide-gated ion channel gene HCN2 has been found in approximately 2.4% of 

patients with FS and GEFS+ compared to 0.2% of controls. This deletion leads to the 

loss of three proline residues from a conserved seven proline repeat sequence. This 

deletion caused alterations in channel function predicted to lead to increased neuronal 

excitability. The variant was not found in patients with IGE, suggesting that it is an 

allele that specifically leads to susceptibility for FS (Dibbens et al 2010).  

 

CLCN2 

The chloride channel gene CLCN2 was originally proposed as a familial epilepsy gene 

but this finding was not confirmed. CLCN2 has subsequently been suggested as an 

epilepsy susceptibility gene. Variants in the gene have been found in rare IGE families 

(Kleefuß-Lie et al 2009, Saint-Martin et al 2009) and functional effects have been 

described for some of these variants (Saint-Martin et al 2009). The available evidence 

suggests that CLCN2 possibly is an epilepsy susceptibility gene, but this requires 

confirmation.  

 

NEDD4-2 

Rare variants in a gene coding for a ubiquitin protein ligase involved in regulating the 

cell surface density of ion channels, NEDD4-2, may play a role in susceptibility to IGE. 

Three variants in this gene were found in four IGE families. All three variants caused 

the alteration of conserved amino acids, suggesting that they would alter protein 

function. However, no measurable functional effects were detected. An intronic variant, 

which potentially affected RNA splicing, was detected in another three families. All 

these variants were found in patients with seizures triggered by flashing lights 

(photosensitivity) and it was suggested that the variants in NEDD4-2 might contribute 

to susceptibility to photosensitive IGE (Dibbens et al 2007a). 

 

KCND2 

A single TLE patient with a truncation mutation in a potassium channel subunit gene, 

KCND2, has been reported. The mutation was also seen in the patient’s unaffected 

father and is therefore presumed to be a susceptibility allele rather than a dominant 

mutation (Singh et al 2006). Such mutations are postulated as the core of the common 
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disease/rare variant model (Pritchard 2001) or polygenic heterogeneity model (Dibbens 

et al 2007b). 

 

Recurrent microdeletions 

While earlier work involved the study of single nucleotide variants as epilepsy 

susceptibility alleles, recent work has focused on the role of copy number variants 

(CNVs). This has been facilitated by the increased availability of comparative genome 

hybridisation (CGH) as an efficient technology for the detection of submicroscopic 

CNVs. A microdeletion at chromosome 15q13.3 has been found in 1% of IGE patients 

(Helbig et al 2009, Dibbens et al 2009b). Patients with autism, schizophrenia, mental 

retardation and developmental delay who carry this microdeletion have also been 

described (Shinawi et al 2009, van Bon et al 2009). However, the deletion has also been 

observed in normal relatives of these patients. The deletion therefore appears to be a 

susceptibility allele for a range of neurodevelopmental phenotypes. The 15q13.3 

deletion contains an acetylcholine receptor subunit gene, CHRNA7, which is thought to 

be the critical gene in this deletion. This is supported by the observation of several 

patients with a smaller (500kb) deletion containing only CHRNA7 (Masurel-Paulet et al 

2010). A further two recurrent deletions have been described at 15q11.2 and 16p13.11 

in 1% and 0.5-1% of IGE patients respectively (de Kovel et al 2010, Heinzen et al 2010, 

Mefford et al 2010). Deletions and duplications affecting other genomic regions were 

found in 6% of patients with idiopathic epilepsy, although the pathogenicity of some of 

these has not been established (Mefford et al 2010). The full extent of CNV 

involvement in the pathogenesis of epilepsy with complex genetics has yet to be 

determined. The action of these variants may be related their gene content, or else to the 

disruption of the expression of genes adjacent to the CNV. 

 

A detailed review describing the role of ion channels in idiopathic epilepsy, which I 

carried out at the commencement of my PhD, is given in Appendix 1-1. 
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Justification of Research and Aims 

While considerable progress has been made in the past two decades towards unravelling 

the genetic basis of epilepsy, there are still many unanswered questions, as well as 

questions raised by the discoveries which have already been made. The aim of the 

research described in this thesis is to answer some of those questions, focusing on the 

molecular basis of the epilepsies occurring in infancy. My specific aims are: 

 

1. To investigate the mutational mechanisms in BFNS families without mutations 

in KCNQ2 or KCNQ3 detected by direct sequencing. A significant proportion of BFNS 

families do not have these mutations. Determining the molecular basis of their seizures 

will lead to increased understanding of the different types of mutation that cause BFNS. 

This will lead to an improved knowledge base for molecular diagnosis and genetic 

counselling. If mutations are not found in all the BFNS families, this may direct further 

research to find novel genes involved in the pathogenesis of seizures. 

 

Hypotheses 

• Microdeletions and microduplications in KCNQ2 may cause BFNS. 

• There are additional genes causing BFNS in some families. 

 

 

2. To determine the parental origin of the de novo mutations in SCN1A causing 

Dravet Syndrome. This will provide insight into the molecular mechanisms causing 

these mutations. The study of the parental origin of such a large and diverse group of de 

novo mutations may also provide insight into the mechanisms causing mutations more 

generally.  

 

Hypotheses 

• Most de novo mutations in SCN1A will be of paternal origin. 

• Increased paternal age may play a role in the mutagenesis of SCN1A. 

 

 

3. To apply novel molecular techniques to detect the mutated gene in the BFIS 

region at 16p11.2-q12.1. Although this locus was first identified in 1997 and many 

families have been described with linkage to it, mutations in it have not been identified. 
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This suggests that the mutations are either not in an obvious candidate gene, or have an 

unusual mechanism and therefore would not be detected by the standard candidate gene 

sequencing method. Therefore, new approaches are needed if the BFIS mutations are to 

be identified. The identification of these mutations will resolve a significant and long-

standing unanswered question in epilepsy genetics and may lead to the discovery of a 

new class of epilepsy genes. 

 

Hypotheses 

• BFIS is caused by a copy number variant in the pericentromeric region of 

chromosome 16. 

• The mutated gene causing BFIS in the pericentromeric region of chromosome 

16 may be identified by sequence capture and next-generation resequencing of 

the relevant sequences in the regions. 

 

 

Overview of Experimental Approaches 

Aim 1 

A cohort of 36 BFNS families has been collected. Families without mutations in 

KCNQ2 or KCNQ3 detectable by direct sequencing will be tested by multiplex ligation-

dependent probe amplification for deletions or duplications in these genes. Families 

without detected mutations will be investigated further, using linkage analysis where 

possible to determine if the families could have mutations in known genes associated 

with neonatal seizures.  

 

Aim 2 

A cohort of Dravet Syndrome patients with known de novo mutations in SCN1A has 

been collected. The parental origins of the mutations in these patients will be 

investigated using allele-specific PCR. Once the parental origin of the mutations is 

determined, the ages of the parents originating the mutations will be compared to the 

age of parents in the general population.  
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Aim 3 

A cohort of ten BFIS families has been collected. Each family will be tested to 

determine of segregation is consistent with linkage to known BFIS loci for each family. 

Patients from families with linkage to the chromosome 16 locus will be tested for 

unbalanced chromosomal rearrangements using comparative genome hybridisation. 

Patients from two families with confirmed linkage to the chromosome 16 locus will be 

sequenced for mutations in all the genes in the region using sequence capture followed 

by next-generation sequencing. Any candidate genes thus identified will be screened in 

the remaining families. 
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Patients and Controls 

Patient recruitment and ethics approval 

Patients were recruited for the work described in this thesis as part of an ongoing study 

into the genetics and molecular genetics of epilepsy conducted in collaboration with 

paediatric and adult neurologists from the Epilepsy Research Centre at Austin Health in 

Heidelberg, Victoria, Australia. Occasional families were referred for the study by 

collaborating neurologists, clinical geneticists and paediatricians from other institutions. 

Blood and other samples were collected in accordance with the Human Ethics 

procedures in place at the relevant institutions, and the PhD study was approved by the 

Human Ethics Committees of the Women’s and Children’s Hospital, Adelaide and 

Austin Health, Melbourne, Australia (Ethics approval REC792/12/09).  

 

Phenotyping of patients to determine their epilepsy syndrome was carried out by 

medical staff. I carried out the laboratory studies and where the contribution of others 

was sought this has been acknowledged. 

 

Population controls 

Anonymous blood donors were used as controls. Samples were obtained during blood 

donation by staff at the Red Cross blood donation centre at 301 Pirie St, Adelaide, 

Australia. 

 

 

Reagents 

Chemicals used for the preparation of stock solutions were obtained from Ajax 

Finechem (Taren Point, NSW, Australia), Merck (Kilsyth, VIC, Australia) or Chem-

Supply (Gillman, SA, Australia) unless otherwise specified. 

 

 

Deoxyribonucleic acid (DNA) Extraction 

DNA extraction and quantitation was carried out by Robert Schultz, Tristiana Williams 

or Beverley Johns as part of the Epilepsy Research Program. The following methods 

were used. 
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Extraction from venous blood 

Venous blood samples were collected in 5ml or 10ml tubes (Vacuette® EDTA Tubes) 

containing EDTA as an anticoagulant. Genomic DNA was extracted from blood 

samples either by phenol-chloroform extraction using a method modified from that 

described by Wyman & White (1980) or using the QIAamp DNA Blood Maxi Kit 

(Product# 51194; Qiagen GmbH, Germany), according to the manufacturer’s 

instructions.  

 

Extraction from saliva 

In some cases where it was not possible to obtain a blood sample, genomic DNA was 

extracted from a saliva sample using the OrageneDNA kit (Product# OG-100 or OG-

250; DNA Genotek, Ottawa, Canada) according to the manufacturer’s instructions. 

 

Samples referred from clinicians outside Australia 

Samples collected from patients outside of Australia were received as extracted DNA. 

The samples were imported into Australia in accordance with Australian Quarantine 

Regulations (Australian Quarantine Inspection Service import permits IP08011021 and 

200609427). 

 

DNA quantitation 

The concentrations of DNA samples were determined by reading the absorbance of the 

sample between 220 and 350nm using a spectrophotometer (NanoDrop ND-1000; 

Thermo Scientific, Wilmington, DE, USA). The DNA concentration based on the 

absorbance at 260nm and the DNA purity based on the ratios of the absorbance at 

260nm and the absorbances at 280nm and 230nm were calculated by the NanoDrop-

1000 software. 

 

 

Polymerase Chain Reaction (PCR) 

Principle 

PCR is a method for the rapid amplification of a particular DNA sequence of interest 

from a complex target such as genomic DNA. Two oligonucleotide primers specific to 

the sequence are annealed to heat-denatured DNA containing the target sequence. The 

primers are then extended with a heat-stable DNA polymerase, usually derived from the 
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bacterium Thermus aquaticas, known as Taq polymerase (Saiki et al 1988). The cycles 

of denaturation, primer annealing and primer extension are repeated until the target 

sequence has been amplified over 1 billion-fold.  

 

Preparation of stock solutions: 

 

Sterile deionised water: Glass bottles containing approximately 50ml deionised 

water (dH2O) were autoclaved on a liquid cycle. 

 

Primer mixes: Primers were synthesised by Gibco-BRL (Rockville, MD, 

USA), Genset Pacific (Lismore, NSW, Australia), Proligo 

(Lismore, NSW, Australia) or Sigma (Castle Hill, NSW, 

Australia) and were supplied at concentrations of 1µg/µl 

or 100µM. Mixes containing equal concentrations of 

forward and reverse primers were made in sterile dH2O. 

 

10mM dNTP mixture 100mM stock solutions of dATP, dCTP, dGTP and dTTP 

were purchased from Fisher Biotech (Wembly, WA, 

Australia). 20µl of each stock was added to 120µl of 

sterile dH2O to give a mixture containing each dNTP at a 

concentration of 10mM. 

 

PCR using Invitrogen recombinant Taq DNA polymerase (Product# 10342; Invitrogen 

Life Technologies, Carlsbad CA, USA) 

The Taq DNA polymerase is supplied at 5U/µl, along with a stock solution of 50mM 

MgCl2 and a stock of 10x reaction buffer consisting of 200mM Tris-HCl (pH 8.4) and 

50mM KCl.. PCRs contained 1x reaction buffer, 0.2mM of each dNTP and 0.5U Taq 

polymerase in a 10 or 20µl reaction volume. Concentrations of MgCl2, primers, 

template DNA and any other additives used varied according to the experiment being 

performed. All PCRs were done using Mastercycler ep gradient machines (Eppendorf, 

Hamburg, Germany).  
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The PCR cycles used for amplification with Invitrogen recombinant Taq were: 

 

  Denaturation at  94°C for 30 seconds 

  Annealing at  60°C for 30 seconds x10 

  Extension at   72°C* 

  Denaturation at 94°C for 30 seconds 

  Annealing at  55°C for 30 seconds x25 

  Extension at  72°C* 

  Final extension at 72°C for 10 minutes 

*Extension times varied according to the length of the expected PCR product. 

 

PCR using HotStarTaq (Product# 203205; Qiagen) 

HotStarTaq DNA polymerase was used for some PCRs for which standard recombinant 

Taq gave poor results or to reduce stutter bands, which can occur when amplifying 

microsatellite repeat sequences. It is a modified form of Taq DNA polymerase which 

requires heating at 95°C for 15 minutes to activate its polymerase activity. It is supplied 

at 5U/µl, along with a stock solution of 25mM MgCl2, a stock of 10x reaction buffer 

consisting of Tris-Cl (pH 8.7) KCl, (NH4)2SO4 and 15mM MgCl2 and 5x Q solution, a 

proprietary PCR enhancer solution which may improve reaction performance. PCRs 

contained 1x reaction buffer, 0.2mM of each dNTP and 0.5U HotStarTaq in a 20µl 

reaction volume. Concentrations of additional MgCl2, primers, template DNA and Q 

solution varied according to the experiment being performed. The PCR cycles used for 

amplification with HotStarTaq were: 

 

  Activation at   95°C for 15 minutes 

  Denaturation at  94°C for 30 seconds 

  Annealing at  58°C for 30 seconds x10 

  Extension at   72°C* 

  Denaturation at 94°C for 30 seconds 

  Annealing at  53°C for 30 seconds x25 

  Extension at  72°C* 

  Final extension at 72°C for 10 minutes 

*Extension times varied according to the length of the expected PCR product. 
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Agarose gel electrophoresis 

Preparation of stock solutions: 

 

0.5M EDTA (pH 8.0) 186.12g disodium ethylenediamine-tetraacetic acid 

(EDTA).2H2O was dissolved in 800ml dH2O. The pH of 

the solution was adjusted to 8.0 with sodium hydroxide 

solution and the volume of the solution was adjusted to 1 

litre. 

 

5xTBE 270g Tris Base, 137.5g boric acid and 100ml 0.5M EDTA 

(pH 8.0) were dissolved in 5 litres of dH2O. The pH was 

adjusted to 8.0 using concentrated hydrochloric acid. 

 

0.5xTBE (Running Buffer) 5xTBE was diluted 1/10 in dH2O. 

 

Loading Dye 1 96ml deionised formamide, 2ml 0.5M EDTA, 2ml dH2O, 

100mg xylene cyanole FF (Product #X-4126; Sigma) and 

100mg bromophenol blue (Product #B-8026; Sigma) were 

mixed. The loading dye was stored in aliquots at -20°C. 

 

Size Markers Size markers were obtained from Fermentas Life Sciences 

(Burlington, Ontario, Canada). Two markers were used for 

this work: pUC19 DNA/MspI (Product #SM0221) and 

GeneRuler™ 1kb DNA Ladder (Product #SM0311). Both 

markers are supplied in 100µl aliquots at 0.5µg/µl with a 

stock of 6x loading dye containing 10 mM Tris-HCl (pH 

7.6), 0.03% bromophenol blue, 0.03% xylene cyanol FF, 

60% glycerol and 60 mM EDTA. Markers were prepared 

for use by mixing the marker stock with 66.6µl sterile 

dH2O and 33.3µl 6x loading dye. The markers were stored 

frozen in 50µl aliquots until required. 

 

Loading Dye 2 The 6x loading dye supplied with the size markers was 

used. 
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Gel preparation 

The percentages of gels used varied between 0.8% and 3% according to the size of the 

fragments being analysed, with larger fragments being run on lower percentage gels. 

The appropriate weight of Molecular Biology Grade agarose (Scientifix, Cheltenham, 

VIC, Australia) was mixed with 250ml running buffer. The agarose was dissolved by 

heating in a microwave oven. Either 12.5µl 10mg/ml ethidium bromide solution 

(Product# E1510; Sigma or Product# H5041; Promega, Madison, WI, USA) or 6.25µl 

GelRed™ Nucleic Acid Stain (Biotium, Hayward, CA, USA) was added to the agarose 

solution. The gel mix was cooled slightly and poured into a BioRad SubCell gel tray 

(BioRad, Hercules, CA, USA). The gel was allowed to set at room temperature. 

 

Gel electrophoresis 

The gel was placed in a BioRad SubCell gel electrophoresis tank and covered with 

0.5xTBE. Samples loaded consisted of 5µl sample mixed with 2µl Loading Dye, and 

2µl of the appropriate size markers were used. Gels were electrophoresed at 90-120V 

for short gels or 150-170V for long gels, for 20-60 minutes, depending on the degree of 

separation required.  

 

Gel image capture 

Gel images were captured using a Syngene InGenius Bio Imaging System (Synoptics 

Ltd, Cambridge, UK) with Syngene GeneSnap v7.05 software. 

 

 

DNA sequencing 

Principle 

DNA was sequenced using a modification (Smith et al 1986) of the method described 

by Sanger and colleagues (1977). The Sanger sequencing method uses 

2’,3’dideoxynucleotide triphosphates (ddNTPs), which terminate DNA chain synthesis 

as they lack the 3’OH group necessary for the addition of further nucleotides to the 

DNA chain. The reactions contain a low concentration of the ddNTP relative to dNTPs, 

so that only a small proportion of chains are terminated at any base position. In the 

original method, four sets of reactions were done, each containing one of the four 

ddNTPs and producing a mixture of fragments with lengths corresponding to the 

positions of that particular base in the DNA sequence. The products of the four 
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reactions were then separated in adjacent lanes on a gel and the sequence was 

determined from the pattern of bands obtained. A single stranded DNA template was 

used, the synthesized DNA fragments were radiolabelled, the fragments were separated 

on denaturing polyacrylamide gels and detected by autoradiography. In the modified 

method currently in use, a single reaction contains the four ddNTPs, each labelled with 

a different fluorescent dye. A double-stranded DNA template is used and a modified 

form of Taq polymerase is used for multiple cycles of strand synthesis. The fragments 

are separated by capillary electrophoresis, detected by fluorescence and output is 

obtained in the form of an electropherogram consisting of four differently coloured 

traces with peaks corresponding to the four bases. These modifications allow for easier 

preparation of template, longer sequence read lengths, faster generation of results and 

the elimination of the use of radioactivity. 

 

Preparation of stock solutions: 

 

Primer dilutions Primer stocks were diluted 1/100 in sterile dH2O for use in 

sequencing reactions. 

 

75% Isopropanol 75ml isopropanol (Ajax Univar) and 25ml sterile dH2O 

were mixed. 

 

Template preparation 

PCR products were purified using the QIAquick PCR purification kit (Product# 28106; 

Qiagen) according to the manufacturer’s instructions. Products were eluted in 30-40µl 

of elution buffer. A 5µl sample of each eluted product was run on an agarose gel to 

check the concentration and purity of the product. 

 

Sequencing reactions 

Sequencing reactions were performed using the BigDye® Terminator v3.1 Cycle 

Sequencing kit (Product# 4337458; Applied Biosystems, Carlsbad CA, USA). 

Reactions contained either 1 or 2µl of BigDye® reagent, 3µl of the supplied reaction 

buffer, 2.5µl of diluted primer and 1-5µl of template PCR product in a 20µl reaction 

volume. Reaction were cycled in a Mastercycler gradient machine (Eppendorf).  
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Reaction cycles used were: 

 

  Denaturation at  96°C for 30 seconds 

  Annealing at  50°C for 15 seconds x25 

  Extension at   60°C for 4 minutes 

 

Following cycling, 20µl sterile dH2O and 60µl isopropanol (Ajax Univar) were added to 

each reaction and the samples were mixed by vortexing for 10 seconds. The products 

were allowed to precipitate at room temperature for 15 minutes then centrifuged at 

13,000rpm for 20 minutes in a benchtop centrifuge (Biofuge pico, Heraeus, Hanau, 

Germany). The supernatant was removed, and the pellets were washed with 250µl 75% 

isopropanol and centrifuged for 5 minutes. The supernatants were removed and the 

pellets were either allowed to air-dry or dried in a Speed-Vac (Eppendorf). 

 

Capillary electrophoresis 

Capillary electrophoresis was performed either by the DNA Analysis Facility in the 

Molecular Genetics laboratory of SA Pathology at the Women’s and Children’s 

Hospital (WCH) or at the Institute of Medical and Veterinary Science, Adelaide, SA, 

Australia. Sequencing data were returned as electropherogram files (.ab1 format) and 

files containing the sequence as text (.seq format). 

 

Data analysis 

Electropherograms were viewed using FinchTV v1.4.0 (Geospiza, Seattle, WA, USA). 

Alignments and comparisons of multiple sequences were done using the SeqMan 

module of Lasergene 8 (DNAStar, Madison, WI, USA). 

 

 

Microsatellite Repeat Analysis 

Principle 

Microsatellite repeats are repetitive DNA elements, most commonly of the form (AC)n, 

which are interspersed throughout the genome approximately every 30-60kb (Litt & 

Luty 1989, Weber & May 1989). These sequences commonly are of polymorphic length 

and these polymorphisms are used as markers to examine the inheritance of linked 

DNA sequences. A large number of these sequences have been mapped to specific 
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locations within the human genome and primers have been designed to PCR amplify 

them (Dib et al 1996, http://www.ncbi.nlm.nih.gov/unists). These primers were used to 

amplify the markers for the work described here and the products were analysed either 

by denaturing gel electrophoresis using a GelScan 3000 real-time gel system (Corbett 

Research, Sydney, Australia) or by capillary electrophoresis using the ABI 3131 

Genetic Analyzer (Applied Biosystems). 

 

Analysis by denaturing gel electrophoresis 

Preparation of stock solutions used: 

 

10xTBE 88g 10xTBE powder (Amresco, Solon, OH, USA) was 

dissolved in 500ml dH2O. 

 

Denaturing gel mix 42g Urea; 6ml 10xTBE and 10ml 40% (19:1) 

Acrylamide/Bisacrylamide mix (Bio-Rad) were dissolved 

in a total volume of 100ml in dH2O. The mixture was 

filtered through Whatman #1 filter paper (Whatman, 

Maidstone, Kent, UK). 

 

Denaturing gel loading dye Deionised formamide was prepared by stirring 500ml of 

formamide with 50g of AG 501-X8 ion exchange resin 

(Bio-Rad) for 2 hours and then filtering though Whatman 

#1 filter paper. 100µg/ml bromophenol blue (Sigma) was 

dissolved in the deionised formamide and the resulting 

loading dye was stored in aliquots at -20ºC. 

 

0.6xTBE (Running Buffer) 60ml of the 10xTBE stock was diluted to a total volume of 

1 litre with dH2O. 

 

10% APS 1g of ammonium persulphate (APS) (BioRad) was 

dissolved in 10ml dH2O. The solution was dispensed into 

130µl aliquots which were stored at -20°C until required. 
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Sample preparation 

PCRs were done using HotStarTaq. Reactions contained 30ng of template DNA and 

50ng of each primer in a 10µl reaction volume. The forward primer of each pair was 

labelled with HEX. Following cycling, 20µl of loading dye was added to each reaction. 

The samples were denatured at 98°C for 3 minutes then kept on ice prior to gel loading. 

 

Gel pouring and setup 

Gels were run on a GelScan 3000 gel system according to the manufacturer’s 

instructions. The gel plates and combs were prepared for pouring according to the 

manufacturer’s instructions. Fifteen ml of denaturing gel mix was placed in a stoppered 

sidearm flask and degassed under vacuum for approximately 2 minutes. One-hundred 

and twenty µl of 10% APS and 15µl of TEMED (Invitrogen) were added to the 

degassed gel mix. The mixture was transferred to a syringe and the gel was poured 

according to the manufacturer’s instructions. The gel was allowed to set for 90 minutes 

then placed in the GelScan apparatus and pre-run for 30 minutes at 1200V. Gel 

temperature was set at 40°C. 

 

Electrophoresis 

One µl of each sample was loaded onto the gel and the gel was pulse-run (run briefly at 

a high voltage) for 10 seconds to run a small amount of the sample into the gel. The 

remaining sample was washed out of the wells using a syringe filled with running 

buffer. Gels were electrophoresed at 1200V for 45 minutes. Data was collected during 

the electrophoresis to an image file in the flat (.flf) file format using the GelScan 3000 

software. Following electrophoresis, the flat file was exported as a tagged image file 

(.tif). 

 

Data analysis 

The gel image was imported into either OneDScan (Scanalytics, Rockville, MD, USA) 

or TotalLab (NonLinear Dynamics, Newcastle-upon-Tyne, United Kingdom) for further 

analysis. The contrast was adjusted if this was necessary for clear visualization of the 

bands and the part of the image containing the bands was exported to PowerPoint 

(Microsoft, Seattle, WA, USA) and labelled. The gel images were visually examined 

and alleles labelled numerically. The original files and the labelled PowerPoint images 

were kept as a record of the experiment. 



 Chapter 2 47 

 

Analysis by Capillary Electrophoresis 

Capillary electrophoresis was used for some of the analyses as it provides several 

advantages over denaturing gel electrophoresis. Firstly, it is quicker as there is no need 

for pouring and loading gels. Secondly, the use of the genetic analyser means that sizes 

are determined for the alleles, allowing comparison between samples run on different 

days. Thirdly, more than one fluorescent label can be used, allowing the amplification 

of several markers in a single multiplex PCR and thus increasing throughput. 

 

PCR – Single markers 

PCRs were done using HotStarTaq. Reactions contained 30ng of template DNA and 

between 7.5 and 50ng of each primer in a 10µl reaction volume. The forward primer of 

each pair was labelled with HEX. 

 

PCR – Multiplexed markers 

PCRs were done using the Qiagen Multiplex PCR Master Mix (Product# 206143). This 

is a commercially available reagent designed for multiplex PCR, containing HotStarTaq 

DNA polymerase and dNTPs in a proprietary buffer, which is designed to equalise 

primer annealing and extension efficiencies for all primer pairs and stabilise binding of 

primers to their specific target sequences. Reactions contained 5µl of the Multiplex 

Master Mix and 30ng of template DNA in a 10µl volume. Concentrations of primers 

used varied between 0.05µM and 1µM depending on the efficiency of the particular 

primer pair – this variation was necessary so that approximately equal amounts of each 

product were amplified in the multiplex reactions. One primer of each pair was labelled 

with HEX or FAM. The PCR cycles used were: 

 

  Activation at   95°C for 15 minutes 

  Denaturation at  94°C for 30 seconds 

  Annealing at  60°C for 90 seconds x10 

  Extension at   72°C for 60 seconds 

  Denaturation at 94°C for 30 seconds 

  Annealing at  55°C for 90 seconds x25 

  Extension at  72°C for 60 seconds 

  Final extension at 60°C for 30 minutes 
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Capillary electrophoresis 

Capillary electrophoresis was performed by the DNA Analysis Facility in the Molecular 

Genetics Laboratory, SA Pathology at the WCH. Samples were run on an ABI 3100 

Avant DNA analyser using POP4 polymer (Applied Biosystems), with samples sized 

using the Genescan 400HD (ROX) size standard (Applied Biosystems). Results were 

returned as printouts of the traces with allele sizes called. 

 

 

Identification of additional microsatellite markers 

Purpose 

Additional microsatellite markers within specific genes of interest were used for the 

examination of linkage where published markers were uninformative. 

 

Method 

The genomic sequence for the gene of interest was imported into VectorNTI® 7.1 

(Invitrogen). The search function of this software was used to identify (AC)n repeat 

sequences. These were visually examined and sequences containing more than 35 

uninterrupted repeat units were selected for potential use as markers, as these were more 

likely to be polymorphic. Primers were designed to amplify these sequences. Blood 

bank controls were genotyped to confirm that the repeats were polymorphic and to 

determine their heterozygosity and allele frequencies. Repeats showing the greatest 

heterozygosity were used for linkage analysis. 

 

 

Single nucleotide polymorphism (SNP) genotyping by restriction enzyme digestion 

Principle 

Type II restriction enzymes (REs) are enzymes derived from bacteria, which cleave 

DNA within or near to specific short sequences, called recognition sequences. Thus, 

they can be used for the detection of the presence or absence of that particular sequence 

within a DNA fragment. For SNP genotyping, a short PCR product containing the SNP 

of interest is amplified and then digested with an enzyme that has a recognition 

sequence that is altered by the SNP. The genotype is determined based on the sizes of 

the DNA fragments obtained after digestion.  
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Method 

PCRs were done using either Invitogen Taq or HotStarTaq. PCRs contained 100ng 

template DNA and 150ng of each primer in a 10µl reaction volume. Following 

amplification, 2U of the required restriction enzyme diluted in 10µl of 2x digestion 

buffer was added to the PCR products. The digests were incubated at the appropriate 

temperature for 2 hours. Next, 4µl of 6x gel loading buffer was added to each digest and 

12µl of the sample was electrophoresed on a 3% agarose gel. The restriction enzymes 

used for this work were obtained from New England Biolabs (Ipswich, MA, USA) 

unless otherwise noted, and were provided with the appropriate 10x digestion buffer 

and additives where required. All restriction digests were done using the buffers, 

digestion conditions and incubation temperatures recommended by the manufacturer. 

 

 

SNP and mutation genotyping by High-Resolution Melting (HRM) analysis 

Principle 

HRM analysis was done for the work described here using the LightScanner® (Idaho 

Technology Inc, Salt Lake City, UT, USA). This instrument heats samples at a 

controlled rate while simultaneously capturing images of them. PCRs to amplify the 

sequence of interest are done in a buffer containing a dye that fluoresces when bound to 

double-stranded DNA. The samples are then heated, denaturing the PCR products and 

causing a reduction in fluorescence, which is detected by the instrument. Variations in 

DNA sequence are detected by this method because they cause differences in the rate of 

denaturation and therefore the rate of the reduction of fluorescence.  

 

The measurement of the reduction of fluorescence as sample temperature increases 

produces a curve for each sample. The fluorescence detected at the beginning and end 

of melting varies between samples due to differences in the total amount of PCR 

product in the sample and differences in detection caused by optical variation in the 

instrument. To allow accurate determination of differences between samples, this 

variation is corrected by selecting temperature points at the beginning and end of the 

melt curve. The curves are corrected by the LightScanner software so that they all 

have a value of unity at the beginning of melting and a value of zero at the end of 

melting, allowing clear visualisation of the different melting curves. The difference 

between melting curves can also be visualised by plotting the rate of the change in 
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fluorescence with the change in temperature or the difference in florescence between a 

wildtype sample selected as a standard and the other samples across the melting 

temperature range. Examples of raw and corrected LightScanner data are shown in 

Figure 2-1.  
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Figure 2-1: Example of LightScanner data 
 

 
Legend for Figure 2-1 

Raw and normalised data from the LightScanner. Raw data is obtained in the form of 

melting curves (A), which show the change in fluorescence of each sample during 

melting. This data is also shown as melting peaks (B), which show the rate of change in 

fluorescence. Peaks are seen when the PCR products in the samples are melting. The 

melting curves are then normalised by selecting temperatures on either side of the 

melting peaks. The fluorescence of all samples at these temperatures is corrected to 

unity for the lower temperature below the peak and zero at the higher temperature above 

the peak. Normalised melting curves are shown in C. Normalised melting peaks (D) and 

normalised difference curves (E) may be derived from the normalised melting curves. 

The LightScanner software is used to group samples based on their melting curves. 

Samples in the same group are shown in a single colour as seen in C-E. The data for this 

example shows the genotyping of a common A/G SNP, rs13006006. Heterozygous 

samples have been coloured grey, A/A homozygotes red and G/G homozygotes blue. 
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Primer design 

Primers were designed for HRM analysis of known variants using the LightScanner® 

Primer Design Software according to the manufacturer’s instructions in Chapter 7 of the 

LightScanner® Primer Design Software User Manual (Idaho Technology Inc). 

 

PCR 

PCRs were done using HRM MasterMix (TrendBio, Melbourne, VIC, Australia). This 

is a proprietary PCR master mix containing a Taq DNA polymerase, dNTPs, PCR 

buffer and LCGreen Plus+ (Idaho Technology Inc). LCGreen Plus+ is a fluorescent 

DNA-binding dye designed for use in HRM experiments. 5% dimethylsulphoxide 

(DMSO) was added to some PCRs. The annealing temperature and requirement for the 

addition of DMSO were empirically determined for each primer set prior to using the 

assay for sample genotyping. This was done by performing PCRs with an annealing 

temperature gradient from 60-72°C, in the presence or absence of 5% DMSO, using a 

control and a sample carrying the mutation as templates. The condition that allowed the 

best discrimination of genotypes with the least background was selected for the analysis 

of samples. PCRs were done in 96-well plates (BioRad), which had a black shell with 

white wells to enhance detection of fluorescence and minimize leakage of light between 

wells. For mutation genotyping, two replicates of a sample known to carry the mutation 

being analysed were included in each plate. Reactions were overlaid with 15µl mineral 

oil (Sigma #M5904) to prevent evaporation of the samples during scanning. The cycles 

used for amplification were: 

 

Denaturation at  95°C for 5 minutes 

  Denaturation at   95°C for 30 seconds  

  Annealing/extension* at 60-72°C for 30 seconds  

  Denaturation at  95°C for 30 seconds 

*Temperatures used for annealing/extension varied as indicated and were determined 

empirically for each primer set. 

 

Melting curve analysis 

Samples were denatured in the LightScanner® according to the manufacturer’s 

instructions (LightScanner® Operator’s Manual for Software Version 2.0 (Idaho 

Technology Inc)). Melting curve data were acquired over a temperature range of 70°C 

x45 
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to 98°C unless otherwise noted. The melting curves obtained were analysed using the 

Small Amplicon Genotyping module of the LightScanner Analysis Software (Idaho 

Technology Inc). 
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Multiplex ligation-dependent probe amplification (MLPA) 

Principle 

MLPA is a method for the quantification of multiple specific target sequences in a DNA 

sample (Schouten et al 2002). It is used as a rapid and inexpensive method for the 

detection of copy number variants (CNVs) affecting a specific gene or genes. In the 

MLPA technique, two specific probes binding to adjacent sequences are designed for 

each target. The 5’ ends of the 5’ probes and the 3’ends of the 3’ probes have common 

primer binding sequences attached. There is also a “stuffer sequence” of variable length 

between the target binding sequence and the primer binding sequence of the 3’ probe. 

This is included so that the PCR product amplified from each target sequence is a 

different length. The probes are bound to the target DNA and ligated – the amount of 

ligated probes for each target sequence will be relative to the amount of that target 

sequence present in the sample. A PCR is done using primers binding to the primer 

binding sequences, using fluorescence-labelled primers. This process is illustrated in 

Figure 2-2. The PCR products are separated using capillary electrophoresis and the 

relative amount of each product in the mixture is calculated. If a particular target 

sequence has been deleted on one chromosome homologue, less PCR product will be 

seen for that target, while an increased amount of product will be seen for duplicated or 

amplified sequences. Generally, each exon in the gene of interest is targeted. There can 

be as many targets as there are exons in the gene, and larger exons may be analysed 

using more than one target sequence. 
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Figure 2-2: Illustration of MLPA 

 
Legend for Figure 2-2 

Illustration of the MLPA technique. In this example, the sequence for target B has been 

deleted from one chromosome homologue. Hence, the amount of product B amplified is 

half that amplified for the other two targets which each have the normal two copies 

from both chromosome homologues. 
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All stock solutions required for MLPA, except sterile water, are supplied in the MLPA 

kits manufactured by MRC-Holland (Amsterdam, The Netherlands). These stock 

solutions are: 

 

Probe mix A mixture of probes specific for the target sequences. The 

probe mix is specific to each MLPA kit. 

 

MLPA buffer The buffer used for probe hybridisation. 

 

Buffers A and B Two components of the buffer used for probe ligation. 

 

Ligase-65 Used for ligation of pairs of hybridised probes. 

 

PCR buffer The buffer used for PCR following probe ligation. 

 

PCR primers Primers binding to sequences at the ends of the probes. 

One of these primers is fluorescence-labelled with FAM. 

 

Enzyme dilution buffer Used for dilution of the DNA polymerase prior to its 

addition to the reaction. 

 

SALSA polymerase The DNA polymerase used for PCR amplification of 

ligated probes. 

 

DNA Preparation 

Prior to MLPA analysis, 1µg aliquots of the DNA samples to be analysed were diluted 

to a final volume of 20µl and passed through a QIAquick PCR purification column 

(Qiagen). The DNA was eluted from the column in 30µl of sterile dH2O. This DNA 

cleanup step was done to ensure consistent probe binding by removing any salts or 

impurities that may have been present in the original DNA sample. 

 

Probe Hybridisation 

A master mix containing 0.75µl of probe mix and 0.75µl of MLPA buffer per DNA 

sample was prepared. 2.5µl of the purified DNA was mixed with 1.5µl of this mix in 
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0.2ml PCR tubes. The DNA was denatured at 95°C for one minute followed by 

hybridisation at 60°C for 16-18 hours. At least two normal control samples were 

included in each run to provide adequate data for analysis. 

 

Probe Ligation 

A ligation master mix containing 1.5µl each of buffer A and B, 0.5µl of Ligase-65 and 

12.5µl sterile water per reaction was prepared. The temperature of the hybridised DNA 

samples was reduced to 54°C and the ligation master mix was heated to 54°C. 16µl of 

ligation master mix was added to each hybridised DNA sample and the ligation 

reactions were incubated at 54°C for 15 minutes. The reactions were then heated to 

98°C for 5 minutes to inactivate the ligase. 

 

PCR amplification of Ligated Probes 

A buffer master mix containing 2µl PCR buffer and 13µl sterile water per reaction and a 

PCR master mix containing 1µl PCR primers, 1µl enzyme dilution buffer, 0.25µl 

SALSA polymerase and 2.75µl sterile water per reaction were prepared. 5µl of each 

ligated probe mix was transferred to a 0.2ml PCR tube containing 15µl of the buffer 

master mix. The samples were heated to 60°C then 5µl of the PCR master mix was 

added to each tube. The reactions were cycled through 35 cycles of: 95°C for 30 

seconds; 60°C for 30 seconds and 72°C for 90 seconds. The reactions were then 

incubated at 72°C for a further 5 minutes before being cooled to 15°C. 

 

Capillary Electrophoresis 

Capillary electrophoresis was carried out by the DNA Analysis Facility in the 

Molecular Genetics Laboratory, SA Pathology at the WCH. Capillary electrophoresis 

data was exported as Applied Biosystems fragment analysis files (.fsa format). 

 

Data Analysis 

The MLPA results were analysed using GeneMarker (SoftGenetics, State College, PA, 

USA). This software is used to analyse a set of samples prepared on the same MLPA 

run. The files were imported and probe descriptions (probe name and whether it is a test 

or control probe) were assigned to each peak using a user-defined template specific for 

each kit used. The software default settings were used for analysis and probes were 

normalised (to counteract the reduction in peak heights seen in larger fragments) using 
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the internal control probes provided with each kit. An MLPA ratio of <0.75 was used as 

the threshold for deletions and >1.25 as the threshold for duplications.  

 

 

Array Comparative Genome Hybridisation (CGH) 

Principle 

Array CGH is a method for the detection of CNVs in genomic DNA (Pinkel et al 1998). 

The sample to be tested and a control (reference) sample are labelled with different 

fluorescent dyes, usually Cy3 (green) and Cy5 (red). The two labelled samples are 

mixed and hybridised to a microarray consisting of oligonucleotide probes specific for 

sequences spread at intervals across the regions of interest. These can range in size from 

a defined chromosomal interval, an entire chromosome or the entire genome. This 

process is illustrated in Figure 2-3. Targeting of smaller regions allows the use of 

probes with more closely spaced binding sites, increasing resolution so that smaller 

CNVs can be detected and breakpoints can be mapped with greater accuracy. The 

microarray is scanned and any spot with a colour deviating significantly from the 

average indicates that a CNV is present at the corresponding sequence. Data are 

obtained from CGH microarrays as a series of values representing the deviation from 

the average of the colour of each spot. These values may then be averaged over 

sequence blocks of a defined size. CGH results are usually viewed as a graph 

representing the chromosome or genome, with the value for each probe or averaged 

block plotted. CNVs are seen as runs of points with values consistently deviating from 

the x-axis.  
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Figure 2-3: Illustration of CGH 

 
Legend for Figure 2-3 

Illustration of array CGH. In this example, the sample DNA is labelled with Cy3 and 

the reference (control) DNA is labelled with Cy5. Probes corresponding to normal 

sequence are seen as yellow spots on the microarray, while duplications/amplifications 

are seen as green spots and deletions as red spots, as illustrated in the view of an 

expanded section of microarray at the bottom of the picture. Note that for purposes of 

visibility in this illustration the yellow spots are shown as orange. 

 

Sample Preparation 

The concentration of the sample and the ratios of the absorbances at 260 and 280nm and 

260 and 230nm were determined using a NanoDrop spectrophotometer. Absorbance 

ratios of >1.8 for A260/A280 and >1.9 for A260/A230 are required. This indicates that the 
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sample is free of contamination from proteins and organic compounds such as phenol. 

Samples that did not meet these criteria were re-purified by ethanol precipitation to 

remove organic compounds. No samples used for CGH required the removal of 

contaminating proteins. In addition, 1µl of the sample was electrophoresed on a 1% 

agarose gel to ensure the DNA was not degraded. 

 

CGH 

CGH was performed by Roche-Nimblegen (Reykjavik, Iceland), using their proprietary 

oligonucleotide arrays. The arrays used consisted of either 385,000 oligomer probes 

with a length between 50 and 75bp or 720,000 oligomer probes with a length of 60bp. 

Whole-genome arrays as well as arrays specific for chromosomes 2, 5, 16 and 20 were 

used. Median probe spacing for the whole-genome arrays was 2509bp, 6270bp or 

7073bp. Median probe spacing for the chromosome-specific arrays was: 575bp for the 

chromosome 2 array; 425bp for the chromosome 5 array; 165bp for the chromosome 16 

array and 134bp for the chromosome 20 array. Data were received as text files 

containing the raw data for each probe as well as data averaged over sequence blocks. 

Data were also received as general feature format (.gff) files that can be read using 

sequence annotation software. Files containing human genome information in the same 

format were provided to assist with data analysis. 

 

Data analysis 

The results were viewed using SignalMap v1.9 (Nimblegen Systems, Reykjavik, 

Iceland). This software allows the comparison of CGH results from different individuals 

and the alignment of results with genome annotation files in order to determine which 

genes are involved in a particular CNV. The software also allows the user to zoom in on 

small regions or individual probes to examine results at high resolution. 

 

 

Sequence capture and next-generation sequencing  

Principle 

Sequence capture is a method for the selection and enrichment of particular sequences 

from a genomic DNA sample. This is done by hybridising the sample to oligonucleotide 

probes specific for the sequences to be captured, which are bound to a solid medium, 

either a microarray slide (Albert et al 2007, Hodges et al 2007) or microbeads (Gnirke 
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et al 2009). The unbound portion of the sample is removed by washing and the captured 

sequences are eluted. The captured sequences can then be analysed further, usually by 

next-generation sequencing, to identify any novel variants present. Three different 

platforms for next-generation sequencing (Roche/454 FLX pyroseqencer, Ilumina 

Genome Analyzer and Applied Biosystems SOLiD™ Sequencer) are currently in 

widespread use. These all utilise different chemistries to generate millions of short 

sequence reads, which can then be assembled in silico into contiguous sequences. The 

Roche/454 FLX platform generates around 100Mb of data based on reads of about 

250bp in length. The Illumina Genome Analyzer and the SOLiD™ sequencer generate a 

higher number of reads of 25-35bp in length (Mardis, 2008). The Illumina Genome 

Analyzer was used for the work described here as it provides high coverage at a low 

cost per base of sequence. This is a very efficient method of identifying all of the novel 

variants within a given region of the genome for a particular sample. 

 

Sequence capture array design 

Sequence capture was performed on custom arrays by Roche-Nimblegen (Madison, 

Wisconsin, USA). These allow the capture of up to 5Mb of target sequence. The arrays 

were designed to capture coding sequences along with 50bp of the adjacent introns, 

2kbp minimal promoter regions and microRNAs within the region of interest. The 

chromosome positions of these features were exported from the University of 

California, Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu/) (Kent et al 

2002) as text files (.txt format). This data was imported into Excel (Microsoft) and 

adjusted to include the 50bp flanking each exon and 2kbp of sequence upstream of each 

gene. This list of target regions was then uploaded to the UCSC genome browser and 

viewed alongside the tracks for genes, ESTs and microRNAs to ensure that all the 

required regions were covered by the targets. The files listing the target regions were 

sent to Nimblegen for building the custom 385K capture array. Target sequences that 

had more than three possible alignments to the whole genome were excluded by 

Nimblegen using the SSAHA algorithm. 

 

Sample preparation and sequence capture 

Sequence capture was performed by Roche-Nimblegen according to company protocol 

(Nimblegen Sequence Capture User Guide version 2.0, 13 October 2008). The DNA 

concentration, purity and quality were checked as described above for CGH and 21µg 
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of DNA was sent for sequence capture. Prior to sequence capture, the genomic DNA 

was sheared to give fragments of approximately 500bp and oligonucleotide adapters 

were ligated to the ends of the fragments. The fragments were hybridised to the capture 

array and unbound fragments were removed by washing. The captured fragments were 

eluted from the array and the captured DNA was amplified by ligation-mediated PCR 

using the oligonucleotide adapters ligated to the ends of the fragments. The sample was 

checked for enrichment of quality control loci by quantitative PCR and at least 10µg of 

captured DNA at a minimum of 100-fold enrichment was returned for analysis. 

 

High-throughput sequencing 

The captured and enriched DNA was converted to an Illumina compatible library using 

a method of ligation and re-shearing to fragment sizes of around 200bp similar to that 

described by Hodges and colleagues (2007). Library preparation and high-throughput 

sequencing using the Illumina Genome Analyzer II was done by GeneWorks 

(Thebarton, SA, Australia). The sequencing data was analysed by Ms Alison Gardner of 

the Neurogenetics Program, SA Pathology at the WCH as described briefly below.  

 

Sequence reads were aligned to a repeat masked segment of the human genome 18 

reference sequence corresponding to the linkage interval on chromosome 16 using the 

default parameters of the Phred/Phrap/Consed program version 19.0 (Gordon 2003). 

Variants differing from the reference sequence with a coverage level of at least ten 

reads were extracted using Consed. Heterozygous variants were defined as sites at 

which between 15-85% of reads were discrepant against the reference sequence. 

Variants occurring at sites of known SNPs (not larger than a single base) in dbSNP 

were removed using a UCSC table browser intersection query. Unique variants were 

classed according to genomic location: either open reading frame, splice site, 5’UTR, 

3’UTR, intronic or intergenic. Variants were prioritised for analysis according to the 

order listed above with preference given to variants that affected translated sequences.  

 

Non-synonymous variants identified by the sequence analysis were tested for 

segregation with phenotypes and further patients were screened for mutations in the 

same genes to determine whether the variants were likely to be pathogenic mutations. 
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Summary 

Benign familial neonatal seizures (BFNS) is known to be caused by mutations in the 

potassium channel subunit genes KCNQ2 and KCNQ3. However, mutations in these 

genes are not found in all families. To determine the proportion of families with 

mutations in these genes and to identify families without these mutations for further 

analysis, the families in our cohort were tested for mutations in KCNQ2 and KCNQ3. I 

identified a total of 23 point mutations and small in/dels from 36 families, leaving 13 

unsolved families requiring further testing to determine the additional mutational 

mechanisms that could be involved in BFNS. 

 



 Chapter 3 65 

Introduction 

Benign familial neonatal seizures (BFNS) (previously known as benign familial 

neonatal convulsions) occurs during early infancy. Patients have lateralized motor 

seizures with onset usually at 2-3 days of age and offset at a mean age of 3 months 

(Plouin and Anderson, 2005). Occasional patients have a later onset at up to 3 months 

of age. Inheritance of BFNS is autosomal dominant with approximately 85% 

penetrance. The phenotype was originally described in an Austrian family by Rett and 

Teubel (1964), and since then numerous families have been reported (Berkovic et al 

1994, Singh et al 1998, Lerche et al 1999, Hirose et al 2000, Miraglia del Giudice et al 

2000, Dedek et al 2001, Coppola et al 2003, Dedek et al 2003, Borgatti et al 2004, Claes 

et al 2004, Pereira et al 2004, Tang et al 2004, Bassi et al 2005, Schmitt et al 2005, de 

Haan et al 2006, Hunter et al 2006, Zimprich et al 2006, Heron et al 2007a, Steinlein et 

al 2007, Wuttke et al 2007, Li et al 2008b, Sadewa et al 2008, Wuttke et al 2008, 

Goldberg-Stern et al 2009, Ishii et al 2009, Lee et al 2009, Miceli et al 2009, Yum et al 

2010). The majority of BFNS patients have normal development with no neurological 

sequelae, but approximately 15% of BFNS patients have occasional seizures later in 

life. Occasional patients go on to develop benign childhood epilepsy with 

centrotemporal spikes or myokymia (Dedek et al 2001, Coppola et al 2003, Singh et al 

2003, Zimprich et al 2006, Neubauer et al 2008). Patients with epileptic 

encephalopathies and mental retardation have also been reported (Dedek et al 2003, 

Borgatti et al 2004, Steinlein et al 2007). 

 

BFNS is caused in most cases by mutations in two voltage-gated potassium channel 

subunit genes, KCNQ2 and KCNQ3. These are the pore-forming subunits of the M-

channel, which is an important inhibitory channel in the brain (Delmas & Brown, 2005). 

Electrophysiological studies have shown that at least some of the mutations associated 

with BFNS reduce the activity of this channel, leading to neuronal hyperexcitablity and 

thus seizures (Soldovieri et al 2007b). Over 80 KCNQ2 and four KCNQ3 mutations 

associated with BFNS have been described in the literature (Biervert et al 1998, Singh 

et al 1998, Lerche et al 1999, Hirose et al 2000, Lee et al 2000, Miraglia del Giudice et 

al 2000, Dedek et al 2001, Moulard et al 2001, Castaldo et al 2002, Coppola et al 2003, 

Dedek et al 2003, Borgatti et al 2004, Claes et al 2004, Pereira et al 2004, Richards et al 

2004, Tang et al 2004, Bassi et al 2005, Schmitt et al 2005, de Haan et al 2006, Hunter 

et al 2006, Zhou et al 2006, Zimprich et al 2006, Heron et al 2007a, Soldovieri et al 
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2007, Steinlein et al 2007, Wuttke et al 2007, Li et al 2008b, Miceli et al 2008, Sadewa 

et al 2008, Wuttke et al 2008, Goldberg-Stern et al 2009, Ishii et al 2009, Kurahashi et 

al 2009, Lee et al 2009, Miceli et al 2009, Volkers et al 2009, Yum et al 2010). The 

mutations in KCNQ2 include missense, nonsense, frameshift and splice site mutations 

(Figure 3-1). Two large deletions in KCNQ2 have also been described (Singh et al 1998, 

Steinlein et al 2007). The nonsense, frameshift and splice site mutations, which lead to 

protein truncation, occur throughout the gene while the missense mutations are 

clustered in regions of functional importance: either in the transmembrane region or in 

regions known to be involved in binding to the KCNQ3 protein or to calmodulin. 

Interaction with calmodulin is required for M-channel function, and mutations in the 

calmodulin-binding regions of KCNQ2 abolish this interaction (Wen and Levitan 2002, 

Yus-Najera et al 2002, Richards et al 2004). The four mutations in KCNQ3 published at 

the time of writing are all missense changes in or near the pore-loop (Charlier et al 

1998, Hirose et al 2000, Singh et al 2003, Li et al 2008b). 

 

A single BFNS family has been described with a pericentromeric inversion of 

chromosome 5 (Concolino et al 2002). The breakpoints in this family were localised to 

between D5S1954 and D5S416 at 5p15.1 and between D5S2076 and D5S664 at 5q11.2. 

It was presumed that the disruption of a gene or its promoter at or near one of these 

breakpoints was the cause of the seizures in this family, but this gene has not been 

identified. No further families with BFNS associated with these regions have been 

reported. 
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Figure 3-1: BFNS mutations in KCNQ2 
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Legend for Figure 3-1 

The KCNQ2 protein, showing the locations of known BFNS mutations. The KCNQ2 

protein consists of a small N-terminal domain, a transmembrane region containing six 

transmembrane segments and the pore-loop and a large C-terminal domain. The C-

terminal domain contains two smaller domains involved in binding to calmodulin 

(CaM) and the subunit interaction (si) domain involving in binding to the KCNQ3 

protein. The six transmembrane segments are coloured in red, the pore-loop is blue, the 

CaM binding domains are green and the si domain is yellow. The truncating mutations 

are distributed throughout the protein, while the missense mutations and in-frame 

deletions are clustered in regions of functional importance. Most of them are located in 

the transmembrane region and a few are located in the C-terminal domain, mostly in the 

CaM binding domains. 

 

 

There is considerable clinical similarity between the seizures seen in BFNS and those 

seen in the related disorder benign familial neonatal-infantile seizures (BFNIS), which 

is caused by mutations in the voltage-gated sodium channel subunit gene SCN2A 

(Heron et al 2002, Berkovic et al 2004a, Striano et al 2006a, Herlenius et al 2007, Liao 

et al 2010). In families with BFNIS, most individuals have seizure onset at 2-4 months 

of age, but ages of onset ranging from 3 days to 13 months of age have been reported 

(Herlenius et al 2007). Occasional individuals in BFNS families with KCNQ2 mutations 

have later ages of onset of up to four months of age (Singh et al 2003, Heron et al 

2007a) and an entire family with a KCNQ2 mutation has been reported in which the age 

of onset ranged from 2 to 4 months of age (Zhou et al 2006), giving a clinical picture 

very similar to that for BFNIS. Therefore, the possibility of mutations in KCNQ2, 

KCNQ3 or SCN2A needs to be considered for families with onset of benign seizures in 

early infancy, especially in small families where there are not enough affected 

individuals to give investigators a clear idea of the distribution of the ages of seizure 

onset. 

 

Despite the identification of the causative mutation in numerous BFNS families, a 

proportion of cases remain unsolved. These could be caused by mutations in KCNQ2 or 

KCNQ3 that are not detectable using methodologies based on PCR amplification of 

coding exons, for example whole exon deletions, duplications or inversions, or 
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mutations affecting the promoter or other untranslated regions. There may also be other, 

as yet unknown, BFNS genes that are mutated in rare families. This last possibility is 

supported by the report of the pericentromeric inversion of chromosome 5 (Concolino et 

al 2002). Other reports of BFNS families without linkage to KCNQ2 or KCNQ3 are 

rare: such a family was described by Lewis and colleagues in 1996 but was later found 

to have a mutation in SCN2A (Heron et al 2002). 

 

To determine which of these types of mutations could contribute to BFNS, a tiered 

testing approach was used. Patients or obligate carriers from 26 BFNS families have 

been tested previously for mutations in KCNQ2 and KCNQ3 by single-stranded 

conformation polymorphism analysis (SSCA) and direct sequencing where no mutation 

was identified by SSCA. Nucleotide substitutions or small insertions or deletions 

(in/dels) in KCNQ2 were identified in 14 of these families (Biervert et al 1998, Richards 

et al 2004, Goldberg-Stern et al 2009, S. Heron unpublished data) and one missense 

mutation was identified in KCNQ3 (S. Heron unpublished data). The remaining 

unsolved families were tested for other types of mutations in KCNQ2 and KCNQ3. 

Where pedigrees were large enough, analysis using microsatellite markers was done to 

at least exclude linkage (by observation of recombinant events) to known BFNS loci. 

Additionally, ten new ascertainments of BFNS families were included. The probands 

from these families were tested for mutations in KCNQ2 and KCNQ3 by direct 

sequencing before other investigations were carried out. 
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BFNS Families Studied 

Twenty-one BFNS families with no previously determined mutation were investigated. 

Eleven of these were recruited before this work commenced and had been screened for 

mutations in KCNQ2 or KCNQ3 by SSCA and direct sequencing, with no mutations 

being identified. The remaining ten families were ascertained during the course of this 

work. The families are described briefly below. The families were referred for study by 

Professors Samuel Berkovic and Ingrid Scheffer of the Epilepsy Research Centre, 

Austin Health, Melbourne, VIC, Australia, except where stated otherwise. 

 

Families that were studied previously 

Family KI 

Family KI is an Australian family of mostly British origin; the two affected members, a 

mother and daughter, both had several seizures in the first week of life. All other 

relatives are unaffected. 

 

Family BY 

Family BY is an Israeli family of Ashkenazi and Sephardic Jewish origin. The family 

contains 11 affected members: eight with BFNS; two who had partial seizures with 

secondary generalisation starting in the 3rd decade of life; and one with unclassified 

nocturnal tonic-clonic seizures. None of the last three individuals had a history of 

neonatal seizures. Two of them were obligate carriers for the BFNS gene in the family. 

 

Family YC 

Family YC is an Australian family of Scottish and German origin. Three affected 

members had neonatal seizures and two had infantile seizures, based on ages at onset. 

As well as the neonatal seizures seen in the paternal relatives of the proband, some of 

his maternal relatives had febrile seizures; however these were not considered relevant 

to BFNS and investigated further. The diagnosis for this family was initially suspected 

to be BFNIS as at the time this family was ascertained only two members were known 

to be affected, one with neonatal seizures and one with infantile seizures. During the 

course of the study it was learnt that the proband’s paternal grandmother had had 

neonatal seizures as well as frequent seizures during childhood and two more affected 

children were born: one who had neonatal seizures and another who had infantile 

seizures.  
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Family BC 

Family BC is a large Scottish family referred by Dr Sameer Zuberi of the Royal 

Hospital for Sick Children, Glasgow, United Kingdom. Four affected individuals from 

the family were available for study. The extended family contains 21 affected 

individuals and five obligate carriers over four generations. Nineteen affected 

individuals had neonatal seizures, which continued beyond infancy in five cases. One 

individual had infantile seizures with later seizures developing in adolescence, and one 

had a single febrile seizure at 10 months of age. 

 

Family RO 

Family RO is a Canadian family of Irish origin, which was referred by Dr Michael 

Shevell of the Montreal Children’s Hospital, Montreal, Quebec, Canada. The family 

consists of four brothers, all of whom had neonatal seizures. Neither of the parents is 

affected nor has a family history of epilepsy or neonatal seizures. 

 

Family CO 

Family CO is an Australian family of mostly English origin. The family contains five 

members affected with neonatal seizures; the proband and her brother and three of their 

cousins. Neither the grandparents nor the parents of the affected family members had a 

history of epilepsy or neonatal seizures.  

 

Family MC 

Family MC is a New Zealand family of Scottish and Irish origin, which was referred by 

Dr Thorsten Stanley of the University of Otago, Wellington, New Zealand. The family 

contains six affected members with BFNS and three obligate carriers over four 

generations.  
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Family SC 

Family SC is an Australian family of British origin. Five family members had neonatal 

seizures and a sixth had infantile seizures, based on age of onset. Further family 

members are reported to have had seizures, but insufficient clinical details are known 

about these individuals and samples were available from only five affected family 

members. 

 

Family GW 

Family GW is an Australian family of British origin. Three individuals in a sibship of 

five and their mother had neonatal seizures. The three affected siblings also have mild 

to moderate intellectual disability and their mother had learning difficulties. A fourth 

sibling had mild intellectual disability with no neonatal seizures.  

 

Family RC 

Family RC is from Chile and was referred by Dr Marta Hernandez of the Pontificia 

Universidad Católica de Chile, Santiago, Chile. The proband is a boy who was 

diagnosed in utero with an irregular heartbeat. After birth a diagnosis of Long QT 

Syndrome (LQTS) was made and this was treated with drugs and the implantation of a 

pacemaker at four days of age. Following surgery, he developed seizures and remained 

in status epilepticus for 8 hours. In the absence of precipitating aetiologies, neonatal 

seizures were suspected and the patient was referred for analysis of ion channel genes. 

No seizures were seen in other members of the family, however a maternal cousin had 

had episodes of cyanosis followed by sudden unexplained death at one year of age.  

 

Family WZ 

Family WZ is an Israeli family of Sephardic Jewish origin. The family contains three 

affected siblings, two of whom had neonatal seizures with onset at 3 days of age. The 

age of seizure onset for the third child is unknown. The children’s father had febrile 

seizures at 3 months of age and his mother had unclassified seizures. Detection of any 

epilepsy related mutation would assist in understanding at least part of the genetic 

aetiology in this family. 
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Newly identified families 

Family CS 

Family CS is an Israeli family of Sephardic Jewish origin. The family has five members 

over four generations who had neonatal seizures with subsequent normal development 

and no further neurological problems. 

 

Family LJ 

Family LJ is a large Australian family of British origin. The family contains eight or 

possibly nine members over two generations who had neonatal or infantile seizures. 

Another family member had febrile seizures but no history of neonatal or infantile 

seizures. Seven of the family members who had neonatal or infantile seizures are the 

proband and his cousins and the other two are their children. Definite ages of seizure 

onset were known for seven family members: six had onset at 2-3 days of age and the 

seventh had seizure onset at 12 weeks. There are no affected family members reported 

in the second generation of the family, but there was anecdotal evidence that the 

patriarch had at least one seizure in infancy. 

 

Family GR 

Family GR is a large Australian family of Scottish and English origin with 13 affected 

members. Seizure onset in the neonatal period was confirmed for five members, but 

specific details were not available for the other eight. One member also had seizures in 

adulthood. The family was initially thought to have BFNIS on the basis of ages of onset 

reported by family members. Detection of a causal mutation would provide definitive 

information on the aetiology of the seizures in some family members. 

 

Family IN 

Family IN is an Israeli family of Ashkenazi Jewish origin. There are two affected 

members: a father-son pair. The son had onset of seizures in at 2-3 days of age and his 

father had seizure onset at 5 weeks of age, with a later febrile seizure at 8 months of age 

and two focal seizures at 13 years of age. 

 

Family NS 

Family NS is an Australian family of English origin with six members who had BFNS 

and one obligate carrier over three generations. 
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Family WB 

Family WB is a small Australian family of English origin. There are three affected 

members, a mother and her two children, all of whom had seizure onset in the neonatal 

period. The mother also had febrile seizures during childhood and some seizures in 

adulthood. Three other relatives had febrile seizures, which may have been unrelated to 

the BFNS. 

 

Family CL 

Family CL is an Australian family of Italian and Macedonian origin. There are two 

affected members: the proband and her paternal uncle. 

 

Family GS 

Family GS is an Australian family of English origin. The proband had neonatal 

seizures, developmental delay, spasticity and macrocephaly, suggestive of possible 

genetic defects beyond those causing BFNS. Her father had neonatal seizures with 

epilepsy. 

 

Family DM 

Family DM is a small Australian family of British origin. Two affected members, a 

father-son pair, had BFNS and a paternal aunt of the father was reported to have had 

seizures in childhood. 

 

Family MN 

Family MN is a small Australian family of Scottish and English origin. Three affected 

members, a mother and two of her daughters, had BFNS. 
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Methods specific to this Chapter 

Mutation screening of KCNQ2 and KCNQ3 

All exons of KCNQ2 and exons 5 and 6 of KCNQ3 were screened for mutations in 

newly ascertained families by direct sequencing. Only exons 5 and 6 of KCNQ3 were 

analysed as all known BFNS mutations in KCNQ3 are in these two exons and mutations 

in KCNQ3 are known to be an extremely rare cause of BFNS (Singh et al 2003). 

Amplification of PCR products for sequencing was done using the primers and PCR 

conditions listed in Table 3-1. Sequencing was done as described in Chapter 2. Family 

members were tested for mutations by direct sequencing of the exon containing the 

mutation or by HRM analysis as described in Chapter 2. Controls were screened for 

mutations using HRM analysis. The primers and PCR conditions used for these assays 

are listed in Table 3-2. Examples of data for these assays are shown in Figure 3-2. 

 

Restriction digestion and quantitation of fragments 

Restriction digests were done as described in Chapter 2. For quantitation of digested 

fragments, amplification and digestion was done in triplicate samples. Following gel 

electrophoresis, images were captured. The images were analysed using GeneTools 

(Syngene). This software was used to determine the amount of DNA in each band by 

comparison of the sample band intensities to those of the molecular weight markers, 

which contain known amounts of DNA. The total amount of DNA in each gel track was 

calculated by adding the amounts of DNA in each band and the amount of DNA in each 

band was then calculated as a percentage of the total in the track. This was done in order 

to compensate for slight differences in the total amount of DNA in each track arising 

from variations between PCRs.  
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Table 3-1: Primers and PCR conditions used for sequencing KCNQ2 and KCNQ3. 
Amplicon Primer sequences Product 

size 
Enzyme Ext 

time 
KCNQ2 exon 1 F: CTGAGCCTGAGCCCGA 

R: GTCGCCGATGGGGGTC 
514bp HotStarTaq 90sec 

KCNQ2 exon 2 F: TCCTGAGTTCTGGAGACACA 
R: TCAGAGGCCCTGTAGTAACA 

263bp HotStarTaq 30sec 

KCNQ2 exon 3 F: TCAAGGTGGCCTCAGCTTTCCT 
R: CTGGCCCTGATTCTAGCAAT 

193bp HotStarTaq 30sec 

KCNQ2 exon 4 F: AGGGTGGACGATAGTAATGT 
R: CTCGTTCACACCTGAT 

504bp HotStarTaq 90sec 

KCNQ2 exon 5 F: TTCTGGTGATGGTGGTCATG 
R: AAGAGATGTATGGAGCAGGC 

272bp HotStarTaq 30sec 

KCNQ2 exon 6 F: TTCGTGTGACTAGAGCCT 
R: AGCCTACAAGACCTCGT 

193bp HotStarTaq 30sec 

KCNQ2 exon 7 F: CCTGACCCTGATGAATTGCA 
R: ATCCACAGACAGGGCAAT 

220bp Invitrogen 60sec 

KCNQ2 exon 8 F: TGCCTGGCCTACAGCAT 
R: GAAACAGTTGCTTGGTGGCA 

356bp HotStarTaq 30sec 

KCNQ2 exon 9 F: GAACCAGCCCTTGTGCTAATTTTC 
R: GGTCACAGTTCCAGACACAGAACT 

250bp HotStarTaq 30sec 

KCNQ2 exon 10 F: ATGGAGCTGTGCAAGCAGA 
R: TGTCCTGGCGTGTCTTCTGT 

235bp HotStarTaq 30sec 

KCNQ2 exon 11 F: CCACTAACTCTCTGTTGC 
R: ATCTCCATGACAGGTTGC 

249bp HotStarTaq 90sec 

KCNQ2 exon 12 F: TTGCAGTGCCTCAGTTTCCCT 
R: CCTCCAGAACCTCTAGTAAGCA 

214bp HotStarTaq 30sec 

KCNQ2 exon 13 F: TCTGTTGGTTCCCGTGGGA 
R: TGGCCACCACATCCAT 

305bp HotStarTaq 90sec 

KCNQ2 exon 14 F: TCACGGCCTGTCTCCTT 
R: TTCCCAGTAGACTCTGTCTC 

254bp HotStarTaq 90sec 

KCNQ2 exon 15 F: AGAGGTGCTAGGAAGGT 
R: AGTGGGCTTTGTCCCAGAAG 

278bp HotStarTaq 90sec 

KCNQ2 exon 16 F: ACTCATGCTTTGGGGTCTCT 
R: AGGGCCATGTAAACCCTAGA 

284bp HotStarTaq 90sec 

KCNQ2 exon 17-1 F: AGCCCAGCAGCCCCTTTTG 
R: GATGGAGATGGACGTGT 

505bp HotStarTaq 90sec 

KCNQ2 exon 17-2 F: GCTGCATTGTCAAGATCGTG 
R: CGCCACACTCAGTTACTGTAAG 

679bp HotStarTaq 
+Q solution 

180sec 

KCNQ3 exon 5 F: TAACTCTGGTGTGTCTGGCT 
R: AGAATTGGCCTCCAAGGTAG 

265bp Invitrogen 30sec 

KCNQ3 exon 6 F: AGAGGCTTACAGGTAGAGCT 
R: ACTGGAAGTTGAGCTGGCA 

275bp Invitrogen 30sec 
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Table 3-2: Primers and PCR conditions used for HRM analysis of KCNQ2 

mutations 
Mutation Primer sequences Annealing 

Temperature 
Additive 

KCNQ2 c.340A>G F: CTCGTGCTGTCTGTGTTT 
R: CTCCGAGTCCTTCTCATACT 

65°C 5% DMSO 

KCNQ2 c.610C>T F: GGGCAACGTCTTTGCCA 
R: CGGATCATCCGCAGAAT 

69°C 5% DMSO 

KCNQ2 
c.1054T>C 

F: GGCCTGGAGATTCTACGC 
R: TGGAGTGCAGGTCTGTG 

72°C 5% DMSO 

KCNQ2 
c.1631+1G>A 

F: GTCAGCATCAGAGCCGT 
R: CCTCCTCACTCCCCCAG 

68°C 5% DMSO 

KCNQ2 
c.1741C>T 

F: CAGTACTCAGCCGGCCA 
R: TGGACTGCAGGCTCTTAATTC 

72°C 5% DMSO 
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Figure 3-2: LightScanner data for the KCNQ2 mutations screened by HRM 
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Legend for Figure 3-2 

Normalised melting curves and peaks for the five KCNQ2 mutations for which controls 

and in some cases family members were screened by HRM. For all mutations normal 

samples have been coloured grey and those carrying the mutation have been coloured 

red. One control sample in the assays for both c.340A>G and c.610C>T did not group 

well with the other controls and has been coloured green. However, it can be clearly 

seen that the curves for these samples closely resemble those for the other controls. For 

all assays two replicates of a sample known to carry the mutation were included. 
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Results and Discussion 

Point mutations which were likely to be pathogenic and small insertions or deletions 

(in/dels) in KCNQ2 were identified in families DM, MN, GR, WB, CL, MC, GS and 

IN: these new mutations are listed in Table 3-3 and the pedigrees of the families 

showing the segregation of the mutations are given in Figure 3-3. Family MC had 

previously been analysed with no mutation being found. This was due to the presence of 

a SNP (rs4809302), which is heterozygous in 50% of the European population, on the 

3’ end of the binding site of the forward primer used for the amplification of exon 4 of 

KCNQ2.  

 

This problem was identified as one sample being analysed repeatedly failed to amplify. 

Investigation into SNPs in the primer binding site as a potential cause of this led to the 

realisation that this particular SNP was the cause of the problem. One allele of this SNP 

therefore caused allele drop-out due to failure to amplify DNA from one of the 

chromosome homologues in the 50% of individuals heterozygous for it under the PCR 

conditions used. The problem was not identified previously as different PCR conditions 

had been used which allowed some amplification from the mismatched primer in 

individuals homozygous for the SNP and so no PCR failures had been observed. 

However, in heterozygous individuals the allele without the SNP would have been 

preferentially amplified. Therefore, if the homologue carrying the SNP also carried the 

mutation, then the mutation would be missed. A new primer was designed with a 

binding site away from the SNP position for the re-analysis of exon 4 of KCNQ2 in all 

unsolved cases. This primer will be used for analysis of KCNQ2 in future. 
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Table 3-3: Mutations identified in KCNQ2 by direct sequencing 

Family Nucleotide 

change 

Amino acid 

change 

Mutation type Protein 

Domain 

WB c.340A>G p.T114A Missense S1 boundary 

MC c.610C>T p.Q204X Nonsense S4 

GS c.638G>A p.R213Q Missense S4 

MN c.1054T>C p.S352P Missense C-terminal 

IN c.1247+1G>A  Splice site C-terminal 

DM c.1418-19delTC p.S472fsX519 Frameshift C-terminal 

GR c.1631+1G>A  Splice site C-terminal 

CL c.1741C>T p.R581X Nonsense C-terminal 

 

The eight mutations detected by direct sequencing comprise three missense, two 

nonsense, two splice site and one frameshift mutation. The nonsense, splice site and 

frameshift mutations all are expected to lead to the production of a non-functional 

protein or no protein from the mutated allele, causing haploinsufficiency. None of the 

three missense mutations were detected in 95 control samples, so they are not benign 

polymorphisms. However, the possibility that they are benign rare variants cannot be 

excluded without additional evidence, either circumstantial or functional, of their 

pathogenicity. All three missense mutations affect functionally important regions of the 

protein and two of them alter highly conserved amino acid residues (Figure 3-4). They 

also segregate with the BFNS phenotype in the affected families (Figure 3-3). Thus, the 

three missense mutations are unlikely to be benign rare variants. 

 

The mutation in Family WB, c.340A>G (p.T114A), alters a highly conserved amino 

acid at the boundary of transmembrane segment 1 and the extracellular loop between 

transmembrane segments 1 and 2. Given the high conservation of the altered amino acid 

residue (Figure 3-4), the mutation is likely to be detrimental to protein function.  

 

The mutation in Family MN, c.1054T>C (p.S352P), alters an amino acid in one of the 

C-terminal domains known to be involved in interaction with calmodulin. This 

interaction has been shown to be required for channel function (Wen and Levitan 2002, 

Yus-Najera et al 2002, Gamper and Shapiro 2003), and we previously showed that a 
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mutation, p.R353G, affecting the adjacent amino acid residue abolishes the interaction 

(Richards et al 2004). It can be speculated that the mutation in Family MN, which 

changes the hydrophobicity of the residue involved, would have a similar effect. The 

region where these mutations are located is conserved in KCNQ2 homologues, but not 

in other KCNQ potassium channel subunits (Figure 3-4). This is not unexpected given 

that calmodulin binding is not seen in all potassium channel subunits. 

 

The mutation in Family GS, c.638G>A (p.R213Q), alters a highly conserved arginine 

residue in transmembrane segment 4. This segment is the voltage sensor, which detects 

changes in membrane voltage and initiates channel opening in response to these 

changes (Miceli et al 2008). The positively charged arginine residues in this segment 

are necessary for this process and substitution with a glutamine residue removes one of 

these positive charges, altering voltage sensing. Numerous missense mutations affecting 

residues in this transmembrane segment have previously been described (Miraglia del 

Giudice et al 2000, Dedek et al 2001, Singh et al 2003, Soldovieri et al 2007a, Miceli et 

al 2009), including one altering the same amino acid residue that is altered by the 

mutation in Family GS (Sadewa et al 2008). 

 



 Chapter 3 83 

Figure 3-3: Pedigrees of families with mutations identified by sequencing 

 
Legend for Figure 3-3 

Pedigrees of eight BFNS families with KCNQ2 mutations detected by direct 

sequencing. The mutations were detected in all patients with neonatal seizures and 

obligate carriers tested. Two patients (WB:III:10 and GR:III:20) had other seizure types 

and did not have KCNQ2 mutations. 
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Figure 3-3: continued 
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Figure 3-3: continued 
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Figure 3-3: continued 
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Figure 3-4: Conservation of residues altered by missense mutations in KCNQ2 

 
Legend for Figure 3-4 

Amino acid alignments of 24 potassium channel sequences (orthologs and paralogs), 

showing the level of conservation of the regions surrounding the three missense 

mutations found in KCNQ2. Residues represented by dots are identical between the 

given sequence and the human KCNQ2 sequence. The p.T114A and p.R213Q 

mutations both alter amino acid residues which are conserved in all the sequences 

shown here, including four from invertebrates. The regions in which these two altered 

amino acid residues lie are highly conserved overall, particularly the transmembrane 

segment containing p.R213. The p.S352P mutation affects a residue which is conserved 

only in homologues of KCNQ2 and KCNQ4 and lies in a less conserved region.  

 

 

The p.R213Q mutation was detected in the heterozygous state in patient GS:III:1 but 

was only detected at a low level in her affected father, GS:II:1 (Figure 3-5a). This 

suggested that GS:II:1 is a somatic mosaic for the mutation. The level of mosaicism in 

GS:II:1 was quantified by amplifying a PCR product containing the mutation using the 

primers 5’GGCAACGTCTTTGCCACATC-3’ and 

5’CCAGGGCTCTTGAAGCAAAC-3’ and measuring the percentage of the PCR 
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product digested by MspI, which digests the normal allele. The level of mosaicism was 

calculated at approximately 30% of cells, or 15% of alleles (Figure 3-5b, Table 3-4).  

 

Superficially, documentation of this mosaicism, along with the location of the mutation 

in a critical region, may explain the difference in the severity of the phenotypes seen in 

the two patients: GS:II:1 had neonatal seizures while GS:III:1 has developmental delay, 

spasticity and macrocephaly in addition to having had neonatal seizures.  

 

However, this may not be the true explanation for the difference in the phenotypes. 

While mutations in the voltage sensor have been seen in some cases of neonatal seizures 

associated with other more severe neurological phenotypes, these generally occur as 

isolated cases within a family where most members are more mildly affected. Also, 

such cases do not only occur when the mutation is in the voltage sensor (Dedek et al 

2003, Borgatti et al 2004, Steinlein et al 2007). This suggests that the more severe 

phenotypes in these cases could be the result of additional genetic or environmental 

factors separate from the KCNQ2 mutation and not solely due to it. Furthermore, none 

of these patients had macrocephaly and the association of a KCNQ2 mutation with 

macrocephaly seems improbable. It is more likely that GS:III:1 has an additional, 

undetected mutation which is the cause of her more severe phenotype or that it has an 

external cause. GS:III:1 has been screened by CGH for microchromosomal 

abnormalities as part of a study examining the role of CNVs in epileptic 

encephalopathies carried out by Dr Heather Mefford of the University of Washington, 

Seattle, WA, USA. No microchromosomal abnormalities were detected. 

 

Further evidence that the p.R213Q mutation itself is unlikely to have any additional or 

unusual effects leading to a severe phenotype is provided by the report of a KCNQ2 

missense mutation affecting the same amino acid residue in a family with typical BFNS 

(Sadewa et al 2008). It is more likely that the mutation causes the neonatal seizures in 

both affected family members, and that the additional disorders seen in GS:III:1 are the 

result of other genetic or acquired factors. It is also possible that although the mutation 

is seen at relatively low levels in DNA from lymphocytes in GS:II:1, he has higher 

levels of the mutation in other tissues including brain. However, other tissues were not 

accessible for testing.  
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Somatic mosaicism for a KCNQ2 mutation in a BFNS patient has not previously been 

documented. A case of germ-line mosaicism in which a KCNQ2 mutation was found in 

two sisters with BFNS but in neither of their parents has been described (Sadewa et al 

2008) and some of the other de novo mutations which have been described in the gene 

could also have arisen due to undocumented gonadal mosaicism. Thus, there is no 

information on which to base a prediction of the threshold of mosaicism that is likely to 

produce a phenotypic effect. Also, this threshold is likely to vary depending on the 

precise functional effect of the mutation involved. However, this finding shows that 

somatic mosaicism for a mutation in KCNQ2 is a possible cause of neonatal seizures.  
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Figure 3-5: Somatic mosaicism of c.638G>A (p.R213Q) mutation 

 
Legend for Figure 3-5 

A: Partial sequencing traces from members of Family GS showing the KCNQ2 

c.638G>A mutation (position indicated by the arrows) in affected family members. The 

mutation is heterozygous in GS:III:1 and absent in her mother, GS:II:2. The mutation is 

detectable in GS:II:1, who is a somatic mosaic, as a small A peak (green) underneath 

the main G peak (black). The height of the main G peak in GS:II:1 is also slightly 

reduced compared to that in GS:II:2. All three traces have some background, but this is 

consistent across the three samples. B: Agarose gel showing MspI digests done to 

quantify the level of mosaicism in GS:II:1. PCRs and digests were done in triplicate. 

The amounts of DNA in each band for GS:II:1 were compared to those for GS:III:1 

(heterozygous) and two controls. The data from this gel used for quantification of the 

mosaicism in GS:II:1 is shown in Table 3-4. 
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Table 3-4: Quantitation of mosaicism of c.638G>A (p.R213Q) mutation 

Mean percentages of DNA in each band 

Band GS:II:1 GS:III:1 Control 1 Control 2 

162bp 13.4 43.3 5.6 5.2 

117bp 40.3 20.1 47.1 47.6 

45+39bp 34.9 25.4 36.0 36.4 

28bp 11.3 11.2 11.3 10.9 

Expected percentages of DNA in each band 

Band  Heterozygote Control  

162bp  35 0  

117bp  26 51  

45+39bp  27 37  

28bp  12 12  

Proportions of wild-type and mutant fragments seen in GS:II:1 

Wild-type (117bp band) 40.3/47.35 = 85.1% of homozygous wild-type 

Mutant (162bp band) 13.4/43.3 = 30.9% of heterozygous mutant 

Results of the quantification of the bands from the gel shown in Figure 3-4b. Digestion 

of the product from a normal individual using MspI results in four fragments of 117, 45, 

39 and 28bp and digestion of a product carrying the KCNQ2 c.638G>A mutation results 

in three fragments of 162, 39 and 28bp. The mean percentages of total DNA in each 

band were calculated as described on page 75. These results were compared to the 

results expected for a normal sample and a heterozygous sample. Digestion for this 

experiment was not 100% complete as a small amount of the 162bp fragment has been 

detected in the controls. This incomplete digestion has caused a higher than expected 

percentage of the 162bp band and a lower than expected percentage of the 117bp band 

to be seen in the samples. The approximate level of mosaicism in GS:II:1 was 

calculated by comparing the percentage of DNA in the 117bp band to that in wild-type 

controls and the percentage of DNA in the 162bp band to that in his heterozygous 

daughter. These calculations showed that 85.1% of the products in the sample from 

GS:II:1 were normal and that the proportion of mutant products was 30.9% of that seen 

in a heterozygous sample. Therefore, GS:II:1 carries the mutation in approximately 

30% of lymphocytes.  
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Conclusion 

Earlier studies as the collection of the BFNS cohort was in progress identified 15 

families with mutations in KCNQ2 or KCNQ3 (Biervert et al 1998, Richards et al 2004, 

Goldberg-Stern et al 2009, S. Heron unpublished data). The extension of this cohort 

with another ten families and inclusion of the 11 families from earlier studies where no 

mutation was detected brought the total number of families screened to 36. Therefore, 

with the addition of the eight newly identified mutations there are point mutations or 

small in/dels in KCNQ2 or KCNQ3 in 23 of the 36 families included in our BFNS 

cohort. This indicates that approximately 65% of families initially ascertained as BFNS 

will have a potassium channel mutation detectable by sequencing. The vast majority of 

these mutations will be in KCNQ2 (95% in our cohort).  

 

The remaining one-third of the patients in our cohort did not have mutations detectable 

by direct sequencing in the coding regions of KCNQ2 or exons 5 and 6 of KCNQ3. The 

patients in this unsolved subgroup could therefore have whole exon deletions, 

duplications, inversions or mutations affecting the promoter or other untranslated 

regions of KCNQ2 or KCNQ3. Alternatively, they may have mutations detectable by 

direct sequencing in the KCNQ3 exons not examined. They could also have mutations 

in other, as yet unknown, BFNS genes. These possibilities will be examined in Chapters 

4-8. 
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Summary 

Deletions or duplications of KCNQ2 are not detectable by sequencing. These mutations 

may account for some of the unsolved cases of BFNS in our cohort. Multiplex ligation-

dependent probe amplification (MLPA) is the most efficient method for the detection of 

deletions and duplications affecting a particular gene. Patients without known point 

mutations or small in/dels were screened by MLPA, with deletions or duplications 

being found in six of the previously unsolved BFNS families. There was no phenotypic 

difference seen between families with point mutations and families with large deletions 

and duplications. Large deletions and duplications account for approximately 20% of 

potassium channel mutations in BFNS, based on results from this cohort of families. 
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Introduction 

Point mutations and small in/dels have been identified in approximately two-thirds of 

the BFNS families in our cohort, leaving the remaining third unsolved. These families 

could have mutations in KCNQ2 or KCNQ3 that are not detectable using methodologies 

based on PCR amplification of coding exons, for example whole exon or larger 

deletions, duplications or inversions, or mutations affecting the promoter or other 

untranslated regions. Additionally, there may also be other, as yet unknown, BFNS 

genes that are mutated in rare families, given that the disorder is already known to be 

genetically heterogeneous.  

 

Deletions or duplications affecting a whole exon or several exons and deletions 

affecting the whole gene are predicted to cause BFNS. This is because such mutations 

disrupt normal gene expression from the mutated allele. This is haploinsufficiency, that 

is, a reduction in the amount of protein produced due to the loss of one copy of the 

gene. Approximately half of the known mutations in KCNQ2 are predicted to lead to 

protein truncation and therefore to extinguish expression from the mutated allele, 

analogous to haploinsufficiency. Furthermore, one of the original BFNS mutations 

described was a submicroscopic deletion, which was detected by loss of heterozygosity 

as it removed a parental microsatellite allele close to KCNQ2 (Singh et al 1998). This 

deletion was later found to remove the last nine exons of KCNQ2 and 22kb of 

downstream genomic sequence (Singh et al 2003). Another large deletion in KCNQ2 

has since been identified in a BFNS patient (Steinlein et al 2007). Despite these 

findings, the systematic screening of BFNS patients for large deletions in KCNQ2 has 

not previously been carried out. 

 

Multiplex ligation-dependent probe amplification (MLPA) (Schouten et al 2002) is a 

relatively rapid and inexpensive technique for the detection of copy number variants 

(CNVs) in a given gene or genes. MLPA is used to detect changes in the copy number 

of each exon in the gene of interest. MLPA was used to screen BFNS patients without 

detected mutations in KCNQ2 or KCNQ3 for copy number changes in these genes. 
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Methods specific to this Chapter 

 

MLPA 

Patients without mutations detected by direct sequencing were tested for exonic 

deletions and duplications in KCNQ2 and KCNQ3 by MLPA as described in Chapter 2 

using the SALSA MLPA kits P166 lot#0606 and P197 lot#1206 respectively. The P166 

kit contains probes for 14 of the 17 exons and the promoter of KCNQ2 and 13 control 

probes for other regions of the human genome. The P197 kit contains probes for all 15 

exons of KCNQ3 as well as 14 probes for four genes associated with other forms of 

epilepsy and ten control probes. The initial screen for KCNQ2 CNVs was done under 

my direction in collaboration with Ms Kathy Cox of the Molecular Genetics 

Laboratory, SA Pathology at the WCH. I performed all subsequent testing 

independently. 

 

SNP Genotyping 

SNPs within KCNQ2 were genotyped to determine haplotypes and to localise deletion 

breakpoints. These SNPs were identified from dbSNP 

(http://www.ncbi.nlm.nih.gov/snp). SNPs were selected for analysis if the minor allele 

had a frequency of greater than 10% in the European population and the SNP altered a 

restriction site. SNPs were genotyped using restriction enzyme digestion as described in 

Chapter 2. The primer sequences, product sizes, fragment sizes and enzymes used for 

SNP genotyping are listed in Table 4-1. Suitable restriction enzymes for SNP detection 

were identified using REBASE® (http://rebase.neb.com). 

 

Breakpoint PCR 

Breakpoint PCR involves the use of primers binding to sequences flanking the deletion, 

but not overlapping with it. A PCR product is therefore amplified from these primers 

containing the sequence around the deletion breakpoint. This product is sequenced and 

the exact breakpoint determined by comparison with the reference genomic sequence. 

The sequences of the primers used for breakpoint PCR are listed in Table 4-2. 
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Microsatellite Genotyping 

A microsatellite within intron 1 of KCNQ2, KCNQ2 AC5, was identified as described in 

Chapter 2. The marker was amplified using the primers 

5’AATCATACTGGCTGGACATC-3’ and 5’CTGAGTAGCTGGGAGATGAC-3’. 

Genotyping was done by denaturing gel electrophoresis as described in Chapter 2. 

 

Comparative Genome Hybridisation 

The quality of DNA samples was checked as described in Chapter 2 and the DNA was 

sent to Roche-Nimblegen for hybridisation and scanning. A high density commercially 

available Chromosome 20 specific array with median probe spacing of 134bp 

(Nimblegen Cat# B3752001-00-01) was used. Scanned results were returned and 

analysed using SignalMap as described in Chapter 2. 

 

 

Table 4-1: Primers and restriction enzymes used for SNP genotyping. 
RefSNP number Primer sequences Product 

size (bp) 
Enzyme Fragment 

sizes (bp) 
11698827 F: CATGAGAAGTGTGGACAGTATG 

R: ACTGGGAAAGCGTGGAAAACAG 
151 Fnu4HI 91, 60 

12481151 F: AAGGAGTACCCTAAACACGAAG 
R: TGTCTCTGTGACGTGCCTGTTA 

442 TaqI 251, 191 

6089915 F: TCACTCGCTTCATGCACTTG 
R: AGATGAGATGAACAGCCCTG 

166 TaqI 34, 132 

6062945 F: AGGCAGACAAACCATACGCAAG 
R: AGTTCAGAGAAAACCCCGTTAG 

168 FspI 64, 104 

6011841 F: CTGGACGAATTAAAAGCACGAC 
R: CTTTAGCCTGAGAAAGCTGTAC 

151 Bsu36I 106, 45 

6010942 F: GATACAGAGGAGTTGGCCACAG 
R: AATTCAAGTCTGTGGGGCTGTC 

178 HpyCH4V 102, 76 

6122458 F: ACTCCACTGTGTAACTAAGCAG 
R: AGCATTGTGTGCCGAGAAAGTG 

281 NlaIV 129, 152 

2282148 F: TCACTGAATGCACACCAGAG 
R: CACGCATGGCCTCCTTTATG 

146 ScrFI 70, 76 

4809563 F: AGCAGGGCTGAGCTGAGGGAAG 
R: CAAGGTCTGGGTGGAGACTGTG 

68 HpyCH4V 36, 32 

4809557 F: GGACAGAGCACACAGACAAC 
R: GCCAGGCAACGAAAATCCCA 

180 BmtI 101, 79 
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Table 4-2: Sequences of primers used for breakpoint PCR. 
Primer Sequence 

KCNQ2-LR-F3 GGACTAACTGTGCTCTCCTCATTTC 

KCNQ2-LR-F4 CATGGAGCCTCACCAGCTGTGCTTG 

KCNQ2-LR-F5 GCTTCCTCTCTGAAGTGTGTCAG  

KCNQ2-LR-F6 TTTATGGCTGTGACGAAGGACCTG 

KCNQ2-LR-F7 CCTTGCTGTTCCCATTTGACTGAG 

KCNQ2-LR-F8 TTCCCAAGGTCTGGGTGGAGACTG 

KCNQ2-LR-F9 AGCCCTGCCAGCTCAGACATGGTC 

KCNQ2-LR-R4 AACAGAGACCCCAAAGCATGAGTTC 

KCNQ2-LR-R5 GCTTCATGCTGGACTCATGCAATAG 

KCNQ2-LR-R6 GTACAAGGTGCTGCCGTCATGTG 

KCNQ2-LR-R7 TACTGCAGGAGAGACTCTCAACAG 

KCNQ2-LR-R8 TAAGCACGACCCTACACTGGACAG 

KCNQ2-LR-R9 TTCTGCAATGGGATCGTCCTGTAG 

KCNQ2-LR-R10 TGGAAATGAGGAGAGCACAGTTAG 

KCNQ2-LR-R17 GACCAGGAGAAAGGCCCTCAGAAC 

KCNQ2-LR-R18 CTCCACCCACAGAGAAGGCTCCAC 

KCNQ2-LR-R19 ACAGGGCTTCTGTCCATGCATTTC 
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Results 

 

Identification of KCNQ2 mutations by MLPA. 

Large deletions or duplications were identified by MLPA in six families (Families KI, 

BY, YC, BC, CS and NS). A duplication was found in Family BC and deletions were 

found in the other five families. Examples of the MLPA results for these families are 

shown in Figure 4-1 and the pedigrees of the families showing the segregation of the 

mutations are shown in Figure 4-2. The breakpoints were characterised directly by LR-

PCR followed by sequencing for the deletions in families KI, BY and CS. No CNVs 

were identified in KCNQ3. 
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Figure 4-1: MLPA results showing deletions and duplications in KCNQ2 

 
Legend for Figure 4-1 

Examples of MLPA scatterplots from the six families with deletions and duplications in 

KCNQ2. Results for normal gene-specific probes are shown as green points, while 

controls are represented by the blue points. Probes with abnormal results are shown as 

red points. Peak height ratios less than 0.75 or greater than 1.25 were defined as 

abnormal. These ratios are indicated by the parallel green lines on each plot. 
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Figure 4-2: Pedigrees of families with deletions and duplications in KCNQ2 

 
Legend for Figure 4-2 

Pedigrees of families with deletions and duplications in KCNQ2 detected by MLPA. 

The patients indicated were tested by MLPA for deletions and duplications in KCNQ2 

once a mutation had been identified in the family member initially screened.  
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Figure 4-2: continued 
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Figure 4-2: continued 



 Chapter 4 104 

Characterisation of deletions 

The deletion in Family KI was shown by MLPA to affect exons 13, 14 and 15 of 

KCNQ2, while exons 12 and 16 were normal. This result narrowed the 5’ breakpoint to 

a 4.5kb region and the 3’ breakpoint to a 4.9kb region. Primers were designed to bind at 

regular intervals within each of these regions (Figure 4-3a). A product of approximately 

800bp in size was amplified from primers KCNQ2-LR-F5 and KCNQ2-LR-R7 in the 

two affected members of Family KI. The 3849bp product expected from the normal 

allele was not amplified under the conditions used, either in patients or normal 

individuals (Figure 4-3b). The amplification of the smaller product confirmed the 

presence of the deletion of exons 13-15 in Family KI and showed that the deletion 

removed approximately 3kb of genomic sequence. Sequencing of this product showed 

that the deletion in Family KI was IVS12-768 to IVS15+572 del3018bp, and that no 

additional nucleotides were added to the sequence during DNA repair (Figure 4-3c). 

The exact size of the PCR product spanning the breakpoint was 831bp. 

 

The deletions in Families BY and CS both affected exons 3-11 of KCNQ2. As no probe 

for exon 2 was included in the MLPA kit used for analysis, it was possible that the 

deletions also affected exon 2. Both Family CS and the branch of Family BY 

originating the mutation were of the same ethnic and geographic origin: Sephardic 

Jewish families from Iraq. This, along with the similar mutation seen in both families, 

suggested that both families could be descended from a common ancestor. In order to 

confirm this, and to more accurately map the location of the deletion breakpoint 

between exons 1 and 3 of KCNQ2, SNPs within introns 1 and 2 of KCNQ2 were 

genotyped for both families. This analysis showed that the affected members of the two 

families shared a common haplotype for the SNPs genotyped (Figure 4-4). The 

breakpoint in both families was in or near exon 2 of KCNQ2 between rs2282148 and 

rs4809563, as some affected members of both families were heterozygous for 

rs2282148 and non-transmission of the alleles of rs4809563 carried by CS:III:5, BY:II:4 

and BY:III:5 was seen. LR-PCR was done using primers as shown in Figure 4-5a. A 

product of approximately 600bp was amplified for both families, indicating that the 

deletion was around 26.5kb in size. Both products were sequenced and showed identical 

deletion breakpoints (Figure 4-5b). The deletion in families BY and CS was IVS1-490-

IVS11-1582 del 26,522bp and the breakpoint PCR product was 557bp in size. The 
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identical haplotypes, breakpoints and similar ethnic origins for Families BY and CS 

make it extremely likely that they are both identical by descent.  

 

Family YC was shown by MLPA to have a deletion of exons 1-5 of KCNQ2, 

identifying their mutation and leading to a molecular diagnosis of BFNS, which was 

supported by further clinical data. Initial attempts to amplify a PCR product across the 

breakpoint in this family were unsuccessful. The family was analysed using a 

microsatellite marker located in intron 1 of KCNQ2, KCNQ2 AC5. Contrary to 

expectations, two alleles were seen for this microsatellite in affected members of 

Family YC (Figure 4-6a). This indicated that intron 1 of KCNQ2 was not deleted, which 

was not consistent with the MLPA results. This could have occurred if a polymorphism 

in exon 1 had affected binding of the MLPA probe for that exon, but previous 

sequencing of KCNQ2 done for the family had not identified any such polymorphism. 

The microsatellite results therefore suggested that the deletion in Family YC did not 

affect the entire contiguous sequence between exons 1 and 5 of KCNQ2. CGH using a 

Chromosome 20 specific array was done. This showed a deletion spanning 

approximately the 3’ half of intron 1, exons 2-5 and some of intron 5, consistent with 

the MLPA results. There were also 3 segments with a low signal spanning exon 1 

(Figure 4-6b). This may indicate a small deletion of approximately 4kb including exon 

1, again consistent with the MLPA results. No further attempt to characterise the 

breakpoints in Family YC was made. If the deletion was indeed noncontiguous, as 

suggested by the CGH results, then the possibility of further rearrangements during 

DNA repair meant that it was difficult to predict what the sequences flanking the 

breakpoints might be. 
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Figure 4-3: Breakpoint PCR for Family KI 

 
Legend for Figure 4-3 

A: Binding sites of the seven primers used for LR-PCR for Family KI relative to the 

positions of exons 12-16 of KCNQ2. B: Agarose gel showing the 831bp PCR product 

amplified using primers KCNQ2-LR-F5 and KCNQ2-LR-R7 from members of Family 

KI carrying the deletion, and that the expected 3849bp product was not amplified in 

patients or unaffected individuals from Family KI. C: Partial sequencing trace from the 

831bp PCR product, showing the deletion breakpoint. 
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Figure 4-4: SNP haplotypes for IVS1 of KCNQ2 for Families CS and BY 

 
Legend for Figure 4-4 

Partial pedigrees for Families BY and CS showing haplotypes for SNPs in introns 1 and 

2 of KCNQ2. The deletion breakpoint for both families is between rs2282148 and 

rs4809563. The affected members of both families have identical haplotypes for the 

SNPs within intron 1 (highlighted in red). 
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Figure 4-5: Breakpoint PCR for Families CS and BY 

 
Legend for Figure 4-5 

A: Binding sites of the primers used for LR-PCR relative to the positions of exons 2,11 

and 12 of KCNQ2 and the SNPs used for breakpoint mapping. B: Agarose gel showing 

the 557bp product amplified from affected members of Families BY and CS. C: Partial 

sequencing traces from the LR-PCR products, showing the identical breakpoints in 

Families BY and CS. 
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Figure 4-6: Analysis of deletion in IVS1 of KCNQ2 in Family YC 

 
Legend for Figure 4-6 

A: GelScan image showing the results for KCNQ2 AC repeat 5, which is located in 

intron 1 of KCNQ2, for Family YC. The affected matriarch, YC:II:2 has two copies of 

allele 3, one of which has been transmitted to her affected children and grandchildren. 

Therefore, the region of intron 1 containing the microsatellite repeat has not been 

deleted. B: CGH results for YC:II:2 for KCNQ2 and the surrounding sequence. A 

deletion spanning part of intron 1 to intron 5 has been detected, as shown by the lower 

segment of the red line. An additional possible small deletion including exon 1 is 

indicated by the arrow. This possible deletion was not detected by the software, 

presumably due to its small size. 
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The deletion in family NS was shown by MLPA to affect exons 3-7 of KCNQ2. As 

MLPA probes were not available for either exons 2 or 8 of KCNQ2, it was possible that 

either or both of these exons were also involved in the deletion. Analysis of SNPs 

within introns 1, 2 and 8 indicated that exon 2 was not deleted, as two family members 

were heterozygous for rs4809563, which is located 570bp 3’ of exon 2. Exon 8 was 

included in the deletion as non-transmission was seen of the allele of rs4809557, which 

is 600bp 3’ of exon 8, carried by NS:III:2 and NS:III:5 to their affected daughters (data 

not shown). LR-PCR was done using primers flanking the approximate deletion 

breakpoints as shown in Figure 4-7a. This PCR produced two products presumed to 

span the deletion breakpoint, as they were specific to affected members of Family NS 

(Figure 4-7b). Sequencing of these products indicated that there had been some 

rearrangement and apparent duplication of the sequence at the 3’ deletion breakpoint in 

intron 8 (Figure 4-7c). The rearrangement was not fully characterised. The 5’ deletion 

breakpoint was located at KCNQ2 IVS2-682. 

 

A duplication of exons 3-12 of KCNQ2 was identified in Family BC. The presumed 

insertion of this duplication within the normal KCNQ2 sequence would disrupt it, 

creating a non-functional allele. The breakpoints for this duplication were not 

characterised. This was because the MLPA results do not give any information about 

the orientation or insertion point of the duplicated sequence. The duplicated sequence 

could be inserted at either one of the duplication breakpoints, either in tandem with the 

normal sequence or inverted, or it could be inserted elsewhere in the KCNQ2 sequence, 

but not elsewhere in the genome as that would leave two functional copies of KCNQ2. 

 

The extents of the five different microchromosomal rearrangements, so far as they can 

be determined, are shown in Figure 4-8. There is no evidence of any common 

breakpoints among the different rearrangements. 

 



 Chapter 4 111 

Figure 4-7: Breakpoint PCR for Family NS 

 
Legend for Figure 4-8 

A: Binding sites of the primers used for LR-PCR relative to exons 2, 3, 8 and 9 and the 

SNPs used for mapping the breakpoints in Family NS. B: Results of LR-PCR done 

using HotStarTaq. Two products specific to individuals carrying the deletion were 

amplified using KCNQ2-LRF8/R18. C: Sequencing trace from sequencing one of the 

products indicated in B. The sequence has the expected sequence for intron 2, then 

some additional sequence followed by the LR-R18 binding site for the shorter product. 

There is some additional sequence prior to the binding site for the longer product. These 

results suggest that the duplication of part of intron 8 and the insertion of some 

additional sequence has occurred. 
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Figure 4-8: Genomic context of the microchromosomal rearrangements 

 
Legend for Figure 4-8 

The genomic context and extent of the five different microchromosomal rearrangements 

detected by MLPA. No common breakpoints were seen.  
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Discussion 

The identification of intragenic microdeletions or microduplications in KCNQ2 in six of 

the families in the BFNS cohort studied indicates that these are a common type of 

mutation in KCNQ2. This brings the number of families with mutations in KCNQ2 to 

28 of the 36 in the cohort (Biervert et al 1998, Richards et al 2004, Heron et al 2007b, 

Goldberg-Stern et al 2009, Chapter 3 and unpublished data). Therefore, from our data, 

approximately 20% of mutations in KCNQ2 are microdeletions or microduplications.  

 

Although we did not find any such mutations in our cohort, deletions affecting the 

entire KCNQ2 sequence and surrounding regions could in theory cause BFNS. Indeed, 

Kurahashi and colleagues (2009) subsequently identified deletions affecting KCNQ2 in 

four BFNS families. Three of these deletions were found to extend beyond the KCNQ2 

gene to include adjacent genes. Two families had a partial deletion of the centromeric 

gene CHRNA4 while the third family had a deletion affecting nine genes telomeric of 

KCNQ2. In one of these families the entire KCNQ2 gene was deleted. No additional 

clinical features were reported in the three families, indicating that the loss of one copy 

of the surrounding genes is no more pathogenic the loss of KCNQ2 alone.  

 

Interestingly, the adjacent gene CHRNA4 is also associated with epilepsy. Missense 

mutations in the gene cause ADNFLE in a proportion of families (Steinlein et al 1995, 

Phillips et al 2000, Steinlein et al 2000, Cho et al 2003, Leniger et al 2003, Rozycka et 

al 2003). However, partial deletion of the gene does not lead to the same phenotype. 

This is likely to be because almost all the mutations reported in ADNFLE families are 

missense mutations in the transmembrane segments which affect the opening and 

closing of the channel, rather than creating haploinsufficiency. Many of these mutations 

have been shown to have a specific gain-of-function effect (Rodrigues-Pinguet et al 

2003, Hoda et al 2008). Partial deletion of the gene would not be expected to result in 

the same functional effect, therefore these patients do not show symptoms of ADNFLE. 

 

These results demonstrate that deletions and duplications in KCNQ2 account for a 

significant proportion of BFNS cases and that MLPA, or another method for the 

detection of small CNVs, should be used as a second-tier test for families where a 

mutation has not been identified by direct sequencing. These results also show that the 

phenotypes associated with these mutations in KCNQ2 do not differ from those 
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associated with other types of mutation, and confirm that haploinsufficiency is the 

mechanism in most cases of BFNS. The deletions and duplications identified in 

KCNQ2, as well as mutations leading to protein truncation, would be expected to 

exhibit the same phenotypic effect as no functional protein would be produced from the 

mutated allele. These mutation types account for approximately half the mutations 

reported in KCNQ2. Haploinsufficiency leading to a reduction in translation of the 

KCNQ2 protein presumably leads to a reduction in M-channel activity due to the 

reduced availability of subunits. This in turn leads to a reduction in inhibitory activity 

and therefore seizures. 

 

No deletions or duplications were identified in KCNQ3. The four known BFNS-

associated mutations in KCNQ3 are all missense mutations altering amino acid residues 

in or near the pore loop. This suggests that truncating mutations and mutations in other 

parts of the protein, if they occur, may not be pathogenic, may lead to another 

phenotype or may be incompatible with life. In general, large deletions and duplications 

would be expected to be pathogenic in genes where pathogenic truncating mutations 

also occur. 

 

 



 Chapter 4 115 

Conclusion 

Using the recently developed MLPA assay, deletions or duplications were identified 

within KCNQ2 in six BFNS families. The deletions create haploinsuffinciency, 

reducing the amount of normal messenger RNA transcribed and thus the amount of 

protein translated. The duplication presumably disrupts the gene, preventing the 

transcription and translation of a normal protein from the mutated allele.  

 

Copy number variants (CNVs) account for a significant proportion of KCNQ2 

mutations. In addition to the six mutations identified by MLPA, we have identified 

mutations in KCNQ2 or KCNQ3 in 23 families from our BFNS cohort (Biervert et al 

1998, Richards et al 2004, Goldberg-Stern et al 2009, Chapter 3, unpublished data). 

Therefore, CNVs in KCNQ2 account for approximately 20% of potassium channel 

mutations causing BFNS. This means that screening of KCNQ2 using MLPA or another 

technique for the detection of small CNVs will solve the molecular basis for a 

significant number of BFNS families. 

 

Mutations so far detected in this cohort at KCNQ2 and KCNQ3 account for most, but 

not all, BFNS families. Mutations in KCNQ2 have been found in 28 of the 36 families 

in our BFNS cohort and one mutation in KCNQ3 has been found. This indicates that 

around 80% of families initially ascertained as BFNS will have a potassium channel 

mutation, with the vast majority of these being in KCNQ2. However, a minority of 

families (seven in this cohort) do not have mutations in KCNQ2 or KCNQ3. Therefore, 

other mechanisms and mutations in other genes need to be considered for these families. 
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Summary 

BFNS families without mutations in KCNQ2 or KCNQ3 were tested for linkage to the 

chromosomal regions where KCNQ2, KCNQ3 and the gene associated with benign 

familial neonatal-infantile seizures (BFNIS), SCN2A, are located. For two families, 

linkage to KCNQ2 and KCNQ3 was excluded but linkage to SCN2A was not. Mutations 

in SCN2A were identified in both families. The incorporation of the results of molecular 

genetic testing into future systems of classification will allow differentiation between 

BFNS and BFNIS in such cases. 
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Introduction 

BFNS is phenotypically similar to Benign Familial Neonatal-Infantile Seizures 

(BFNIS). Both disorders have autosomal dominant inheritance and patients have 

seizures in the first few months of life. The two disorders differ in their average and 

range of ages of onset. Most patients in BFNS families have seizure onset at 1-3 days of 

age. The age of seizure onset ranges from 3 days to 13 months of age in BFNIS 

patients, with most patients having onset at 2-4 months of age. The other significant 

difference between the two disorders is in the occurrence of later seizures. Fifteen 

percent of BFNS patients have later seizures, with some being severely affected (Dedek 

et al 2003, Borgatti et al 2004, Steinlein et al 2007), while later seizures are rare in 

BFNIS, at least in the families so far ascertained and examined (Heron et al 2002, 

Berkovic et al 2004a, Herlenius et al 2007, Liao et al 2010). 

 

BFNIS is caused by missense mutations in the voltage-gated sodium channel gene 

SCN2A (Heron et al 2002, Berkovic et al 2004a, Herlenius et al 2007, Liao et al 2010). 

An SCN2A mutation has also been reported in a family described as having BFIS in 

which the patients had ages of onset similar to those seen in some BFNIS families 

(Striano et al 2006a). This highlights the need for molecular based discrimination to 

differentiate between closely related clinical syndromes and will lead to future systems 

of syndrome classification which will incorporate molecular genetic criteria. Functional 

studies done for some of these mutations in SCN2A have shown that they lead to 

increased sodium current (Scalmani et al 2006, Xu et al 2007, Liao et al 2010), which is 

predicted to lead to neuronal hyperexcitability. 

 

Given the phenotypic similarities between BFNS and BFNIS, unsolved families 

diagnosed with BFNS on clinical grounds alone could have mutations in SCN2A, 

especially in smaller families. Families in which KCNQ2 mutations had not been 

identified after sequencing and MLPA were tested for linkage to the regions containing 

KCNQ2, KCNQ3 and SCN2A. For two families, linkage to the two potassium channel 

genes was excluded by observation of recombinants but linkage to SCN2A was not 

excluded. These two families were subsequently analysed for mutations in SCN2A and 

found to be positive. 
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Methods specific to this Chapter 

 

Linkage analysis 

Families were tested for linkage to KCNQ2, KCNQ3 and SCN2A using the following 

microsatellite markers: D20S171; D8S284; D8S557; D8S558; D8S256; D2S2380; 

D2S2157; D2S124; D2S2330. The additional markers D2S156; D2S111 and D2S294 

were used for the analysis of some families where other markers were uninformative. 

Two additional microsatellites within KCNQ2, KCNQ2 AC5 and KCNQ2 AC9, were 

identified as described in Chapter 2 and were also used. The primer sequences for 

KCNQ2 AC5 are given in Chapter 4. The primer sequences for KCNQ2 AC9 were: 

5’CGAGACCCTGTCTCAAAAAC-3’ and 5’GTGTGTCCTAAATCCTGAAG-3’. 

Microsatellite genotyping for linkage analysis was done as described in Chapter 2. 

 

Sequencing of SCN2A 

The coding sequences of SCN2A were screened for mutations by direct sequencing. 

Amplification of PCR products for sequencing was done using the primers and PCR 

conditions listed in Table 5-1. Sequencing was done as described in Chapter 2.  

 

Screening for mutations identified in SCN2A 

Controls and some family members were screened for specific mutations using HRM 

analysis as described in Chapter 2. The primers and PCR conditions used for these 

assays are listed in Table 5-2. Examples of data for these assays are shown in Figure 5-

1. At least 100 controls (200 chromosomes) were screened for each mutation. 
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Table 5-1: Primers and PCR conditions used for sequencing SCN2A 
Amplicon Primer sequences Product 

size 
Enzyme Ext 

time 
SCN2A exon 1 F: TGCTGTATCTCAGTGCTCAG 

R: TAGGCAGTGAAGGCAACTTG 
441bp Invitrogen 60sec 

SCN2A exon 2 F: AGGAAAGTTTATAGTGCTCAG 
R: CATAACATTGCCAACCACAG 

395bp Invitrogen 60sec 

SCN2A exon 3 F: TGGTGAAGGCATGGTAGT 
R: ATTGAGGAGGTCTCAAGGTG 

239bp HotStarTaq 30sec 

SCN2A exon 4 F: ACCAACCTGGAAGTGTCT 
R: ATAGTATAGGCTCCCACCAG 

300bp Invitrogen 30sec 

SCN2A exon 5A F: AGGCCCCTTATATCTCCAAC 
R: TAGCAACAAGGCTTCTGCAC 

244bp Invitrogen 30sec 

SCN2A exon 5N F: GATGAAAGACCAAGGAAGAC 
R: TGGAGATATAAGGGGCCTAC 

200bp Invitrogen 60sec 

SCN2A exon 6 F: TTCCAGGACAAGCTCATG 
R: GTCTAAGTCACTTGATTCAC 

463bp Invitrogen 60sec 

SCN2A exon 7 F: GTGAGCTTTGCCACCTAAAC 
R: TGAGAGTCACCGTGAAGTAG 

280bp HotStarTaq 30sec 

SCN2A exon 8 F: AACAATTAGCAGACTTGCCG 
R: CTACAGCAATTCTCTTGAG 

264bp HotStarTaq 30sec 

SCN2A exon 9 F: CTCAAGAGAATTGCTGTAG 
R: AGGACCGTATGCTTGTTCAC 

326bp HotStarTaq 90sec 

SCN2A exon 10 F: TTCCACATACTTTGCGCCCTTC 
R: CTCTGAAAGCATTGTGCCA 

425bp Invitrogen 60sec 

SCN2A exon 11 F: TCTTCCACATGTCCAATGAC 
R: CACCAGTCACAACTCTCTTC 

526bp Invitrogen 60sec 

SCN2A exon 12 F: CTTTGGGCTTTGCTGCTTTC 
R: AAGTAACTGTGACGCAGGAC 

222bp Invitrogen 30sec 

SCN2A exon 13 F: CCTCCAGCAGATTAACCCAT 
R: GATGTCAAGATATACATGGCC 

483bp Invitrogen 60sec 

SCN2A exon 14 F: TATTCGTGTTTCAAGAGTATTTGCTC 
R: 
GTACATTTTATGAACACTCCCAGTTA 

259bp Invitrogen 30sec 

SCN2A exon 15 F: GCAGAGCATTAACACTGTTC 
R: TATACATGGCTCTTACAGTC 

537bp Invitrogen 60sec 

SCN2A exon 16 F: CCTGTTTTTCCTGCTGTGTTTC 
R: AACAGGAAGGAAACACGC 

598bp HotStarTaq 90sec 

SCN2A exon 17 F: CTGACCTTTACCAAAGCGGA 
R: GAGGATACTCAAGACCAC 

318bp Invitrogen 60sec 

SCN2A exon 18 F: TGAATCTCCCACCAACAC 
R: GAGTGGATCATGCATCACCT 

252bp Invitrogen 30sec 

SCN2A exon 19 F: CTTAGGCACCTGATAAGAGC 
R: AAAGCAGCAAAGTGCAGC 

302bp Invitrogen 30sec 

SCN2A exon 20 F: CATTGCATAGAGCAAGGC 
R: GGTACAAAGTGTCAGTCTGCTC 

236bp Invitrogen 30sec 

SCN2A exon 21 F: TTTCCTTCTCATCCTGTGC 
R: GCCATTCTAACAGGTGGA 

393bp Invitrogen 60sec 

SCN2A exon 22 F: GCCCCAAAAGTGAATAC 
R: GCGCCAATTTCCCTCTAACTAGAC 

224bp Invitrogen 30sec 

SCN2A exon 23 F: GGGCCCAGAGATTAAAACATGC 
R: CAGAGCAAGGATGAAG 

273bp HotStarTaq 30sec 

SCN2A exon 24 F: GAATGAAATGTGGGAGCC 
R: TTCGGGCTGTGAAACGGTTA 

266bp HotStarTaq 30sec 

SCN2A exon 25 F: TTACCTCAGCTCTCCAATCACTGG 
R: GGGAGTTTGGGATGAATG 

557bp HotStarTaq 90sec 

SCN2A exon 26-1 F: GTACCTAACTGTCCTGTTCAC 
R: TCGCATCGGGATCAAACTTC 

714bp HotStarTaq 90sec 
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Amplicon Primer sequences Product 
size 

Enzyme Ext 
time 

SCN2A exon 26-2 F: GGATGGATTGCTAGCACCTA 
R: TATCATACGAGGGTGGAGAC 

782bp Invitrogen 60sec 

SCN2A exon 26-3 F: AGCCTCTGAGTGAGGATGAC 
R: GGTCTCTGTCTTGTTATAGGC 

811bp Invitrogen 60sec 

 

 

Table 5-2: Primers and PCR conditions used for HRM analysis of SCN2A 

mutations 
Mutation Primer sequences Annealing 

Temperature 
Additive 

SCN2A c.3961G>A F: ACTGAGAGCTTTGTCCCG 
R: AGGCATTCAGTCTTACCCT 

62°C None 

SCN2A c.4591C>A* F: CCAAGGAATGGTCTTTGATTT 
R: GCAGATGAGGATCATGATGC 

65°C 5% DMSO 

*Melting data for this assay were acquired over the temperature range of 60-88°C as the 

mutation is located in a region with a low GC content, and therefore a low melting 

point. 

 

Figure 5-1: LightScanner data for the SCN2A mutations  

 
Legend for Figure 5-1 

Normalised melting curves and peaks for the two SCN2A mutations. For both mutations 

normal samples have been coloured grey and those carrying the mutation have been 

coloured red. For both assays two replicates of a sample known to carry the mutation 

were included. 
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Results and Discussion 

Although significant LOD scores demonstrating linkage were not calculated (and not 

achievable for Family WZ), the segregation of the neonatal seizures phenotype in 

families WZ and LJ was consistent with linkage to SCN2A (no recombinants), but not to 

KCNQ2 or KCNQ3 (recombinants observed). Subsequent sequencing identified SCN2A 

mutations in both families: c.3961G>A (p.E1321K) in Family WZ and c.4591C>A 

(p.Q1531K) in Family LJ. The segregation of each mutation within each family is 

shown in Figure 5-2. Both these mutations alter conserved amino acid residues (Figure 

5-3), strongly suggesting that they are pathogenic and responsible for the seizures in 

these two families.  
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Figure 5-2: Pedigrees of families with mutations in SCN2A. 

 
Legend for Figure 5-2 

Pedigrees of the two “BFNS” families with mutations in SCN2A.  
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Figure 5-2: continued 
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Figure 5-3: Conservation of residues altered by mutations in SCN2A 

 
Legend for Figure 5-3 

Alignments of the protein sequences of 29 voltage-gated sodium channel subunits for 

the regions containing the two SCN2A mutations. Residues represented by dots are 

identical between the given sequence and the human SCN2A sequence. p.E1321 is in a 

highly conserved region and the residue is conserved in all but two of the sequences 

shown here. p.Q1531 is in a less conserved region but the residue is highly conserved in 

almost all vertebrate sodium channel sequences shown here.  

 

 

For Family LJ, precise ages of onset were known for seven affected individuals. Six of 

these were in the neonatal period at 1-3 days of age, while LJ:III:10 had seizure onset at 

12 weeks of age. These ages of onset make Family LJ clinically much more similar to 

BFNS families with KCNQ2 mutations than previously recognised BFNIS families with 

SCN2A mutations. The other notable clinical feature of Family LJ is that none of the six 
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members of generation II that carry the SCN2A mutation were affected. The penetrance 

of SCN2A mutations in BFNIS generally is high (Berkovic et al 2004a), so at least some 

of these individuals would be expected to have been symptomatic. It is possible that 

these individuals were actually affected, but that seizures were not observed, were not 

recalled by family members, or were denied. Clinical information for Family WZ was 

limited. However, two of the three affected individuals in the younger generation were 

known to have had seizure onset in the neonatal period. Despite the ages of seizure 

onset mostly being in the neonatal period for both families, the identification of SCN2A 

mutations in both families suggests that they should be regarded as BFNIS, rather than 

BFNS, families.  

 

There is no apparent difference, in terms of location in the protein or changes in charge, 

hydrophobicity or functional group, between the mutations segregating in Families WZ 

and LJ and mutations in SCN2A that have been previously associated with BFNIS with 

older ages of onset (Table 5-3, Figure 5-4). The structure of the SCN2A protein is 

shown in Figure 5-4, with the positions of known mutations associated with BFNIS 

indicated. The protein consists of four homologous transmembrane domains (D1-DIV), 

each containing six transmembrane segments (S1-S6) and a pore-loop. The four pore-

loops form the ion pore. The transmembrane domains are joined by intracellular loops 

and the protein has intracellular N-terminal and C-terminal domains. The mutations 

associated with BFNIS are distributed throughout the protein and all alter amino acid 

residues in the transmembrane segments or intracellular loops. The mutation in Family 

WZ alters an amino acid residue in the intracellular loop adjacent to DIIIS4. Two 

previously described BFNIS mutations are located very close to the Family WZ 

mutation (Figure 5-4). The mutation in Family LJ alters an amino acid residue in 

DIVS1 and does not have any evident differences from other BFNIS mutations located 

in the transmembrane segments (Table 5-3).  
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Figure 5-4: Locations of mutations in SCN2A associated with BFNIS 
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Legend for Figure 5-4 

Structure of the SCN2A protein, showing the locations of published mutations (Heron 

et al 2002, Berkovic et al 2004a, Striano et al 2006a, Herlenius et al 2007, Liao et al 

2010), two mutations from our BFNIS cohort (S. Heron unpublished data) and the new 

mutations identified in Families WZ and LJ. 
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Table 5-3: Amino acid side-chain properties altered by the mutations in SCN2A 

associated with BFNIS 

 Change in Side-chain  

Mutation Functional 

Group? 

Hydrophobicity? Charge Size Age(s) of 

onset 

p.R223Q Yes No +ve to 0 -28 ~3m 

p.M252V Yes No No -32 6d, 4m 

p.V261M Yes No No 32 1d 

p.E430Q Yes No -ve to 0 -1 3d-13m 

p.V761L No No No 14 2-4m 

p.V892I No No No 14 3d-3m 

p.N1001K Yes No 0 to +ve 14 ~5m 

p.L1003V No No No -14 15d-6m 

p.R1319Q Yes No +ve to 0 -28 3-7m 

p.E1321K Yes No -ve to -ve -1 3d-3m 

p.L1330F Yes No No 34 3d-3m 

p.Q1532K Yes No 0 to +ve 0 3d 

p.L1563V No No No -14 <3.5m 

p.I1596S Yes Yes No -26 2-5m 

p.M1609I Yes No No -18 2-9m 

Changes in side-chain properties caused by known mutations in SCN2A (Heron et al 

2002, Berkovic et al 2004a, Striano et al 2006a, Herlenius et al 2007, Liao et al 2010, 

unpublished data). There is no difference evident between the changes in side-chain 

properties caused by the two mutations associated with early-onset BFNIS (indicated in 

bold) and those caused by other mutations associated with a later average age of seizure 

onset. 
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The finding of SCN2A mutations in Families WZ and LJ underscores the clinico-

molecular overlap between BFNS caused by mutations in the M-channel genes KCNQ2 

and KCNQ3 and BFNIS caused by mutations in SCN2A. The extent of this overlap 

becomes apparent when the ranges of ages of onset in patients with KCNQ2 mutations 

and SCN2A mutations are compared. Figure 5-5 shows the ages of onset in patients in 

our BFNS and BFNIS cohorts with mutations in the two genes. While the mean ages of 

onset in the two groups are quite different, occasional patients with KCNQ2 mutations 

had onset at up to 4 months of age and around 20% of patients with SCN2A mutations 

had onset of seizures in the first week.  

 

Figure 5-5: Distribution of ages of seizure onset in patients with KCNQ2 or SCN2A 

mutations 

 
Legend for Figure 5-5 

Comparison of ages of seizure onset in patients with KCNQ2 and SCN2A mutations. 

Only patients with known ages of onset were included in this analysis. While the 

majority of patients with KCNQ2 mutations had onset in the first week, occasional 

patients had later onset at up to 4 months of age. The majority of patients with SCN2A 

mutations had onset at between 2 and 6 months of age, but around 20% had seizure 

onset in the first week.  
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The possibility of mutations in KCNQ2, KCNQ3 and SCN2A needs to be considered in 

the molecular investigation of families in which patients have seizure onset in both the 

neonatal and infantile periods. Molecular testing of these three genes can be the only 

way of definitively separating BFNS from BFNIS given their overlapping clinical 

spectrums. Since the distribution of overlapping symptoms is different, they must be 

regarded as different clinical conditions rather than a single heterogenous clinical 

condition. This molecular differentiation is especially important in small families or 

families with limited clinical information, where a small number of affected individuals 

may not give a representative picture of the typical age of seizure onset. The molecular 

delineation is of clinical significance, as the risk of later seizures differs between 

families with mutations in the three genes. Fifteen percent of individuals with KCNQ2 

mutations go on to have seizures in later life. This has not been reported in families with 

KCNQ3 mutations (Singh et al 2003), although few mutations have been reported in this 

gene overall. In BFNIS families with SCN2A mutations, affected individuals generally 

have normal development after infancy (Heron et al 2002, Berkovic et al 2004a), 

although a single large BFNIS family where two individuals had later seizures has been 

reported (Herlenius et al 2007). Therefore, a molecular diagnosis may have prognostic 

value when managing these patients and their families. 
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Conclusion 

Mutations in SCN2A were identified in two families initially ascertained on clinical 

criteria as BFNS. Additionally, several of the families in the BFNS cohort with KCNQ2 

mutations were initially ascertained as BFNIS before closer examination of the clinical 

data and the identification of the molecular lesion led to a diagnosis of BFNS. There is 

clinico-molecular overlap between BFNS and BFNIS, and mutation testing for these 

disorders needs to consider KCNQ2, KCNQ3 and SCN2A. This is especially important 

in small families or families with limited information regarding ages of seizure onset, as 

this information could be misleading when attempting to differentiate between 

diagnoses of BFNS and BFNIS. This differentiation is of clinical significance as 15% of 

patients with KCNQ2 mutations go on to have seizures later in life whereas this is a rare 

occurrence in patients with SCN2A mutations. Such cases highlight the growing 

importance of molecular based classification in some areas of epilepsy. 
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Summary 

A patient with neonatal seizures and long-QT syndrome (LQTS) was investigated for 

mutations in ion-channel genes associated with both BFNS and LQTS. The combination 

of a rare, previously suspected LQTS susceptibility variant in the potassium channel 

subunit gene KCNE2 and a mutation in another LQTS gene, the sodium channel subunit 

gene SCN5A, was found. This raised the possibility that these variants act in concert to 

cause both the LQTS and the neonatal seizures phenotype in the patient. Neither gene 

has been previously associated with epilepsy although both ion channels are expressed 

in the brain. 
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Introduction 

The proband from one of the unsolved BFNS families, Family RC, had an unusual 

phenotype. This patient had long-QT syndrome (LQTS) as well as neonatal seizures 

documented on EEG. The patient was investigated for mutations in a set of ion-channel 

genes associated with BFNS and a set of ion channel genes associated with LQTS as it 

was thought that he could have had mutations in more than one of these genes. The 

patient was also screened for pathogenic CNVs using array CGH to test the hypothesis 

that a CNV with effects on contiguous genes was causing him to display symptoms 

consistent with a novel syndrome. 

 

The vast majority of cases of LQTS are caused by mutations in one or more of the 

potassium channel subunit genes KCNQ1, KCNH2, KCNE1 and KCNE2 or the sodium 

channel subunit gene SCN5A (Goldenberg and Moss 2008). While seizures have not 

previously been generally regarded as being associated with these genes, recent data 

suggests that this needs to be reconsidered. Thirty-nine percent of LQTS probands with 

mutations in KCNH2 were recently described with a history of seizures (Johnson et al 

2009) and a case has been described of a patient with a KCNH2 mutation who was 

originally diagnosed with epilepsy (Omichi et al 2010). A patient with idiopathic 

epilepsy, which led to sudden unexpected death in epilepsy (SUDEP), was found to 

have an SCN5A mutation (Aurlien et al 2009). SUDEP is hypothesised to result from 

cardiac arrhythmia and has been reported in a GEFS+ family with an SCN1A mutation 

(Hindocha et al 2008). This chapter describes another patient with both LQTS and 

seizures, in this case neonatal seizures. 
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Methods specific to this Chapter 

 

Mutation screening 

The proband from Family RC and his father had previously been tested for mutations in 

all exons of KCNQ2 and KCNQ3 by direct sequencing. The proband was screened for 

large deletions and duplications by MLPA as part of the work described in Chapter 4. 

The proband and his father were subsequently sequenced for two LQTS gene, KCNE1 

and KCNE2. The proband was tested for mutations in three additional LQTS genes, 

SCN5A, KCNQ1 and KCNH2, by Ms Caitlin Edwards of Molecular Genetics PathWest 

at the Princess Margaret Hospital, Perth, WA, Australia, who had the necessary reagents 

for routine screening of these genes. Additional family members were tested for the 

KCNE2 variant by direct sequencing and Ms Caitlin Edwards tested these individuals 

for the SCN5A mutation using restriction enzyme digestion with HinfI. 

 

Comparative Genome Hybridisation 

DNA was sent to Roche-Nimblegen for hybridisation and scanning as described in 

Chapter 2. A commercially available whole genome array with a median probe spacing 

of 6270bp (Nimblegen Cat# B4366-00-01) was used to screen the proband for 

pathogenic CNVs. Data was returned and analysed using SignalMap as described in 

Chapter 2. 

 

Parentage testing 

Parentage testing was done using 12 highly polymorphic microsatellite markers by the 

Molecular Genetics Laboratory, SA Pathology at the WCH. The markers used were: 

D3S3680, D4S418, D6S289, D7S2560, D8S281, D13S221, D13S175, D15S117, 

D19S1150, DXS1113, DXS1036, DXS7423. 
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Results and Discussion 

No mutations in the BFNS-associated genes KCNQ2 and KCNQ3 were identified in the 

proband from Family RC. He also did not have any detectable pathogenic CNVs that 

could have resulted in a novel contiguous gene syndrome (Appendix 6-1). However, a 

rare variant and a mutation were identified in two genes associated with Long QT 

syndrome: KCNE2 and SCN5A. The variant in KCNE2 was c.170T>C (p.I57T). This 

variant was present in the proband and his unaffected father and younger siblings. This 

variant has previously been described in two LQTS patients, in one of whom the cardiac 

arrhythmia was drug-induced by the antihistamine oxatomide (Abbott et al 1999, Sesti 

et al 2000). This, along with the presence of the variant in three unaffected family 

members, suggests that if it is a susceptibility allele that contributes to LQTS as 

previously reported (Sesti et al 2000) then it alone is not sufficient to cause LQTS. 

Despite this, the variant does alter a conserved amino acid (Figure 6-1), resulting in a 

change in hydrophobicity in the transmembrane domain. 

 

The mutation found in SCN5A was c.4868G>A (p.R1623Q). This mutation was present 

in the proband, but not in his parents or siblings, and is therefore a de novo mutation. 

Paternity was confirmed using 12 highly polymorphic microsatellite markers. The 

p.R1623Q mutation has previously been reported several times as an LQTS mutation 

(Yamagishi et al 1998, Miller al el 2004, Ten Harkel et al 2005, Millat et al 2006). In 

two of these cases the mutation occurred de novo (Yamagishi et al 1998, Ten Harkel et 

al 2005) as in the case described here. In a third case it was transmitted from a mother 

with somatic mosaicism to her three affected offspring, two of whom were stillborn 

(Miller et al 2004). This mutation affects the outermost highly conserved arginine 

residue in the DIVS4 transmembrane segment (Figure 6-2). The positively charged 

arginine residues in this domain are critical for the sensing of changes in membrane 

voltage and the opening of the channel in response to these changes. The replacement of 

one of these residues with a neutral glutamine residue would therefore be expected to 

have a significant effect on channel function. 

 

In all four reports the LQTS phenotype associated with the p.R1623Q mutation was 

unusually severe, being detected prenatally by ultrasound in two cases (Miller et al 

2004, Ten Harkel et al 2005). A third case was diagnosed at one month of age (Millat et 

al 2006). The fourth case was described as “unusually severe” but no clinical 
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information was given (Yamagishi et al 1998, Makita et al 1998). In contrast, most 

cases of LQTS are diagnosed in late childhood or adolescence (Ten Harkel et al 2005). 

Electrophysiological studies of the p.R1623Q mutation indicate that its phenotypic 

effects differ from those of other LQTS mutations, with the mutation impairing channel 

inactivation to a greater extent than other mutations do (Kambouris et al 1998, Makita 

et al 1998). The unusually early age of onset and severity of the cardiac arrhythmia 

associated with this mutation has been attributed to this (Makita et al 1998). This 

SCN5A mutation clearly explains the severe LQTS seen in the proband in family RC. 

The pedigree of the family showing the segregation of these two variants is shown in 

Figure 6-3. 
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Figure 6-1: Conservation of vertebrate KCNE2 orthologues 
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Legend for Figure 6-1 

Alignment of amino acid sequences from 12 vertebrate KCNE2 orthologues (Top panel: 

Residues 1-60. Bottom panel: Residues 61-123. Residues represented by dots are 

identical between the given sequence and the human KCNE2 sequence. I57 lies in the 

transmembrane domain (indicated by the box), which is highly conserved between 

species. 

 

 

Figure 6-2: Conservation of voltage-gated sodium channel DIVS4 

  

Legend for Figure 6-2 

Alignment of amino acid sequences from 24 voltage-gated sodium channels 

(orthologues and paralogues). Residues represented by dots are identical between the 

given sequence and the human SCN5A sequence. The arginine residue at position 

p.1623 is invariable in all the sequences shown here, as is most of the sequence of 

DIVS4 (indicated by the box). DIVS4 contains eight positively charged arginine or 

lysine residues spaced regularly at every third residue, all of which are highly conserved 

across species.  
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Figure 6-3: Pedigree of Family RC 

 
Legend for Figure 6-3 

Pedigree of Family RC showing segregation of the SCN5A mutation and the KCNE2 

variant. The KCNE2 variant is present in the proband, RC:IV:1, as well as his 

unaffected father and siblings. The SCN5A mutation is only present in the proband and 

is therefore a de novo mutation. 

 

 

The two variants may also explain the neonatal seizures seen in this patient. The 

expression of scn5a has been detected in the limbic forebrain of rats, and a role for the 

gene in disturbances of neuronal firing has been proposed (Hartmann et al 1999). 

Furthermore, a recent report (Aurlien et al 2009) describes a patient with an SCN5A 

mutation who had idiopathic epilepsy and who died of sudden unexpected death in 

epilepsy (SUDEP), which is hypothesised to result from cardiac arrhythmia. Further 

evidence for a possible connection between LQTS and epilepsy is provided by a recent 

study linking mutations in the LQTS gene KCNH2 with an increased likelihood of 

seizures or epilepsy (Johnson et al 2009) and a report of a patient with a mutation in 

KCNH2 who was initially diagnosed with epilepsy (Omichi et al 2010).  

 

The KCNE2 protein has been shown by co-immunoprecipitation experiments to 

associate with the KCNQ2 and KCNQ3 proteins, expression in the rat brain has been 
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observed by in situ hybridisation, and electrophysiological studies showed that KCNE2 

co-expression accelerates KCNQ2+KCNQ3 channel activation and deactivation (Tinel 

et al 2000). Co-expression of KCNQ2+KCNQ3 with a KCNE2 protein carrying the 

p.I57T variant further accelerated channel activation (Tinel et al 2000). Therefore, this 

variant would be expected to alter M-channel function in the brain. It is possible that the 

SCN5A mutation and the KCNE2 variant, acting together, caused the neonatal seizures 

in the proband of family RC.  
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Conclusion 

The neonatal seizures in the proband of Family RC may result from the combined 

functional effects of the two variants identified in him. While neither change is in a 

gene that has been previously associated with seizures, both genes are expressed in the 

brain and the combined effects of the variants may perturb neuronal firing, in addition 

to effects on cardiac hyperexcitability. The findings in this case and other anecdotal 

reports suggest that the molecular investigation of other cases with similar phenotypes 

may shed further light on what we postulate to be “cardio-cerebral” channelopathies. 
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Appendix 6-1 

Whole genome CGH results for Patient RC:IV:1 
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Appendix 6-1: Whole genome CGH results for RC:IV:1 

 
Results for chromosomes 1-12 from the whole-genome CGH array for RC:IV:1. Data 

was averaged over 60kb blocks. 
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Appendix 6-1 continued 

 
Results for chromosomes 13-22, X and Y from the whole-genome CGH array for 

RC:IV:1. Data was averaged over 60kb blocks. 
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Summary 

Some individuals with BFNS have an atypical phenotype with a more severe outcome 

that in some cases includes developmental delay, intellectual disability and poor muscle 

tone. One such family, with neonatal seizures and intellectual disability, was studied as 

part of the BFNS cohort described in the previous chapter. A microduplication at 

chromosome 2q24.3 was identified in this family during linkage studies performed to 

exclude candidate regions, prior to the sequencing of known candidate genes not 

excluded by recombination. The microduplication was serendipitously detected by the 

observation of an additional allele for two microsatellite markers flanking SCN2A and 

then characterised further using additional microsatellites, MLPA, array CGH and 

FISH.  
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Introduction 

Benign familial neonatal seizures (BFNS) and the other benign seizure disorders of 

infancy generally occur in individuals with normal cognition and development. 

However, occasional families have been reported in which some individuals have more 

severe disorders and poor developmental outcomes including developmental delay, 

intellectual disability (ID) and poor muscle tone (Dedek et al 2003, Borgatti et al 2004, 

Schmitt et al 2005, Steinlein et al 2007). Several families in the BFNS cohort studied as 

part of the Epilepsy Research Program also include individuals with more severe 

outcomes, including Family GW first referred to in Chapter 3 (Page 72). During testing 

for linkage to the three known genes associated with neonatal seizures, KCNQ2, 

KCNQ3 and SCN2A, this family was found to have a microduplication involving 

SCN2A. This duplication was extensively characterised using further microsatellite 

markers, MLPA, CGH and FISH. Several other patients with similar phenotypes were 

tested to determine if they had similar duplications or other copy number variants 

(CNVs) using microsatellite markers and array CGH but no abnormalities were detected 

in these patients.  

 

Description of Family GW 

Family GW is an Australian family of Anglo-Saxon origin. The family’s pedigree is 

shown in Figure 7-1. The family contains four individuals with neonatal onset of 

seizures and learning difficulties or ID. The proband (individual GW:III:2) had seizures 

in infancy and moderate ID. His younger sisters (GW:III:4 and GW:III:5) had neonatal 

seizures and mild ID. The proband’s older brother (GW:III:1) had ID but no neonatal 

seizures. Their mother (GW:II:2) had neonatal seizures and experienced some learning 

difficulties. The father of the affected children (GW:II:1) was not available for study but 

was reported to have had convulsions between 8 and 12 years of age. Both parents of 

the affected mother (GW:I:1 and GW:I:2) were healthy with no history of seizures or 

ID. A detailed clinical description of the affected family members, compiled by 

Professor Ingrid Scheffer, Ms Bronwyn Grinton, Ms Karen Oliver and Professor 

Samuel Berkovic of the Epilepsy Research Centre, Austin Health and the University of 

Melbourne, is given in Appendix 7-1.  
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Figure 7-1: Pedigree of Family GW 

 
Legend for Figure 7-1 

Pedigree of Family GW. The proband is indicated by the arrow. Family members who 

were found to have the duplication following the analyses shown in Figures 7-2 to 7-5 

are indicated by +, those without the duplication are indicated by – and those 

unavailable for testing are indicated by NT.   
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Molecular and Cytogenetic Analysis of the Family 

Linkage analysis 

The family was analysed for linkage to KCNQ2, KCNQ3 and SCN2A using 

microsatellite markers as described in Chapter 5 (Page 126). Additional microsatellite 

markers linked to SCN2A were analysed using the same methods. Two additional 

microsatellites within SCN2A, SCN2A AC2 and SCN2A AC3 were identified as 

described in Chapter 2. The primer sequences for these markers were: SCN2A AC2; 5’-

TCCACAGGTGGTGTTATGCTAG-3’ and 5’-TATCACTCCGTATAGCGCACTG 

and SCN2A AC3; 5’-CTCAGCAGACCAACAAGCACAG and 5’-

TGATGTGCATCAGCCACGTGAG-3’. 

 

Determination of microsatellite marker peak heights 

PCRs were performed using the same method as for microsatellite analysis. A sample of 

the PCR products was run on an ABI 3100 Avant DNA analyser (Applied Biosystems).   

 

MLPA 

MLPA was done using a kit specific for SCN1A (MRC-Holland kit P137 SCN1A), 

which contains probes for 25 of the 26 exons of SCN1A (a probe for exon 9 is not 

included) and 13 control probes for other regions of the genome. Automated analysis, 

using GeneMarker v1.5 software (SoftGenetics) comparing peak heights was carried 

out on files imported direct from an ABI 3100 Avant DNA analyser (Applied 

Biosystems) as described in Chapter 2. 

 

CGH 

CGH was done using a chromosome 2 specific tiling array (Nimblegen design 

B3733001-00-01) or whole-genome tiling arrays (Nimblegen design B6902-00-01 or 

090527-HG18-WG-CGH-v3.1-HX3). The first two arrays each contain 385,000 probes 

while the latter array is a newer design containing 720,000 probes. Median spacing 

along the chromosome for probes on the chromosome 2 array was 575bp and probe 

sizes on the chip varied from 50 to 75bp. Median spacing for probes on the 385K 

whole-genome array was 7073bp and median spacing for probes on the 720K whole-

genome array was 2509bp. The probes for both arrays were 60bp in length. (Roche 

Nimblegen, Madison, Wisconsin, www.nimblegen.com/products/cgh/human.html). 

Files containing the raw and normalized hybridisation data were returned and were 
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analysed using SignalMap software (v1.9; Roche NimbleGen; Madison, Wisconsin) to 

visualize the log2-ratio data after median scaling. 

 

Long-range PCR 

PCR was carried out using the primers 5’-GACTAGGCAATATCATAGCATAG-3’ 

and 5’-CACAACAGTGGTTGATTCAGTTG-3’ and Invitrogen Taq polymerase, with 

reactions containing 4mM MgCl2, 15ng/µl of each primer and 200ng of template DNA 

in a 20µl reaction volume. Reactions were done using the cycling temperatures 

described in Chapter 2, with a 4 minute extension time and a 10 minute final extension. 

Products were analysed by electrophoresis on 0.8% agarose gels. Sequencing was 

performed as described in the Chapter 2. 

 

FISH 

Preparation of metaphase chromosomes and nuclei from venous blood collected in 

lithium-heparin tubes, Geimsa-Trypsin-Leishmann banding analysis, fluorescent 

labelling of BACs using nick-translation kits (Abbott Molecular Inc, Des Plaines, IL, 

USA) and FISH were done by and interpreted in collaboration with Ms Helen Eyre and 

Ms Sharon Bain of the Cytogenetics Laboratory, SA Pathology at the WCH, using 

standard methods.  

 

Bacterial artificial chromosome (BAC) clones for use as probes were selected from the 

Human 32K BAC array library (Krzywinski et al 2004). The clones were obtained from 

the Children’s Hospital Oakland Research Institute (Oakland, CA, USA). The BAC 

DNA was amplified using the illustra™ GenomiPhi V2 DNA Amplification Kit (GE 

Healthcare, Little Chalfont, UK), according to the manufacturer’s instructions. 1µg of 

amplified BAC DNA was directly labelled with Spectrum Orange or Spectrum Green. 
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Results 

Identification of a Chromosome 2q24.3 microduplication 

Microsatellite repeat analysis was performed using three markers linked to SCN2A on 

chromosome 2q to determine if they co-segregated with the disorder. Unexpectedly, 

three alleles were seen in all four affected individuals for D2S2157 and in two of the 

four affected individuals for D2S2330 (Figure 7-2a). Subsequent analysis of the peak 

heights for D2S2330 (Figure 7-2b) indicated that two copies of one allele were present 

in the two other affected individuals. This suggested that all four affected individuals 

carried three alleles for these two microsatellite markers, and therefore had a 

duplication at chromosome 2q24 for at least the region between the two markers, 

including SCN2A, SCN3A and other contiguous genes. The duplication arose de novo in 

the mother of the proband (GW:II:2), who inherited both alleles for a part of 2q24.3 

from her father (GW:I:1). This is evident as the mother and her three affected children 

all carry both alleles from her father, but the mother of the proband only carries one 

allele from her mother (GW:I:2). This duplication presumably arose as the result of 

unequal crossover during meiosis. 
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Figure 7-2: Identification of an extra microsatellite allele. 

 
Legend for Figure 7-2 

A: GelScan images showing the alleles for two microsatellites flanking SCN2A for 

Family GW. Each allele is represented by a primary band plus shadow bands, which are 

frequently seen in gels of AC repeat microsatellite markers. Individuals GW:II:2, 

GW:III:2, GW:III:4 and GW:III:5 have three bands for D2S2157. Individuals GW:II:2 

and GW:III:4 also have three bands for D2S2330. Individuals GW:III:2 and GW:III:5 

have two bands for D2S2330, but the upper band is darker than the lower band, which 

suggests they carry two copies of the larger allele.  

B: Output from the DNA fragment analyser for D2S2330. For GW:III:2, the peak for 

the 163bp allele is approximately twice the height of that seen in individual GW:I:1 

(1050 compared to 600), while the peak heights for 155bp allele are similar for both 

individuals (approximately 800), confirming the presence of two D2S2330 alleles in 

GW:III:2. A similar result was seen for individual GW:III:5. 
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Determination of the size of the duplication 

Additional markers were analysed to determine the approximate size and breakpoints of 

the duplication. MLPA of SCN1A, which is located on the q arm approximately 200kb 

telomeric of D2S2330, was performed to determine whether it was included in the 

duplication. The microsatellite analysis narrowed down the size of the duplication to 

between 0.9 and 6.5Mb, with the centromeric breakpoint in a 4.5Mb region between 

D2S2157 and D2S2290 (Figure 7-3). MLPA showed that the telomeric breakpoint was 

between exons 8 and 10 of SCN1A (Figure 7-4) and therefore that the duplication was 

between 1.1 and 5.6Mb in size.  

 

CGH using a chromosome 2 specific array was later done for individual GW:II:2. This 

confirmed the location of the telomeric breakpoint within SCN1A, showed that the 

centromeric breakpoint was near the 3’ end of the gene GRB14 and that the duplication 

was 1.57Mb in size (Figure 7-5a). The duplicated chromosomal region contains eight 

intact genes: GRB14, COBLL1, SLC38A11, SCN3A, SCN2A, CSRNP3, GALNT3, and 

TTC21B as well as the 3’ end of SCN1A. CGH using a whole genome array was also 

done for the affected children (GW:III:2, 4 and 5). This showed that there were no other 

pathogenic microchromosomal abnormalities in the family, and that the chromosome 

2q24.3 microduplication was stably transmitted (Figure 7-5b). 
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Figure 7-3: Analysis of the duplication using additional microsatellites. 

 
Legend for Figure 7-3 

A: GelScan images for three additional AC repeat microsatellite markers. D2S2290 and 

D2S1379 are not duplicated in any family member, while D2S124, located within 

SCN2A, is duplicated as seen in GW:II:2, GW:III:2, GW:III:4 and GW:III:5. GW:III:4 

does not have three alleles evident, but appears to have two copies of allele 2 as the 

associated bands are darker than those for allele 3. B: Map showing the relative 

positions of the five markers tested, and the minimum and maximum sizes of the 

duplication determined from the marker analysis. 
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Figure 7-4: MLPA of SCN1A for Family GW. 

 
Legend for Figure 7-4 

MLPA results for individuals GW:I:1 (normal) and GW:III:2 (affected) for SCN1A. 

Results for normal exons are shown as green squares, abnormal exons are shown as red 

squares and control probes are shown as blue squares. Exons are not shown in 

contiguous order, but rather in the order of fragment size, which is determined by the 

design of the MLPA kit used. The affected family members had a duplication of exons 

10-26 of SCN1A, as indicated by the upward displacement of the height ratio for these 

exons indicating the presence of an extra copy, while exons 1-8 were present in the 

normal diploid dose. The MLPA kit used does not contain a probe for exon 9 of SCN1A, 

due to technical difficulties associated with probe design. Thus it was not possible to 

determine by MLPA whether or not this exon was included in the duplication. 
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Figure 7-5: CGH of chromosome 2 for Family GW. 

 
Legend for Figure 7-5 

A: CGH results for patient GW:II:2 from a chromosome 2 specific array. The top panel 

shows the data for the entire chromosome aligned to a cytogenetic map. The duplication 

can be seen at 2q24. The bottom panel shows an expanded view of the duplicated region 

aligned to a physical genetic map showing the structures of the duplicated genes. The 

arrows indicate the direction of transcription of each gene. B: CGH results for patients 

GW:III:2, 4 and 5 for chromosome 2, taken from a whole-genome array. The same 

duplication is seen in all three patients, affecting the same region as seen in patient 

GW:II:2. 
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Determination of the orientation and insertion point of the duplication 

Preliminary FISH experiments were done using single BAC probes to determine probe 

specificity for 2q24.3 and whether probes hybridised within the duplication. Several 

probes, which did not show specificity for 2q24.3, were not used for further 

experiments. FISH experiments were then performed using two combinations of probes 

and images were captured of nuclei to determine the order of probe binding, as the 

separation between the probes could not be discerned during analysis of metaphase 

chromosomes, although increased signal intensity was apparent (Figures 7-6c and d, 7-

7b).  

 

The first experiment used three probes within the duplication (Figure 7-6). These were 

RP11-452N17 and RP11-652L22 labelled with SpectrumGreen and RP11-734K19 

labelled with SpectrumOrange as shown in Figure 7-6a. In this experiment, the 

duplication showed as five distinct signals in images of nuclei while the normal 

chromosome showed the expected three signals (Figure 7-6e). The second experiment 

used two probes within the duplication; RP11-743K19 labelled with SpectrumGreen 

and RP11-652L22 labelled with SpectrumOrange as well as a probe binding 

centromeric of the duplication; RP11-721B14 labelled with SpectrumOrange as shown 

in Figure 7-7a. This experiment also showed five distinct signals on the duplicated 

chromosome and the expected three signals on the normal chromosome (Figure 7-7c 

and d).  

 

 



 Chapter 7 173 

Figure 7-6: FISH experiment one 

 
Legend for Figure 7-6 

A: Binding sites of the three probes used for the experiment. The duplicated region is 

shown in black and the flanking regions in grey. B-E: FISH of patient III:4 using the 

probes indicated in A. B: Metaphase spread with Chromosome 2q indicated by the 

arrows, and ideogram showing the chromosomal location of 2q24.3. C: The same 

metaphase spread as in B, with SpectrumGreen labelled probes shown, showing their 

specific binding to 2q24.3. D: Metaphase spread with SpectrumGreen and 

SpectrumOrange labelled probes, showing co-localisation of all probes. E: Nucleus with 

SpectrumGreen and SpectrumOrange labelled probes, showing partial inversion of the 

duplication. In images C, D and E the chromosome carrying the duplication is indicated 

by the arrow. 
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Figure 7-7: FISH experiment two 

 
Legend for Figure 7-7 

A: Binding sites of the three probes used for the experiment. The duplicated region is 

shown in black and the flanking regions in grey. B-D: FISH of patient II:2 using these 

probes. B: Metaphase spread showing specific binding of the probes to 2q24. C&D: 

Nuclei with SpectrumGreen and SpectrumOrange labelled probes, confirming inversion 

of the duplication. In images B, C and D the duplicated chromosomes are indicated by 

the arrows. 

 

 

These FISH experiments indicated that the duplicated sequence was partially inverted 

and inserted at the telomeric duplication breakpoint in or near SCN1A. The centromeric 

end of the duplication containing the gene GRB14 is not involved in the inversion as no 

separate signal was seen for RP11-452N17 when preliminary experiments were done 

using this probe alone (data not shown) and duplication of only one green labelled 

probe was apparent when it was used with the other two probes (Figure 7-6e). The 

duplication appears to contain two copies of GRB14 at the centromeric end, with the 

extra copy inserted in an unknown orientation. Next there is the sequence from 

COBLL1 to at least TTC21B in the normal orientation, followed by this sequence 

inverted. A hypothetical structure of the duplication based on the FISH results is 

illustrated in Figure 7-8. 
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Figure 7-8: Hypothetical structure of the duplication in Family GW. 

 
Legend for Figure 7-8 

Hypothetical structure of the duplication, based on the FISH results. The duplication 

contains an extra copy of GRB14, inserted in an unknown orientation, at the 

centromeric end. Next to this is the normal sequence containing seven intact genes and 

exons 10-26 of SCN1A, followed by this sequence inverted and inserted between exons 

8 and 10 of SCN1A. This structure is based on the assumption that the duplicated 

sequence is inserted precisely at the telomeric duplication breakpoint. 

 

 

Analysis of breakpoints by long-range-PCR (LR-PCR) 

PCR products of approximately the expected size (2921bp) were amplified from the 

four affected family members using primers flanking the telomeric duplication 

breakpoint and these products were sequenced. Heterozygosity for at least one single 

nucleotide polymorphism (SNP) was seen in two of the four affected family members, 

indicating the presence of PCR products from two distinct alleles in these individuals. 

All SNP haplotypes showed Mendelian inheritance (Figure 7-9). This indicated that the 

duplication did not disrupt the normal copy of SCN1A between exons 8 and 10 on the 

chromosome 2 homologue carrying the duplication.  
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Figure 7-9: Long-range PCR of the breakpoint in SCN1A in Family GW 

 
Legend for Figure 7-9 

A: Locations of exons and SNPs within the 2921bp PCR product spanning the telomeric 

duplication breakpoint, which was amplified using primers flanking exons 8 and 10 of 

SCN1A. B: Haplotypes of six SNPs observed when the product was sequenced in 

members of Family GW. Heterozygosity for at least one SNP in GW:II:2 and GW:III:4 

and Mendelian inheritance of haplotypes indicates that two PCR products from separate 

alleles were amplified from individuals with the duplication. 

 

 

The duplication in Family GW contains eight genes and possibly disrupts SCN1A. The 

most likely mechanism causing the phenotype in the family is the overexpression of the 

voltage-gated sodium channel genes SCN2A and SCN3A. The possible disruption of 

SCN1A may also play a role in the phenotype, although this is uncertain.  
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Analysis of other families 

Individuals from three small families with neonatal or infantile seizures and 

developmental delay were tested for duplications affecting SCN2A by analysis using 

three microsatellite markers within the gene (D2S124, SCN2A AC2 and SCN2A AC3). 

The pedigrees for these families are shown in Figure 7-10. No evidence of a duplication 

involving SCN2A was seen in these families. The probands from Families A and T were 

subsequently analysed by whole-genome array CGH with no abnormalities being 

detected, confirming this. 

 

Figure 7-10: Pedigrees of other families examined for microduplications. 

 
Legend for Figure 7-10 

Pedigrees of three additional families tested for duplications affecting SCN2A. These 

families were tested as they all have members with neonatal or infantile seizures, but 

have atypical phenotypes, with two of the three families having members with 

developmental delay. These families had the most similar phenotypes to that seen in 

Family GW. 
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Discussion 

The duplication identified in Family GW is likely to be pathogenic as it co-segregates 

with the neonatal seizure phenotype in the family, affects dosage of at least one 

epilepsy-related gene and the phenotype appeared concurrently with the de novo 

mutation in individual GW:II:2. Similar mutations were not found in other families with 

atypical neonatal seizures, suggesting that duplications similar to that seen in Family 

GW are a rare cause of neonatal seizures and ID. Indeed, the 2q24.3 microduplication 

including SCN2A may be a mutation unique to this family. No other pathogenic CNVs 

were detected in these families by whole-genome array CGH. 

 

Most BFNS patients have normal intellect and a benign outcome. However, occasional 

families in which some individuals have more severe phenotypes have been reported 

(Dedek et al 2003, Borgatti et al 2004, Steinlein et al 2007). Family GW is similar to 

these families in terms of age of seizure onset and the variability of outcome, with the 

mother having less severe intellectual disability than her children. The involvement of 

SCN2A in the structural mutation in this family and the variability in age of seizure 

onset also invites comparison with BFNIS, in which seizure onset varies from the 

neonatal period to infancy within a family (Heron et al 2002, Berkovic et al 2004a, 

Herlenius et al 2007). However, all affected individuals in reported families with 

BFNIS have had normal developmental outcome (Heron et al 2002, Berkovic et al 

2004a, Striano et al 2006a, Herlenius et al 2007) and occasional members with a later 

age of seizure onset have been reported in a proportion of BFNS families with KCNQ2 

mutations (Lerche et al 1999, Singh et al 2003, de Haan et al 2006, Heron et al 2007a). 

The seizure phenotype in Family GW is therefore closer to that described in some 

BFNS families. 

 

The chromosome 2 duplication in the family described here contains eight intact genes: 

GRB14, COBLL1, SLC38A11, SCN3A, SCN2A, CSRNP3, GALNT3, and TTC21B as 

well as the 3’ end of SCN1A. The main culprits likely to be responsible for the 

phenotype are one or more of the duplicated (SCN2A, SCN3A) or partially duplicated 

(SCN1A) sodium channel subunit genes. A missense mutation in SCN3A, predicted to 

lead to prolonged action potentials, has been reported in a boy with cryptogenic partial 

epilepsy and normal development (Holland et al 2008). Mutations in SCN2A leading to 

increased sodium current cause BFNIS (Scalmani et al 2006, Xu et al 2007, Liao et al 
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2010). The duplication of SCN2A and SCN3A may lead to increased expression, and 

therefore increased sodium current and neuronal hyperexcitablity, and this could be a 

major contributor to the seizure phenotype in Family GW. The expression levels of 

these genes in family members cannot be tested directly as the relevant neural tissue is 

unavailable. Testing levels in fibroblasts or lymphoblastoid cells lines is possible but as 

these genes are not expressed at high levels outside the brain, these results may not be 

meaningful. Furthermore, the expression levels in these tissues may not reflect those in 

the brain. 

 

The functions of two of the other duplicated genes are known and the duplication of 

these genes is unlikely to be involved in the phenotype seen in this family. The product 

of GRB14 is a member of the Grb7 adaptor protein family and is a negative regulator of 

insulin receptor signalling. Mice deficient in Grb14 show increased glucose tolerance 

while obese mice, diabetic rats and patients with type II diabetes show increased 

expression of the gene in adipose tissue (Cariou et al 2004, Depetris et al 2005). It is 

therefore possible that overexpression of this gene could lead to decreased glucose 

tolerance or be associated with type II diabetes but no evidence of this has been 

observed in Family GW. GALNT3 codes for an enzyme involved in the O-glycosylation 

of serine and threonine residues during the post-translational modification of 

glycoproteins. Autosomal recessive inheritance of mutations in GALNT3 results in 

familial tumoral calcinosis, a severe metabolic disorder caused by increased absorption 

of phosphate from the kidneys leading to the subcutaneous deposition of calcium 

phosphate (Topaz et al 2004).  

 

The potential role of some of the other duplicated genes is less clear. COBLL1 is a 

homologue of COBL. The mouse orthologue of this gene, cobl, has a role in neural tube 

closure (Carroll et al 2003). The role of COBLL1 is not well defined and the potential 

phenotypic consequences of its duplication cannot be predicted. SLC38A11 and 

CSRNP3 code for a putative sodium coupled amino acid transporter and a putative 

transcription factor respectively, however nothing is known about the biological role of 

either molecule. The function of the product of TTC21B is unknown. The lack of 

knowledge about the biological roles of these four genes means that although 

dysfunction of the sodium channel subunit genes is the most likely cause of the 
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phenotype in the family, any role that these genes may play in the phenotype, either 

individually or in combination, cannot be predicted with any degree of certainty.  

 

Part of SCN1A is involved in the duplication but it is not clear precisely where the 

duplicated sequence is inserted. It is possible that the insertion of the duplicated region 

disrupts the normal copy of SCN1A. The results from FISH suggest that this may be the 

case, as the duplicated sequence is inserted at or near the telomeric duplication 

breakpoint. However, as it is possible to PCR amplify sequences from both alleles 

across this breakpoint, this particular region of SCN1A at least is not disrupted. 

Therefore, the duplication must be either inserted elsewhere in SCN1A, or else adjacent 

to it. Mutations disrupting the structure of SCN1A cause Dravet syndrome, a severe 

infantile epileptic encephalopathy with a distinctly different phenotype to that seen in 

Family GW (Harkin et al 2007, Mullen and Scheffer 2009). Children with Dravet 

syndrome have seizure onset at 6 months of age with a characteristic seizure evolution 

and normal development up to one year of age. The patients in Family GW had seizure 

onset in the neonatal period with offset by 20 months and their development was 

abnormal from birth. Two explanations may be posited for this difference in phenotype. 

Either the mutation does not disrupt SCN1A and the phenotype is solely due to 

increased expression of the duplicated genes, or expression of SCN1A is disrupted, 

contributing to the phenotype. It is also possible that any disruption of SCN1A is 

compensated for by the increased expression of SCN2A and SCN3A. Finally, the 

phenotype is likely to be influenced by other genetic factors, as other family members 

without the duplication have intellectual disability and childhood-onset seizures. This 

suggests that other unidentified genetic factors exist, apart from the duplication, which 

explains the clinical heterogeneity in this family. 

 

The recent development of CGH has allowed the identification of microchromosomal 

mutations not detectable by conventional cytogenetic analysis, and there have been 

numerous reports describing such mutations in recent years. Of most relevance to 

epilepsy is a microdeletion at chromosome 15q13.3, which is seen in approximately 1% 

of IGE patients and may confer a risk of developing epilepsy of 1 in 3 in individuals 

carrying it (Helbig et al 2009, Dibbens et al 2009). This microdeletion has also been 

reported in intellectual disability, autism and schizophrenia cohorts (Mulley and 

Dibbens 2009). Multiple-gene duplications have been identified in patients with 
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phenotypes ranging from multiple congenital abnormalities to apparently normal 

individuals (Barber et al 2005, Barber et al 2007). These include reports of patients with 

multiple-gene duplications causing seizures in conjunction with other clinical features 

(Bonaglia et al 2005, Andrieux et al 2008, Coppola et al 2010).  
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Conclusion 

Array CGH opens the door to diagnosing unique microchromosomal abnormalities 

underlying either sporadic or familial epilepsies. The unique nature of each 

rearrangement means that the associated phenotype may not necessarily fit into specific 

syndrome classifications. Therefore, where atypical phenotypes are seen, it may be 

desirable to screen for microchromosomal abnormalities using a whole-genome CGH 

array. Had that been possible when Family GW was initially studied, the duplication 

would have been identified rapidly without the need for mutation screening or linkage 

analysis. The novel molecular mechanism for familial neonatal seizures with associated 

intellectual disability seen in this family would have been identified much earlier. 

Where recurrent, CNVs will define contiguous gene syndromes involving epilepsy, as 

seen for the 15q11.2, 15q13.3 and 16p13.11 microdeletions which are found in both 

familial and sporadic cases of epilepsy (de Kovel et al 2009). 
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Appendix 7-1 

Clinical descriptions of the members of Family GW prepared by Professor Ingrid 

Scheffer, Ms Bronwyn Grinton, Ms Karen Oliver and Professor Samuel Berkovic, 

Epilepsy Research Centre, University of Melbourne. 
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Proband 

The 10 year old proband (GW:III:2) was born in good condition at 36 weeks gestation 

after a normal pregnancy and weighed 2640 grams. At 18 days, he presented with 

continuing jaundice (peak bilirubin 364 µmol/l), apnoeic episodes and a urinary tract 

infection. He had haemolytic anaemia (haemoglobin 5.8 gm/100 ml), requiring 

transfusion. Testing excluded thalassaemia trait and glucose-6-phosphate 

dehydrogenase deficiency. 

 

His apnoeic episodes were seizures with generalised stiffening occurring a few times 

per week; he received phenobarbitone from 4 weeks. His sleep EEG showed 

independent bilateral midtemporal and central sharp and slow complexes. At 4 months, 

he had increasingly frequent tonic attacks and clonic seizures with cyanosis, with up to 

15 seizures occurring on one day. Eye deviation occurred with both seizure types and 

varied in lateralization. His EEG background showed a diffuse slowing with frequent 

independent central and temporal discharges bilaterally. Cerebral MRI was normal. He 

received intravenous clonazepam, phenytoin and pyridoxine.  

 

Seizure control improved despite ongoing tonic, absence and myoclonic seizures 

several times per week. At 16 months, he was treated with lamotrigine and clonazepam; 

phenobarbitone had been successfully weaned without an increase in seizures. An EEG 

at 17 months showed very frequent high amplitude spike, sharp wave and slow wave 

activity approaching hypsarrhythmia. Generalised paroxysms of spike and slow wave 

activity were noted. Vigabatrin was started and an EEG at 18 months showed a marked 

reduction in epileptiform activity together with better organization of the background. 

Seizures ceased by 20 months; all antiepileptic medication was ceased by 5 years.  

 

Initial development was normal. Marked developmental regression with reduced 

interaction occurred at 4 months with the increase in seizures. He rolled at 8 months and 

by 33 months, he was walking, vocalizing complex babble and followed a simple 

command. At 9 years, his full scale IQ (FSIQ) was <40. He had autistic features and 

behavioural aggression, which responded to risperidone. At 9 years, his growth 

parameters lay on 50-75th centiles. There were no focal neurological signs, dysmorphic 

features or neurocutaneous stigmata.  
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Siblings 

His two younger sisters (GW:III:4, GW:III:5), aged 9 and 8 years, were both born at 36 

weeks gestation after normal pregnancies. They experienced neonatal seizures from day 

2 and day 3 respectively. Seizures were genralized clonic, myoclonic or tonic with eye 

deviation and apnoea. Both girls received a combination of phenobarbitone and 

phenytoin; seizures ceased by 5 months. EEG on GW:III:4 showed sharp and slow 

waves in the right temporal region (4 months), and was normal in GW:III:5 (3 weeks). 

Cerebral MRI of both was normal. 

 

On day five, GW:III:5 was jaundiced (peak bilirubin 372 µmol/l) and on day 14, had 

haemolytic anaemia (Hb 6.8 gm/100 ml) requiring transfusion. Individual GW:III:4 did 

not have haemolytic anaemia. 

 

Individual GW:III:4 showed mild motor developmental delay with rolling over at 7 

months, sitting after 10 months and walking at 18 months. Individual III:5’s early 

milestones were normal. Both girls had FSIQ 50-60 with no regression or autistic 

features. Both girls had normal examinations.  

 

The oldest brother (GW:III:1) had intellectual disability with a FSIQ of 68. He had not 

experienced any seizures and did not have any other significant medical problems. 

Individual GW:III:3 was of normal intellect, although had not been formally tested, and 

did not have seizures or any medical problems.  

 

Parents 

Their mother (GW:II:2) was born by forceps delivery at 38 weeks. Myoclonic seizures 

and genralized convulsions began on day 2. Possible seizures occurred in utero from 6 

months gestation. She received phenobarbitone and phenytoin; seizures stopped at 2 

weeks. Early development was normal and learning difficulties were noted in early 

primary school. She was estimated to have borderline intellect at the time of the study 

although no recent formal assessment was available.  

 

Their father (GW:II:1) was not available for study but reportedly experienced seizures 

from 8-12 years and had a family history of seizures. 
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Appendix 7-2 

Publication: Heron SE, Scheffer IE, Grinton BE, Eyre H, Oliver KL, Bain S, Berkovic 

SF, Mulley JC. Familial neonatal seizures with intellectual disability caused by a 

microduplication of chromosome 2q24.3. Epilepsia 2010;51:1865-1869. 
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A 
NOTE:   

This publication is included on pages 187-191 in the print copy  
of the thesis held in the University of Adelaide Library. 

A 
It is also available online to authorised users at: 

A 
http://dx.doi.org/10.1111/j.1528-1167.2010.02558.x 

A 

A 
Heron, S.E., Scheffer, I.E., Grinton, B.E., Eyre, H., Oliver, K.L., Bain, S., Berkovic, 
S.F. & Mulley, J.C. (2010) Familial neonatal seizures with intellectual disability caused 
by a microduplication of chromosome 2q24.3.  
Epilepsia, v. 51(9), pp. 1865-1869 
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Summary 

Three families in the cohort remain without identified mutations. Haplotype analysis 

was used to explore the possibility of linkage to any of the known BFNS and BFNIS 

loci. Linkage to the known loci was excluded for two of the three families, suggesting 

the existence of at least one other BFNS gene. Linkage to KCNQ2 could not be 

excluded for the third family, but no coding mutation in KCNQ2 was identified in this 

family by DNA sequencing, MLPA or CGH. This family may have a mutation in non-

coding or regulatory sequences in or around the KCNQ2 gene. Mutations were 

identified in 33 of the 36 (92%) families in the original BFNS cohort. Excluding the 

four families with SCN2A mutations or atypical phenotypes, which cannot be 

considered to have “true” BFNS, potassium channel mutations were identified in 29 out 

of 33 (91%) BFNS families. 
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Introduction 

Three families (Families CO, RO and SC) from the BFNS cohort studied here did not 

have mutations identified in KCNQ2, KCNQ3 or SCN2A. The affected members of 

these families had typical BFNS with no additional phenotypes, except for infantile 

seizures in one and unclassified seizures in another. The families had previously been 

examined by sequencing and MLPA of KCNQ2 and KCNQ3. Two members of Family 

CO had also been screened by SSCA for mutations in SCN2A. The pedigrees of these 

families are shown in Figure 8-1.  
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Figure 8-1: Pedigrees of unsolved BFNS families 

 
Legend for Figure 8-1 

Pedigrees of the three unsolved BFNS families. As far as could be determined, for two 

families (CO and RO) the affected members had typical neonatal seizures with no 

additional phenotypes. The third family (SC) had some unclassified seizures in the 

earlier generations and one member who had infantile, rather than neonatal, seizures. 
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Figure 8-1: continued 
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Methods specific to this Chapter 

These three families were investigated by haplotype analysis to determine whether 

linkage to any of the known BFNS loci could be excluded. This was done in order to 

determine whether the families could have had a mutation in one of the known genes 

associated with neonatal seizures that was missed during the mutation screens, or if 

evidence could be found of the existence of an additional locus associated with BFNS. 

In addition, an affected member of each family was analysed using a whole-genome 

CGH array to determine whether there were any pathogenic CNVs present. 

 

Haplotype analysis 

The families were tested for linkage to KCNQ2, KCNQ3 and SCN2A. The following 

flanking microsatellite markers were used: D20S171; D8S1774; D8S1801; D8S1732; 

D8S284; D8S557; D8S558; D8S256; D2S2380; D2S2157; D2S124; D2S2330. The 

markers D2S156; D2S111; D2S2190 and D2S294 were used for the analysis of some 

families where other markers were uninformative. Additional microsatellites within 

KCNQ2 (KCNQ2 AC5 and KCNQ2 AC9) and SCN2A (SCN2A AC3) were also used. 

The primers for the KCNQ2 microsatellites were as given Chapters 4 and 5. The 

primers for SCN2A AC3 were as given in Chapter 7. Families were tested for linkage to 

the regions of the inversion breakpoints described by Concolino and colleagues (2002) 

using the microsatellite markers D5S1987; D5S1954; D5S2114; D5S486; D5S1968; 

D5S1969; D5S664 and D5S2068. Microsatellite genotyping for linkage analysis was 

done as described in Chapter 2. Marker maps showing the positions of the 

microsatellites relative to the genes are shown in Figure 8-2. 
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Figure 8-2: Markers used for analysis of linkage to known BFNS loci 
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Legend for Figure 8-2 

Maps constructed from STS and gene physical maps and the Généthon genetic map 

from Map Viewer (http://www.ncbi.nlm.nih.gov/mapview/) human genome build 37.1 

showing the physical locations of the markers used for haplotype analysis relative to the 

three genes associated with BFNS and BFNIS (indicated in red) and the markers 

flanking the inversion breakpoints mapped by Concolino and colleagues (2002) 

(indicated in blue). Two of the latter markers were use for haplotype analysis. The other 

two were not used as they had lower heterozygosity than the neighbouring markers (Dib 

et al 1996). The positions of KCNQ2 AC5, KCNQ2 AC9 and SCN2A AC3 are not 

shown – these markers are located within the respective genes. 

 

 

Array CGH 

Whole-genome array CGH was done to identify any pathogenic microdeletions or 

microduplications. As well identifying the mutation for the family carrying the 

microchromosomal rearrangement, these could point to new candidate genes for BFNS. 

CGH was carried out by Roche-Nimblegen as described in Chapter 2. A chromosome 5 

specific array with median probe spacing of 425bp (Nimblegen Cat# B3736001-00-01), 

a chromosome 20 specific array with median probe spacing of 134bp (Nimblegen Cat# 

B3752001-00-01) and whole-genome arrays with median probe spacings of 7073bp 

(Nimblegen Cat#05544297001) or 2509bp (Nimblegen Cat#05520860001) were used 

for analysis of the patients described in this chapter. Data were returned and analysed as 

described in Chapter 2. 
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Results and Discussion 

 

Family RO 

One affected member of Family RO had been tested for mutations in KCNQ2 and exons 

5 and 6 KCNQ3 by direct sequencing and MLPA, and in SCN2A by SSCA. No 

mutations were identified in these genes. The collection of samples from two additional 

affected family members enabled the study of the family using haplotype analysis to 

determine whether any of the known neonatal seizures genes could be excluded for this 

family. KCNQ2, KCNQ3 and SCN2A were excluded as all of the four affected boys did 

not share a haplotype for any of the three regions. However, the region spanning the p-

arm breakpoint of the chromosome 5 inversion described by Concolino and colleagues 

(2002) could not be excluded (Figure 8-3). The four affected children also shared a 

common allele for one of the markers used for analysis of the q-arm breakpoint, 

D5S2068. However, this marker was used as a flanking marker and is outside of the 

breakpoint region determined by Concolino and colleagues (2002). Given the small size 

of this family, it was not possible to formally demonstrate linkage to chromosome 5 

even if a mutated gene was present in the region. One family member (RO:II:2) was 

analysed using chromosome 5-specific CGH but no copy number variants were 

identified in the p-arm breakpoint region (Figure 8-4a), although the possibility of a 

deletion or duplication smaller than the resolution of the array (4.25kb) cannot be 

excluded. CGH analysis was extended to the whole genome when RO:II:1 was screened 

using a whole-genome CGH array, but no pathogenic CNVs were detected (results for 

the 23 chromosome pairs not shown).  

 

Family RO is notable as both parents are unaffected and neither of them is known to 

have a family history of neonatal seizures. This lack of family history in Family RO 

could be the result of a number of mutational mechanisms. They could have an X-

linked mutation transmitted by the mother of the four affected boys, an autosomal 

recessive mutation or polygenic inheritance. The lack of family history of seizures 

could also be due to a new autosomal dominant mutation with gonadal mosaicism in 

one of the parents.  
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Figure 8-3: Haplotypes for Family RO 

 
Legend for Figure 8-3 

Pedigree of Family RO showing the haplotypes for markers linked to (from left to right) 

KCNQ2, KCNQ3, SCN2A and the breakpoints of the chromosome 5 inversion described 

by Concolino and colleagues (2002). Linkage to KCNQ2, KCNQ3 and SCN2A was 

excluded. Linkage to the p-arm breakpoint of the chromosome 5 inversion is possible as 

all four affected children have inherited common haplotypes from both parents. 
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Figure 8-4: CGH of chromosome 5 inversion breakpoints in Family RO. 

 
Legend for Figure 8-4 

Partial CGH results for RO:II:2 for a chromosome 5 specific array. A: The region 

spanning the p-arm breakpoint of the inversion described by Concolino et al (2002) 

between D5S1954 and D5S416. B: The region spanning the q-arm breakpoint between 

D5S2076 and D5S664. No CNVs were detected in either region. 
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Family CO 

Family CO was tested for linkage to KCNQ2, KCNQ3, SCN2A and the two breakpoints 

of the inversion described by Concolino and colleagues (2002). The disorder in this 

family was not consistent with linkage to any of these five loci as at least two, and 

usually three, different haplotypes were seen in the five affected family members for all 

the loci (Figure 8-5). Patient CO:III:4 was screened using a whole-genome CGH array 

without any pathogenic CNVs being detected. This indicates that the phenotype in 

Family CO is due to a mutation in a novel gene not yet associated with BFNS. The lack 

of affected individuals in the first two generations of the family may suggest 

involvement of an unidentified epigenetic mechanism. Alternatively, the lack of 

affected individuals in the first two generations of Family CO is consistent with 

anticipation, a phenomenon seen in disorders caused by expansion of an unstable repeat 

as in some of the spinocerebellar ataxias and Fragile X Syndrome (Brouwer et al 2009). 

In these disorders, the size of the repeat increases with successive generations until it 

becomes pathogenic. This mechanism could also explain the lack of family history of 

BFNS in Family RO. Thus, it is remotely possible that both families have a repeat 

expansion affecting the same gene. Genome wide linkage analysis of both families 

combined would test that hypothesis. 
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Figure 8-5: Haplotypes for Family CO 
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Legend for Figure 8-5 

Partial pedigree of Family CO showing the haplotypes for markers linked to (from left 

to right) KCNQ2, KCNQ3, SCN2A and the two breakpoints of the chromosome 5 

inversion described by Concolino and colleagues (2002). Linkage to all five loci was 

excluded. 

 

 

Another mode of inheritance that is consistent with the pedigrees of Families CO and 

RO is a mutation in a gene with sex-specific imprinting. If this was the mode of 

inheritance, then in Family CO the patriarch (CO:I:1) would have transmitted a 

mutation in a maternally imprinted gene to his carrier daughters (CO:II:3, CO:II:8 and 

CO:II:10). These individuals would not be affected as they would not express the 

paternal allele of the maternally imprinted gene. However, they would have transmitted 

it to their affected children and any affected daughters could transmit it to their children.  

 

A third possibility is that these two families have an autosomal dominant mutation, but 

that the members of the upper generations carrying the mutated gene were either 

unaffected, their seizures were mild and not observed, family members do not recall 

them occurring, or they were denied. This was the case with Family LJ described in 

Chapter 5, in which all six members of generation II carrying the SCN2A mutation were 

not affected.  

 

There is no evidence to support any particular one of the three modes of inheritance 

(autosomal dominant, sex-specific imprinting or a repeat expansion) that are consistent 

for both pedigrees over the other two hypotheses. Autosomal dominant inheritance is 

perhaps most likely as it is a much more common mode of inheritance than the other 

two discussed above. Unfortunately, neither family alone is large enough to obtain a 

significant LOD score with linkage analysis. It may be possible to take these 

investigations further by hypothesising a common gene, then using genome wide 

linkage to look for regions with positive LOD scores common to both families. Another 

approach might be exome capture and re-sequencing to find a gene mutated in both 

families, or two different mutated genes, one in each family. This approach will be 

discussed further in Chapter 10 in relation to BFIS. 
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Family SC. 

Family SC was excluded from linkage to KCNQ3, SCN2A and the chromosome 5 

inversion breakpoints as SC:IV:3 has inherited haplotypes for all three regions from 

SC:II:1, who is an unaffected marry-in. Linkage to KCNQ2 could not be excluded for 

this family (Figure 8-6), but no KCNQ2 mutation was identified by either sequencing or 

MLPA. One family member (SC:II:2) was analysed using a whole-genome CGH array 

without any abnormalities being detected (results for the 23 sets of chromosomes not 

shown). A second family member (SC:III:1) was analysed by CGH using a 

chromosome 20 specific array to investigate whether there were any rearrangements 

affecting KCNQ2 which may have led to the deletion or duplication of some intronic 

sequence, or any deletions in the three exons not covered by MLPA probes in the kit 

used. No abnormalities were detected in KCNQ2 (Figure 8-7). Therefore, no 

microchromosomal rearrangements causing the loss or gain of a significant amount of 

sequence are detectable in this family using this technology.  

 

The MLPA kit used for analysis of KCNQ2 does not contain probes for exons 2, 7 and 

14 of the gene. The CGH results for these three exons were examined at high resolution. 

The CGH array included probes binding within exons 2 and 7 and the results for these 

probes did not indicate the presence of a deletion of either exon. The CGH array did not 

include any probes within exon 14 of KCNQ2. To eliminate the possibility of a deletion 

involving exon 14, a long-range PCR was done using the forward and reverse primers 

previously used for the amplification of exons 13 and 15, respectively. No abnormally 

short PCR product was observed when the PCR products were electrophoresed on an 

agarose gel in the two members of Family SC tested.  

 

The possibility of a rearrangement, deletion or duplication causing the loss of a small 

amount of sequence (<1.3kb), which would not be detected by the CGH array used, still 

cannot be excluded. It is also possible, given the relatively small size of Family SC, that 

the result consistent with linkage to KCNQ2 but without a significant LOD score is 

misleading and the family actually has a mutation in another gene elsewhere in the 

genome. Although only two exons of KCNQ3 were sequenced for this family, they 

would not be expected to have a mutation elsewhere in this gene given that linkage to 

KCNQ3 has been excluded based on haplotype analysis. 
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Figure 8-6: Haplotypes for Family SC 
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Legend for Figure 8-6 

Partial pedigree of Family SC showing the haplotypes for markers linked to (from left 

to right) KCNQ2, KCNQ3, SCN2A and the breakpoints of the chromosome 5 inversion 

described by Concolino and colleagues (2002). Linkage to KCNQ3, SCN2A and the 

chromosome 5 breakpoints was excluded. Linkage to KCNQ2 could not be excluded. 

 

 

Figure 8-7: CGH of KCNQ2 in Family SC 

 
Legend for Figure 8-7 

CGH results for SC:III:1 for KCNQ2 and the surrounding region, taken from a 

chromosome 20 specific array. Both averaged and unaveraged data are shown, and 

neither shows any evidence of a loss or gain of sequence. The two segments with the 

most marked deviation from zero in the averaged data correspond to regions where 

there is low probe coverage, and are unlikely to represent small deletions. 

 

 



 Chapter 8 209 

Conclusions 

 

1) Mutations in KCNQ2 and KCNQ3 account for most, but not all, BFNS mutations. 

In addition to the 21 families studied here, 15 BFNS families with mutations in KCNQ2 

or KCNQ3 have been studied previously as part of the BFNS cohort (Biervert et al 

1998, Richards et al 2004, Goldberg-Stern et al 2009, unpublished data). To summarise, 

mutations including deletions and duplications in these two genes were found in 29 of 

the 36 families included in the entire BFNS cohort. Of the remaining seven families, the 

two with mutations in SCN2A should be reclassified as BFNIS families on the basis of 

their molecular defect. The family with a 2q24.3 microduplication causing neonatal 

seizures and ID and the patient with neonatal seizures and LQTS have atypical 

phenotypes and should not be classified as BFNS either. When these four families are 

excluded, these results indicate that around 90% of BFNS families have a KCNQ2 or 

KCNQ3 mutation, with the vast majority (97%) of these being in KCNQ2. However, a 

small minority of cases of familial BFNS, excluding the four previously mentioned with 

mutations in SCN2A or atypical phenotypes, are caused by mutations in other genes. 

The different types of mutations identified in the BFNS cohort are summarised below in 

Table 8-1. 
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Table 8-1: Summary of mutations identified in the BFNS cohort 

Mutation Number of 

families 

References 

KCNQ2 start codon 2 Richards et al 2004 

KCNQ2 missense 8 Richards et al 2004, Chapter 3, unpublished 

data 

KCNQ2 truncation 3 Richards et al 2004, Chapter 3 

KCNQ2 splice site 4 Richards et al 2004, Chapter 3 

KCNQ2 frameshift 5 Biervert et al 1998, Richards et al 2004, 

Goldberg-Stern et al 2009, Chapter 3, 

unpublished data 

KCNQ3 missense 1 Unpublished data 

KCNQ2 large 

deletion or 

duplication 

6 Chapter 4, Heron et al 2007a 

SCN2A missense 2 Chapter 5 

2q24.3 duplication 1 Chapter 7, Heron et al 2010b 

SCN5A + KCNE2 1 Chapter 6, Heron et al 2010a 

Not identified 3 This chapter 

 

 

2) There are at least two unidentified BFNS genes. 

These results indicate that there are at least two unidentified BFNS genes. One of these 

is the gene or genes that is presumably disrupted by the inversion reported by Concolino 

and colleagues (2002). The other is the unknown gene hypothesised to be mutated in 

Family CO and in Family RO where linkage to the three known genes was excluded. It 

is also possible that these two families do not in fact have a mutation in the same gene, 

in which case there are more than two unidentified BFNS genes, one in each of these 

two families and the gene postulated by Concolino and colleagues (2002). These genes 

may in future be identified using linkage analysis as the starting point in any rare 

families where a significant LOD score might suggest a candidate gene. It is more 

probable that these genes will be identified through exome or genome re-sequencing, 

which do not require the ascertainment of a family large enough for mapping to a single 
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region. The application of these technologies is challenging in small families but with 

growing public human genome resources such as the 1000 genomes project, this is 

becoming more feasible. The challenge then is to functionally validate candidate 

pathogenic mutations, especially in the absence of additional families or isolated cases 

with changes in the same gene. 
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Summary 

Dravet syndrome is a severe childhood epilepsy caused in approximately 80% of cases 

by mutations in the gene SCN1A, the majority of which arise de novo. The parental 

origin of de novo mutations varies widely among genetic disorders and the aim of the 

work described in this chapter was to determine this for Dravet syndrome. This is the 

only epilepsy related disorder with sufficient prevalence of de novo mutations to allow 

an analysis of the parental origin of mutations. The parental origin of de novo SCN1A 

mutations was determined using informative SNPs in 44 patients out of a total of 91 

studied. The mutations were of paternal origin in 33 cases (75%) and of maternal origin 

in the remaining 11 cases. Thus, de novo mutation of SCN1A most commonly, but not 

exclusively, originates from the paternal chromosome. The mean age of parents 

originating mutations does not differ significantly from the mean age of parents at the 

birth of their child in the general population. 
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Introduction 

Dravet Syndrome (DS), or Severe Myoclonic Epilepsy of Infancy (SMEI) is a severe 

epileptic encephalopathy with onset around six months of age. Patients typically have 

prolonged clonic or tonic-clonic seizures triggered by fever in the first year of life. 

Later, other seizure types including myoclonic, focal, and atypical absence seizures 

develop. Seizures are refractory to medication and patients begin to show 

developmental delay in the second year of life, with subsequent cognitive impairment, 

behavioural disorders and in some cases autistic features and ataxia (Dravet et al 2005). 

Some patients who lack one or more of the clinical features have been regarded as 

having the borderland variant of SMEI (SMEB). Recent work led to the suggestion that 

both the classical and the borderland variants of SMEI be incorporated under the 

eponym of DS as they share clinical features and can be caused by identical SCN1A 

mutations (Harkin et al 2007). 

 

The majority of cases of DS are caused by de novo loss of function mutations in the 

voltage-gated sodium channel α1 subunit gene SCN1A (Claes et al 2001, Mulley et al 

2005b, Harkin et al 2007, Marini et al 2007). Approximately 80% of patients with DS 

have point mutations or small insertions or deletions in the SCN1A gene (Harkin et al 

2007). Large deletions affecting one or more exons or the entire gene and adjacent 

sequences are also seen in a small proportion of cases (Madia et al 2006, Mulley et al 

2006, Suls et al 2006, Wang et al 2008, Marini et al 2009). A DS patient has also been 

identified with a balanced translocation disrupting the SCN1A gene (Møller et al 2008). 

SCN1A mutations may also cause other infantile epileptic encephalopathies including 

severe infantile multifocal epilepsy, cryptogenic generalised epilepsy and, in a few 

patients, myoclonic-astatic epilepsy (Wallace et al 2001, Harkin et al 2007, Marini et al 

2007). 

 

The parental origin of de novo mutations has been studied for a number of disorders. 

These include those caused exclusively by point mutations, those like DS caused by a 

mixture of mutation types and those caused mostly by large deletions, duplications or 

other chromosomal rearrangements. The latter category of disorders will not be 

discussed here as gross deletions and rearrangements are not comparable with the type 

of mutations generally seen in DS. Data from many parent-of-origin studies has been 

collated in the imprinted gene and parent-of-origin effect database 



 Chapter 9 216 

(www.otago.ac.nz/IGC) (Glaser et al 2006). The diseases caused by point mutations or 

mixed mutation types for which significant cohorts have been studied are listed in Table 

9-1. 

 

In most of the diseases studied, there is a bias towards paternal origin of the de novo 

mutations, with between 60% and 100% of mutations arising on the paternal 

chromosome. There is also a correlation between a very high percentage of paternally-

derived point mutations and increased paternal age. Exceptions to the bias towards 

paternal origin of mutations are von Hippel-Lindau disease, tuberous sclerosis and 

haemophilia B, where mutations originate with approximately equal frequency on the 

paternal and maternal alleles. In two diseases which are caused by mixed types of 

mutations and for which a significant number of patients have been studied, 

Haemophilia B and Neurofibromatosis 1, there is a marked difference in the parental 

origins of large deletions and other mutation types, with large deletions being more 

frequently of maternal origin. 
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Table 9-1: Summary of Parent-of-Origin studies for diseases caused by point 

mutations or varying mutation types. 

Disorder(s) Gene Mutation 
type(s) 

Parental 
origin 

Aperta, Crouzon and Pfeifferb syndromes FGFR2 Point mutations 100% paternal 
Achondroplasiac, Muenke syndromed FGFR3 Point mutations 100% paternal 
Hutchison-Gilford Progeria syndromee,f LMNA Point mutations 100% paternal 
Noonan syndromeg PTPN11 Point mutations 100% paternal 
Costello Syndromeh HRAS Point mutations 100% paternal 
Multiple endocrine neoplasia types 2A 
and 2Bi,j,k, Medullary Thyroid 
Carcinomai 

RET Point mutations 97% paternal 

Nephrogenic diabetes insipidusl AVPR2 Mixed 94% paternal 
NF1 Large deletions 77% maternal Neurofibromatosis 1 
NF1 Point 

mutations, 
small in/dels 

89% paternal 

Rett syndromem,n MECP2 Mixed 89% paternal 
Pelzaeus-Merzbacher Diseaseo PLP1 Mixed 88% paternal 
Craniofrontonasal syndromep EFNB1 Mixed 88% paternal 
Haemophilia A F8 Mixed 87% paternal 
Alexander diseaseq GFAP Mixed 86% paternal 
Neonatal diabetesr KCNJ11 Point mutations 72% paternal 
Treacher-Collins Syndromes TCOF1 Small in/dels 70% paternal 
Neurofibromatosis 2t NF2 Mixed 63% paternal 
Familial adenomatous polyposisu,v APC Mixed 62% paternal 
Von Hippel-Lindau Diseasew VHL Mixed 54% paternal 
Tuberous sclerosisx TSC2 Mixed 50% paternal 

F9 Large deletions 73% maternal Haemophilia B 
F9 Point 

mutations, 
small in/dels 

52% maternal 

 

The data in this table was collated from the imprinted gene and parent-of-origin effect 

database (www.otago.ac.nz/IGC) (Glaser et al 2006) and the original studies where 

referenced. aMoloney et al 1996, bGlaser et al 2000, cWilkin et al 1998, dRannan-Eliya 

et al 2004, eEriksson et al 2003, fD’Apice et al 2004, gTartaglia et al 2004, hZampino et 

al 2007, iSchuffenecker et al 1997, jCarlson et al 1994, kKitamura et al 1995, lArthus et 

al 2000, mGirard et al 2001, nTrappe et al 2001, oMimault et al 1999, pTwigg et al 2006, 
qLi et al 2006, rEdghill et al 2007, sSplendore et al 2003, tKluwe et al 2000, uRipa et al 

2002, vAretz et al 2004, wRichards et al 1995, xRoberts et al 2002. 
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The aim of the work described in this chapter was to determine the parent-of-origin of 

de novo SCN1A mutations in patients with DS and other infantile encephalopathies, and 

to determine whether there is any relationship between parental age, mutagenesis in 

SCN1A, and the occurrence of DS and related disorders. 

 

 

The determination of parent-of-origin by allele-specific PCR 

The parental origin of de novo mutations can be determined by using allele-specific 

PCR (AS-PCR) to amplify the two alleles separately. AS-PCR was used originally for 

the determination of the parental origin of de novo mutations in FGFR2, by Moloney 

and colleagues (1996). The method relies on the presence of an informative SNP near 

the mutation of interest. The first step is to genotype the patient and his or her parents 

for SNPs near the mutation and determine whether any SNPs are informative. A SNP is 

informative if the patient is heterozygous for the SNP and it is possible to determine 

which parent each allele of the SNP was inherited from. This provides a marker to 

identify each homologue when the SNP is used as the basis for AS-PCR, in which the 

3’ end of one primer binding site is placed on the SNP. Two primers binding to the site, 

one specific for each allele of the SNP, are used in separate PCRs along with a common 

primer binding to a site on the other side of the mutation. Once PCR conditions have 

been optimised to provide allele specificity, separate PCR products with and without the 

mutated exon are amplified with the surrounding sequence. The two PCR products can 

then be analysed for the presence of the mutation and its tightly linked SNP allele. The 

parental origin of the mutation is determined based on the known parental origin of the 

SNP allele.    

 

The original studies using this methodology used restriction enzyme (RE) digestion, 

both for genotyping SNPs and for detection of mutations in AS-PCR products where 

base changes affected RE recognition sites. These studies were done on recurrent 

mutations and therefore only a small number of genotyping assays were required. In the 

work described here, direct sequencing was used for the majority of the genotyping and 

for mutation detection due to the distribution of the mutations throughout the 26 exons 

of the SCN1A gene. A small number of common SNPs were genotyped using RE 

digestion or high-resolution melting (HRM) analysis. Sequencing was used for most of 

the work described here to avoid the need to design specific genotyping assays for each 
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SNP within SCN1A and for each mutation. Doing this would have been impracticable, 

as the heterogeneity of mutations in SCN1A would have required the design of a large 

number of different assays, both for each mutation and for SNPs throughout the gene. 

Furthermore, sequencing allowed the detection of additional rare SNPs not listed in 

dbSNP, several of which were required as the basis for AS-PCR. Although the 

sequencing approach was generic, its interpretation was specific to the amplicon 

containing the mutation. 

 

If all members of a family are heterozygous for a SNP and one parent is heterozygous 

for a second SNP, it may be possible to determine informative haplotypes. AS-PCR is 

used to determine SNP haplotypes by the same method used to determine parental 

origin of mutations. If an informative haplotype is found, one of the SNPs within it can 

then be used as the basis for an AS-PCR to determine the parental origin of the 

mutation. The methodology used in this study is illustrated in Figure 9-1. 
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Figure 9-1: Methods used for the parent-of-origin study 

 
Legend for Figure 9-1 

A: Flowchart of the methods used in the parent-of-origin study. B: Examples of 

informative and uninformative trios. For a SNP to be informative for a trio, the child 

must be heterozygous for the SNP and at least one parent must have a homozygous 

allele as seen in the two examples on the left. A trio may have an informative haplotype 

when all three members are heterozygous for one SNP, and one parent is heterozygous 

for a second SNP in close proximity. In this case the parent’s haplotypes can be 

determined using AS-PCR, allowing the determination of which allele of the first SNP 

the child has inherited from each parent. C: Allele-specific PCR. Two separate PCRs 

are done using the two allele-specific primers with a common primer for the other end 

of the desired product. The desired product contains the mutated exon (represented in 

this figure by the black box with the yellow star). The product of one PCR will contain 

the mutated allele, the other will contain the normal allele as shown in the figure. 
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Methods 

 

Patients and Mutation Screening 

Patients with DS or other epileptic encephalopathies with de novo SCN1A mutations 

were included if DNA was available from one or both parents. Ninety-one patients were 

studied, 84 of whom have been previously screened as described in work previously 

published by the Epilepsy Research Program (Wallace et al 2003, Mulley et al 2006, 

Harkin et al 2007, Marini et al 2009). Newly collected patients were screened for 

mutations in SCN1A as previously described (Wallace et al 2001b, Harkin et al 2007) 

by Ms Xenia Iona of the Epilepsy Research Program or by Ms Rachael Birch of the 

Duncan Guthrie Institute of Medical Genetics under the supervision of Dr Sameer 

Zuberi of the Fraser of Allander Neurosciences Unit, Royal Hospital for Sick Children, 

Glasgow, United Kingdom. Those with de novo SCN1A mutations were included in the 

parent-of-origin study. Where available, the parents were sequenced for the mutation in 

the amplicon in which the mutation was detected in their child. All patients originated 

from Professor Ingrid Scheffer and Professor Samuel Berkovic of the Epilepsy 

Research Centre, Austin Health and the University of Melbourne. 

 

SNP Identification and Genotyping 

The region surrounding the mutation was PCR amplified and sequenced for each patient 

and his or her parents to genotype any SNPs present. The primer sequences used for 

amplification are listed in Appendix 9-1, Table 1. Additional internal primers were used 

for sequencing; these were the primers used previously for SCN1A mutation screening 

(Wallace et al 2001b). Genotyping was done for several SNPs using restriction enzyme 

digestion using the primer sequences and restriction enzymes listed in Appendix 9-1, 

Table 2. Genotyping was done for one SNP, rs13060006, by high-resolution melting 

(HRM) analysis using the primers 5’-CCACCCAGCAAAGAAGG-3’ and 5’-

CAGTGGGAAAGCACCAGA-3’ as described in Chapter 2. PCRs for HRM analysis 

were done using an annealing temperature of 70°C. HRM analysis was used for 

genotyping this SNP as an RE assay could not be designed to genotype it. 
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Allele-specific PCR 

Allele-specific PCR (AS-PCR) was done for the SNPs listed in Appendix 9-1, Table 3 

using the corresponding primers and specific amplification conditions. Products were 

amplified using Invitrogen recombinant Taq DNA Polymerase using the conditions 

described in Chapter 2. Four sets of reactions were done for each primer pair, using 

annealing temperatures of 60, 62, 65 or 68°C for the first 10 PCR cycles and 55, 57, 60 

or 63°C for the subsequent 25 cycles. Extension times varied according to the expected 

length of the PCR product, as listed in Appendix 9-1, Table 3. A parental sample that 

was homozygous for at least one allele of the SNP used as the basis of the AS-PCR was 

included as a control to confirm that amplification was allele-specific. Samples 

homozygous for both alleles were included when they were available. PCR products 

were analysed by electrophoresis on agarose gels. If allele specificity was not achieved 

at the above annealing temperatures, three further sets of reactions were done with 

annealing temperatures of 68°C, 70°C or 72°C for the first 10 cycles and 63°C, 65°C or 

67°C for the remaining 25 cycles. If no products were seen in the initial PCRs, reactions 

were done using lower annealing temperatures between 50°C and 60°C. AS-PCR 

products showing robust amplification and allele specificity, as shown in the example in 

Figure 9-2, were selected for sequencing. These were purified and sequenced as 

described in Chapter 2. The sequence traces obtained were visually examined for the 

presence of the patient’s mutation. 

 

Determination of the origins of large deletions 

The parental origin was determined for large deletions by genotyping SNPs within the 

deletion. Non-transmission of a genotype or haplotype from a parent to the affected 

child indicated that the deletion originated in that parent’s allele. 

 

Microsatellite analysis of informative families 

All informative families were tested to confirm family relationships and gender of the 

parental samples using 12 highly polymorphic microsatellite markers. These were: 

D3S3680; D4S418; D6S289; D7S2560; D8S281; D13S175; D13S221; D15S117; 

D19S1150; DXS1113; DXS1036 and DXS7423. PCRs were done using the Qiagen 

Multiplex PCR kit and products were analysed by capillary electrophoresis as described 

in Chapter 2. The reverse primer of each pair was labelled with either HEX or FAM. 

Further details of the multiplex PCRs used are given in Appendix 9-1, Table 4. 
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Comparison of parental ages with the general population 

The ages of the parents originating mutations at the birth of their child were calculated 

to one decimal place. These ages were then compared to the ages of the general 

population at the birth of their children using the following method: The median 

parental age for the year of the patient’s birth, obtained from Australian Bureau of 

Statistics data, was subtracted from the parent’s age. The values obtained were then 

statistically analysed. A parental age effect would be indicated if the mean value 

deviated significantly from zero. This method was used to compensate for an increase in 

parental ages at birth in Australia of approximately three years over the 20 year period 

in which the patients were born. The cases from outside Australia contributed for 

analysis of parental origin were not included in the analysis of parental ages as the 

paternal age data for the relevant countries was not readily available. 
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Figure 9-2: Example of results from AS-PCR 

 
Legend for Figure 9-2 

An example of results from AS-PCR. The PCRs shown here were performed with 

allele-specific forward primers for IVS13-256C/T (rs1019722) and a common reverse 

primer in intron 14. The samples are: 1:Patient 18 (C/T); 2:Homozygous control (T/T); 

3:Patient 17 (C/T); 4:Homozygous control (C/C); 5:Negative control (dH2O). M: 

pUC/HpaII molecular weight markers. The reactions in the upper lanes were done with 

a primer specific for the T-allele of rs1019722 and the reactions in the lower lanes were 

done with a primer specific for the C-allele. Three sets of reactions were done with 

increasing annealing temperatures as indicated at the bottom of the gel image. The 

reactions done with the C-allele-specific primer show specificity at all three annealing 

temperatures while the reactions done with the T-allele-specific primer show some non-

specific product in the C/C control (Lane 4) at the lowest annealing temperature. The 

products indicated by the arrows were selected for sequencing as they show allele-

specificity and sufficient amplification. AS-PCR was optimized in a similar manner for 

the all the SNPs used for analysis of the remaining subjects. 
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Results 

The parental origin of the mutations was definitively determined for 44/91 unrelated 

patients; 43 with de novo mutations, and one sibship (Table 9-2: Patient 44) of two 

sisters whose originating parent was thought to have gonadal mosaicism because the 

same mutation was observed in both sisters and neither parent. Thirty-three cases were 

of paternal origin and 11 of maternal origin. The mutations, parental origins, ages of the 

originating parents at birth and countries of origin for these 44 independent cases are 

listed in Table 9-2. In an additional five cases paternal DNA samples were not available 

(Table 9-2: Patients 45-49), and the mutations were shown not to originate from the 

maternal allele. Thus, a paternal origin was determined for these mutations but it could 

not be definitely established that they arose de novo. Although de novo origin from the 

paternal allele is highly probable given that these patients have DS and their fathers 

were unaffected with no family history of epilepsy, these patients were excluded from 

analyses of parental age and mutation type. Microsatellite analysis of informative 

families confirmed family relationships and results for the three X-chromosome 

markers indicated there had been no inadvertent switching of paternal and maternal 

samples. 
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Table 9-2: Details of patients for whom parent-of-origin was identified. 

Patient Phenotype Mutation Origin Parental 
Age^ 

Country 
of Origin 

1a Dravet c.41delT (p.F14fsX91) Maternal 33.5 Australia 
2b Dravet c.111delC (p.P37fsX91) Paternal 28.2 Australia 
3a Dravet c.251A>G (p.Y84C) Paternal 29.1 Canada 
4a Dravet c.265-1G>A Paternal 32.4 New 

Zealand 
5a Dravet c.302G>A (p.R101Q) Paternal 34.0 Canada 
6a Dravet c.495-496-ins7bp 

(p.T166fsX170) 
Paternal 28.4 Australia 

7a Dravet c.512T>A (p.I171K) Paternal 24.1 New 
Zealand 

8a Dravet c.523G>A (p.A175T) Paternal 45.3 UK 
9a Dravet c.602+1G>A  Paternal 29.8 Australia 
10a Dravet c.680T>G (p.I227S) Maternal 25.5 UK 
11a Dravet c.1197C>A (p.Y339X) Paternal 32.1 Australia 
12 Dravet – 

Mild  
c.1216G>T (p.V406F) Paternal 33.5 Australia 

13a Dravet c.1237T>A (p.Y413N) Paternal 38.0 Canada 
14a Dravet c.1662+2T>C Paternal 38.3 Canada 
15a SIMFE c.1724delT 

(p.F575fsX622) 
Paternal 32.7 Australia 

16a Dravet c.2348T>C (p.L783P) Paternal 29.3 Canada 
17a Dravet c.2562delA 

(p.G854fsX876) 
Paternal 41.9 Canada 

18a Dravet c.2589+3A>T Paternal 36.3 New 
Zealand 

19a Dravet c.2831T>A (p.V994E) Paternal 32.5 Australia 
20a Dravet c.2837G>A (p.R946H) Paternal 33.4 Australia 
21a Dravet c.2849G>A (p.G950E) Paternal 39.0 Australia 
22a CGE  c.2946+1G>T Paternal 35.8 Canada 
23a Dravet c.3022G>T (p.E1008X) Maternal 24.4 Australia 
24b Dravet c.3672+1G>A Paternal 26.4 Australia 
25 Dravet c.3968delC 

(p.P1323fsX1325) 
Paternal 41.2 Australia 

26a Dravet c.4186T>G (p.C1396G) Maternal 22.1 Canada 
27a Dravet c.4219C>T (p.R1407X) Paternal 29.8 Australia 
28a Dravet c.4279C>T (p.Q1427X) Paternal 32.1 Australia 
29b Dravet c.4339-14T>G Paternal 30.6 Australia 
30 Dravet c.4348C>A (p.N1450K) Paternal 45.3 New 

Zealand 
31a Dravet c.4547C>A (p.S1516X) Maternal 25.9 Australia 
32 Dravet c.4547C>A (p.S1516X) Paternal 35.0 Australia 
33 Dravet c.4558delC (p.G1520X) Paternal 26.0 UK 
34a Dravet c.4633A>G (p.I1545V) Paternal 38.4 Australia 
35a LGS c.4907G>A (p.R1636Q) Maternal 25.6 Australia 
36a Dravet c.4934G>A (p.R1645Q) Maternal 26.6 Australia 
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Patient Phenotype Mutation Origin Parental 
Age^ 

Country 
of Origin 

37a CFE c.4970G>A (p.R1657H) Paternal 25.4 Australia 
38a Dravet c.5176T>C (p.W1726R) Maternal 36.9 Canada 
39a Dravet c.5347G>A (p.A1783T) Paternal 27.7 Australia 
40a Dravet c.5536-5539delAAAC 

(p.K1846fsX1856) 
Paternal 38.4 Australia 

41a Dravet c.5674C>T (p.R1892X) Maternal 37.9 UK 
42c Dravet IVS20-

IVS21del4,499bp 
Paternal 32.2 USA 

43c Dravet Del exons 21-26 Maternal 30.4 Australia 
44d Dravet Del exons 1-22 Maternal 

(Known 
gonadal 
mosaicism) 

 Israel 

45a Dravet c.580G>A (p.D194N) Paternal*  New 
Zealand 

46a Dravet c.602+5G>A Paternal*  Australia 
47a Dravet c.1811G>A (p.R604H) 

c.4573C>T (p.R1525X) 
Paternal*  Australia 

48a Dravet c.2833T>A (p.F945L) Paternal*  Australia 
49a Dravet c.3096delA 

(p.E1032fsX1045) 
Paternal*  USA 

 

^Parental age refers to age at birth of child, given in years to 1 decimal place.  

*DNA for the patient’s father is not available, therefore it is not certain that these are de 

novo mutations. aOriginally described by Harkin et al (2007), bOriginally described by 

Wallace et al (2003), cOriginally described by Mulley et al (2006), dOriginally described 

by Marini et al (2009). SIMFE = severe infantile multifocal epilepsy; CFE = 

cryptogenic focal epilepsy; CGE = cryptogenic genralized epilepsy; LGS = Lennox-

Gastaut Syndrome.  

 

 

The 44 patients for whom parent-of-origin was established had 43 different mutations: 

one mutation recurred in two unrelated patients (Table 9-2: Patients 31 and 32), one of 

whom had paternal and the other maternal origin. Thus, parental origin is not related to 

specific mutations. The mutations seen in these 44 patients included 33 nucleotide 

substitutions, seven small (1-4bp) deletions, one 7bp insertion and three large deletions. 

Of the nucleotide substitutions, 25 (74%) were paternal and eight were maternal. Seven 

(88%) of the small deletions and insertions were paternal while one was maternal. Two 

large deletions were of maternal origin and one was paternal. 
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The largest subset of patients (25) were of Australian origin. The parental ages for the 

Australian families were compared with the median parental ages from the general 

Australian population for the years in which their children were born (data collated 

from Australian Bureau of Statistics publications 3301.0, Births:Australia from 1998-

2004). The mean difference in the age of fathers originating mutations from the median 

paternal age for the year in which their children were born was +0.45 years (SD=4.35, 

n=19). The mean difference in the age of mothers originating mutations from the 

median maternal age for the year in which their children were born was -1.3 years 

(SD=3.24, n=6). Therefore, there is no evidence from analysis of the 25 cases in the 

Australian subset of this cohort that increased parental age contributes to de novo 

mutation in SCN1A for either paternally or maternally derived mutations. 

 

 

Discussion 

It was possible to determine the parental origin of the mutation in more than half of the 

patients studied. It was necessary to define de novo origin as de novo in either a single 

egg or sperm, or within a gonadal lineage, since percentage of gonadal mosaicism is 

known in Dravet syndrome (Depienne et al 2006, Gennaro et al 2006, Marini et al 2006, 

Morimoto et al 2006, Selmer et al 2009). This cannot be readily detected in the absence 

of affected siblings with the same mutation. Somatic mosaicism in the originating 

parent cannot be entirely excluded either. This sometimes causes a milder phenotype, 

for example febrile seizures, in the originating parent (Marini et al 2006). No evidence 

of this was detected in the cohort studied here. 

 

The determination of the parent-of-origin of de novo mutations relies on the presence of 

a heterozygous single-nucleotide polymorphism (SNP) in the same amplicon as the 

mutation, and also requires determination of the parental origin of each allele of the 

SNP. Therefore,  to determine the parent-of-origin for a de novo mutation within any 

family an informative SNP is required to act as a marker. The proportion of patients 

(54%) for whom we were able to determine the parent-of-origin was similar to that in 

studies carried out for other genes using similar methods (Moloney et al 1996, Wilkin et 

al 1998, Glaser et al 2000, Girard et al 2001, Rannan-Eliya et al 2004, Edghill et al 

2007). 
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De novo mutations in SCN1A arise most often, but not exclusively, on the paternal 

chromosome. Of the 44 mutations studied, 75% were paternally derived and 25% were 

maternally derived. Similar proportions were contributed by small insertions and 

deletions (88% paternally derived) and nucleotide substitutions (74% paternally 

derived). It is not possible to draw any definitive conclusions about the parental origin 

of large deletions compared to other mutation types as only three patients with large 

deletions were included in the study, and one of these deletions was known to be 

associated with gonadal mosaicism. 

 

A bias towards paternal origin of de novo mutations is often, but not always, observed 

in the genetic disorders for which parent-of-origin has been studied (Glaser et al 2006). 

The proportion ranges from exclusively paternal to an approximately equal frequency of 

paternal and maternal origin. A preponderance of maternally derived mutations has not 

been seen in any disorder caused by point mutations or small insertions or deletions, 

although maternal origin is seen more frequently for some large deletions and 

chromosomal rearrangements (imprinted gene and parent-of-origin effect database) 

(Glaser et al 2006).  

 

An exclusive or almost exclusive paternal origin of mutations is seen in some genes, for 

example FGFR2, FGFR3, RET, LMNA, PTPN11 and HRAS. A paternal age effect is 

also seen for mutations in these genes, with patients’ fathers being on average between 

2.5 and 8.7 years older than the general population (Carlson et al 1994, Moloney et al 

1996, Schuffenecker et al 1997, Wilkin et al 1998, Glaser et al 2000, Eriksson et al 

2003, D’Apice et al 2004, Rannan-Eliya et al 2004, Tartaglia et al 2004, Zampino et al 

2007). The mutations seen in these genes are almost all missense mutations. It has been 

suggested that some missense mutations in certain genes confer a selective advantage to 

germ cells carrying them, leading to an increase with age in the population of mutated 

cells within the testis beyond what would be expected due to the greater number of 

chromosome replications occurring during spermatogenesis (Crow, 2006). Mutations in 

this group of genes appear to occur largely within the testis during spermatogenesis. 

 

A larger group of genes have a less marked bias towards paternal origin of de novo 

mutations, with between 60 and 90 percent of mutations originating from the paternal 
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allele. This group includes NF2, F8, APC, TCOF1, NF1, MECP2, KCNJ11, GFAP and 

EFBN1. The mutations seen in these genes are in general more heterogeneous than 

those in the genes discussed in the previous paragraph, with fewer recurrent mutations 

and mutation types other than missense mutations being seen (Jadayel et al 1990, Kluwe 

et al 2000, Girard et al 2001, Trappe et al 2001, Ripa et al 2002, Splendore et al 2003, 

Aretz et al 2004, Glaser et al 2006, Li et al 2006, Twigg et al 2006, Edghill et al 2007). 

Also, no evidence of a paternal age effect has been reported for most of these genes, 

with the exception of certain mutation types in F8. These differences suggest that 

different mutational mechanisms affect these genes. The observation of somatic and 

gonadal mosaicism indicates that mutations do not occur only during gametogenesis in 

these genes (Kluwe et al 2000, Trappe et al 2001, Twigg et al 2006, Edghill et al 2007). 

Rather, it appears that mutations in this group of genes can occur either during 

gametogenesis or embryogenesis. Mutations occurring during very early embryogenesis 

would lead to a de novo mutation indistinguishable from those occurring during 

gametogenesis. Mutations occurring later in embryogenesis would lead to somatic or 

gonadal mosaicism with their carriers asymptomatic, or in the case of somatic 

mutations, only mildly affected. 

 

SCN1A falls into the second group of genes discussed above. The mutations seen in 

SCN1A are heterogeneous and only 75% of them are paternally derived. Moreover, 

gonadal and somatic mosaicism has been observed for SCN1A (Depienne et al 2006, 

Gennaro et al 2006, Marini et al 2006, Morimoto et al 2006, Selmer et al 2009, 

Depienne et al 2010), including in one of the patients (patient 45) in this study, 

indicating that at least some of the mutations in SCN1A do not occur during 

gametogenesis. Gonadal mosaicism would only be detected if there were multiple 

affected siblings in a single family, and somatic mosaicism could be indicated by a 

mildly affected parent. Somatic mosaicism for SCN1A mutations was detected in 7% of 

the parents of a large cohort of DS patients (Depienne et al 2010), and may occur more 

frequently than that. There is no way to determine whether a mutation took place during 

gametogenesis or early embryogenesis. Evidence for mutational events occurring in 

very early embryogenesis is provided by a case of a monozygotic twin pair who are 

discordant for an SCN1A mutation and hence for Dravet syndrome (Vadlamudi et al 

2010). The affected twin appeared to be heterozygous for the mutation in all tissues 

while the unaffected twin did not have the mutation and showed no evidence of 
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mosaicism in any of the accessible tissues examined. In this case, the mutation must 

have occurred soon after the splitting of the morula or blastocyst (Vadlamudi et al 

2010). 

 

The greater frequency of paternally derived mutations in SCN1A is likely to be due to 

the greater chance of mutations occurring during spermatogenesis as compared to 

oogenesis. This is due to the considerably higher number of mitoses that occur during 

spermatogenesis compared to oogenesis. Twenty-two mitoses followed by two meioses 

occur during oogenesis, giving a total of 23 chromosome replications. In contrast, the 

DNA in sperm cells produced at the onset of puberty has already undergone 30 

chromosome replications, with a further 23 replications occurring each year (Crow 

2006). Therefore, sperm cells have a much higher probability of having acquired 

mutations due to replication error, compared with eggs at oogenesis.  

 

The most commonly occurring of the six potential nucleotide substitutions is a 

C:G>T:A transition. This substitution results from the deamination either of cytosine to 

form uracil or of 5-methylcytosine to form thymine, followed by the incorporation of 

adenine into the complementary DNA strand during the next replication. Methylated 

cytosines in CpG dinucleotides are particularly susceptible to this form of mutagenesis. 

The DNA in sperm cells is potentially more susceptible to this form of mutation as it is 

more highly methylated than that in oocytes (Driscoll and Migeon 1990). Of the 33 

nucleotide substitutions examined in this study with a definite de novo origin, 14 (42%) 

were C:G>T:A substitutions and 11 of these were paternally derived. This suggests that 

the deamination of cytosine during spermatogenesis may be one of the fundamental 

mutational mechanisms during causing de novo mutations in SCN1A. 

 

The occurrence and relative frequencies of the paternally and maternally derived 

mutations in SCN1A is similar to that seen in genes in which the mutations result from a 

mixture of replication errors during gametogenesis and postzygotic mutations leading to 

gonadal mosaicism. This contrasts with the exclusively paternal mutations seen in genes 

such as FGFR2 and FGFR3. The mutations in these genes occur in “hot-spots” and a 

marked paternal age effect is seen, which may be due to selection for germ cells 

carrying the mutation within the testis (Crow 2006). This selection, if it occurs, only 
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occurs for mutations in specific genes and does not appear to occur for mutations in 

SCN1A. 
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Conclusion 

This is the first study of the parental origin of de novo mutations in an epilepsy-related 

gene. De novo SCN1A mutations in DS and related epileptic encephalopathies confer 

phenotypic effects through haploinsufficiency. They are most frequently but not 

exclusively of paternal origin and do not appear to be related to parental age, based on 

the sample size examined. The subset of cases with large deletions or duplications was 

not of sufficient size to determine whether this group of mutations originate in the same 

proportion of paternal to maternal origins as point mutations and small in/dels. Data so 

far suggests that, for DS and related epileptic encephalopathies associated with SCN1A 

mutations, replication errors occur at a higher frequency in males compared to females, 

probably due to the greater number of cell divisions that occur during male 

gametogenesis. Mutations also occur during embryogenesis, leading to clinically 

unaffected individuals with gonadal mosaicism, who then transmit mutations to their 

affected children. Somatic mosaicism in a parent may cause milder symptoms, such as 

febrile seizures. The SCN1A gene appears to be particularly susceptible to mutation due 

to its large size and the genomic context in which it occurs; it is located within a cluster 

of five paralogous voltage-gated sodium channel genes on the q arm of chromosome 2. 

Its centralised position in this gene cluster may render it susceptible to non-homologous 

recombination. The large number of different de novo SCN1A mutations now known in 

DS provide a useful model for the study of the mechanisms contributing to different 

mutation types in human disease and epilepsy in particular. However, conclusions 

drawn for SCN1A mutations may not apply to other epilepsy related genes. 
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Appendix 9-1 

Supplementary Tables 

Primer sequences and conditions used for genotyping and AS-PCR. 
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Table 1: Sequences of primers used for amplification and sequencing of SCN1A for 

SNP genotyping. 
Exon Forward primer sequence Reverse primer sequence Product 

Size (bp) 
1 CCAGGAATCACTTGTCAGAC ATCTGTGGAGAGAATCTGTC 1373 
2 CACATTCATGGATCCTGGATTC GTCGTGGAGTCCTTTTTAACAC 1586 
4 CTAGACACTTCCAGGCTGAAAC AGGCCTTCTTTTGAGCTGTGAC 1909 
5 CATCCTTCCTTCAGGAGCTGAT AATCCTCCATGCAGACTCACAC 1354 
7 CGTGAGAATGGTGAACAAATG CCCATGATGTATATGTACCAC 748 
8-9 CTCTGGAGACTCCATAGTAG CTCATACAACCACCTGCTCT 1389 
10 AACTAGAGAAAGGACCTCAG AGGCCACCTTGGTTTTTATG 1350 
11 AGTCACCATGCATGCTTCTG AGCTATCTACTTAAGCAGTG 1405 
13 GAGTCATTCACATAGGGTTG TTGAGTTGACTGGCAAACAC 1202 
14 GATGACTTGTACTCAAATCCTAGT ACTTACAATGCTAATGGTTGTGTG 606 
15 ATGCAGGTGGATGTAACTAC GGAGCTTAACATAGGCTGAC 1897 
16 GATGCACTAGCCAACCTGAG TCCTTGTAATCACGTGGTTG 1479 
18 AATGTGTGAGGAAGGCAATG CTTGATGTTGTATCCTGATG 1926 
21 CCTTTTAATGCTTCTCCCTC GAGAAATAAGAATTTCCAAC 1656 
22 GCCTTGTACTTTCTAGCTAG GCTGTCTAATATGGAGGGTG 1381 
23 TCCCTAAAGGCCAATTTCAG CAAGTGAGATGAAGCAACAG 1514 
24 TCCTGAGAATAAATTCCCAC TTCTGAGGGAATTTTCCAAC 1977 
25 GTACAGCTATTATCCCACAC AGGGGAGTGGCATGAAAATC 2035 
26 ACTTTCAGATGGAAAAGGAG CTTGCACTCTACATTTCTTG 2684 

 

Table 2: Primers and enzymes used for SNP genotyping by restriction enzyme 
digestion. 

RefSNP number/ 
Sequence change 

Primer sequences Product 
Size (bp) 

Enzyme Fragment 
sizes (bp) 

568141  
IVS1+3846A/G 

F:TATGTGGGCATATGCCATTG 
R:TGCAGTAGTGTACATGCAAG 

151 HpyCH4IV 107 & 44 

13398150  
IVS1-1759G/C 

F:CTGAACAGACTTGTGCAATG 
R:GGGAAAGGAAGTATATGCAG 

138 MaeIII* 82 & 56 

545238 
IVS19+686T/G 

F:GATTTACGGCAAGCCCAAAC 
R:CACATCTTGAAGTCAGTCAC 

96 MseI 51 & 45 

567652  
IVS20-2215A/G 

F:TCATGGAGCCTAACTTTGTC 
R:ACGTAGACTGGAAACAGCAC 

215 HpyCH4V 122 & 93 

523119  
IVS21-1174G/C 

F:ATATGTCAGTGGCTTAGGTC 
R:ACTAAAGCAACCACCTCCTC 

297 HpyCH4III 206 & 91 

12185584  
IVS21-1152T/C 

F:GGACCATTTCAATGACTTAC 
R:ATACAGTGAGGTCCTGCAC 

136 MseI 109 & 27 

10497275 
c.6030+1025C/T 

F:TTTAGCCATCTTCGGCTCTC 
R:TGATGCAATAAATACTGTGCT
TTGATC 

135 BclI 108 & 27 

*Purchased from Roche (Indianapolis, IN, USA). All PCRs were done using Invitrogen 

Recombinant Taq DNA polymerase using reaction conditions as described in Chapter 2 

with an extension time of 30 seconds. 
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Table 3: SNPs, primers and extension times used for AS-PCR. 

 
RefSNP Number/ 
Sequence change 

Primers Used Product 
size (bp) 

Extension 
time (secs) 

570504 
c.1-441A/G 

F:GATTTTATGTCCTCTCAGAGACR 
R:ATGGACTTCCTGCTCTGCCC 

773 90 

10188577 
IVS1-699A/G 

F:TCTCCTCTGTGATAAGAAAGCR 
R:GCTATAAAGTGCTTACAGATCATGTAC 

900 90 

10930201 
IVS1-136T/G 

F:CCAGTGACAGTTTGTTTTCATGGK 
R:GCTATAAAGTGCTTACAGATCATGTAC 

340 30 

8191987 
IVS2+185T/C 

F:CTAATTAAGAAGAGATCCAGTGACAG 
R:ATATAATATATAAAATGTTAAAGAGTR 

506 45 

8191987 
IVS2+185T/C 

F:CACATTCATGGATCCTGGATTC 
R:ATATAATATATAAAATGTTAAAGAGTR 

1090 90 

1541783 
IVS3-310A/G 

F:CAATATTATTGATGGCTATTCCATCR 
R:GCAACCTATTCTTAAAGCATAAGACTG 

545 45 

1541783 
IVS3-310A/G 

F:CAATATTATTGATGGCTATTCCATCR 
R:AGGCCTTCTTTTGAGCTGTGAC 

1487 120 

7589765 
IVS4+436A/G 

F:GGGCTACGTTTCATTTGTATG 
F:CTAGTAGATACTTACTTTCAATTATTY 

740 45 

NR 
IVS4-91A/G 

F:AACTATTTCTGTAATTCCAGGTAAR 
R:CATGTAGGGTCCGTCTCATT 

245 30 

6432863 
IVS6-215T/C/- 

F:TCTTTGCACTGTATCTAATCTAATGY 
R:CTTTCTACTATATTATCATCCGG 

1597 180 

11690962 
IVS8+75A/C 

F:GAAAACCAATTGAGTTATGAAATTAAAAM 
R:CTCATACAACCACCTGCTCT 

900 90 

13421166 
IVS8-270T/G 

F:TTTCCTAAAGGCTCAGGTCK 
R:CTCATACAACCACCTGCTCT 

595 45 

1549588 
IVS10+489T/C 

F:AACTAGAGAAAGGACCTCAG 
R:GGCATTGTATTGTTGGAACTTR 

1235 90 

62179377 
IVS10-491A/T 

F:AACTAGAGAAAGGACCTCAG 
R:CTTTTTCACCTATAAGGCATTGW 

1250 90 

62179377 
IVS10-491A/T 

F:CAGAAGTATGAACTTTAAGTTCCAACAATW 
R:TCTGTAGAAACACTGGCTGG 

970 45 

NR 
IVS10-278T/C 

F:TCCCTTTGAACTTGAGAAATGGTY 
R:TCTGTAGAAACACTGGCTGG 

749 45 

6432860 
c.2259T/C 

F:GAAACATGTTGTCAACCTGGTY 
R:GCATGAAGGATGGTTGAAAG 

247 30 

1019722 
IVS13-256T/C 

F:CTTGCTGTATGATATCAAGCAAGY 
R:ACTTACAATGCTAATGGTTGTGTG 

561 45 

2020318 
IVS15+56A/G 

F:CTGCAAGATCGCCAGTGATTG 
R:AATGTGCAGGTTAGTTACATATGY 

266 30 

10197430 
IVS15+608A/C 

F:CTGCAAGATCGCCAGTGATTG 
R:GTAACACTCCAAATTTAAGAGAGAK 

819 90 

10197430 
IVS15+608A/C 

F:TAATGGAGTAACTGATCAATCTTTM 
R:TCCTTGTAATCACGTGGTTG 

1418 120 

NR 
IVS16+212T/C 

F:GTGGTGTTTCCTTCTCATCAAG 
R:CTGCCCAGCATGAGAGTR 

842 45 

545238 
IVS19+686T/G 

F:TGGAAGCAGAGACACTTTATCTAC 
R:TCACTTGTTTTCAGTAAATGCAGTATTM 

2549 180 

545238 
IVS19+686T/G 

F:ATAGAATTTGTATCCCCAATGATK 
R:GCTATATACAATACTTCAGGTTCT 

1770 180 

NR 
IVS21+179A/T 

F:ACCAGAGATTACTAGGGGAAT 
R:GTCACTACTGACTATATCTGCAGW 

566 45 

17735577 
IVS21+477A/T 

F:ACCAGAGATTACTAGGGGAAT 
R:GGTTCTAATTCTAAAACCTAAATGTCATW 

858 90 

496571 
IVS21-538A/G 

F:ACCAGAGATTACTAGGGGAAT 
R:GAGCAAAACATTTAGAAATACAATY 

2544 180 
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RefSNP Number/ 
Sequence change 

Primers Used Product 
size (bp) 

Extension 
time (secs) 

496571 
IVS21-538A/G 

F:GCCTTGTACTTTCTAGCTAG 
R:GAGCAAAACATTTAGAAATACAATY 

423 30 

17791817 
IVS23-338A/T 

F:GCCTTTAACATCATAAAGGTAGTAW 
R:TGTGAGACAAGCATGCAAGTT 

531 45 

552878 
IVS23-427A/G 

F:AGCACCAGTGACATTTCCAC 
R:CTGCAAGACAGTTTGGAGTY 

1717 90 

552878 
IVS23-427A/G 

F:GAGTTAGAGTGACTTTTTTAATGAGTR 
R:TGTGAGACAAGCATGCAAGTT 

626 45 

552878 
IVS23-427A/G 

F:GAGTTAGAGTGACTTTTTTAATGAGTR 
R:CTGATTGCTGGGATGATCTTGAATC 

2515 180 

10497275 
c.6030+1025C/T 

F:CCGATGCAACTCAGTTCATGGA 
R:GCAATAAATACTGTGCTTAGGTCR 

1629 120 

10497275 
c.6030+1025C/T 

F:AACGCATGATTTCTTCACTG 
R:GCAATAAATACTGTGCTTAGGTCR 

2273 180 

13006006 
c.6030+2636T/C 

F:AACGCATGATTTCTTCACTG 
R:GAATTGGAGAAGAAATATTCCTR 

3885 240 

 
Notation for all variants is based on the forward genomic sequence with intron-exon 

structure as described by Wallace et al (2001b). Ambiguous nucleotides: Y=C or T; 

R=A or G; W=A or T; K=T or G; M=A or C. NR= SNP not recorded in dbSNP 

(www.ncbi.nlm.nih.gov/projects/SNP). 

 



 Chapter 9 238 

Table 4: Multiplex PCRs used for microsatellite genotyping. 

Reaction Marker Product size 
range (bp) 

Primer per 
reaction (ng) 

Label 

D13S175 101-113 33 FAM 
D19S1150 138-180 16.5 HEX 
D7S2560 149-195 66 FAM 

A 

D4S418 210-226 100 HEX 
D3S3680 126-144 33 FAM 
DXS1113 154-167 100 FAM 
DXS1036 141-153 6.6 HEX 

B 

D13S221 223-243 33 HEX 
D8S281 111-124 16.5 HEX 
D15S117 132-150 66 FAM 
DXS7423 160-200 16.5 HEX 

C 

D6S289 215-227 33 FAM 
 

Three multiplex PCRs were used for microsatellite marker genotyping. Each reaction 

contained primers for four different markers as indicated above. The amounts of the 

primers for each marker were varied in order to compensate for the differing PCR 

efficiencies of each particular primer set, so that the products for each marker had 

similar peak heights. 
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Summary 

A large number of families, ascertained worldwide with benign familial infantile 

seizures (BFIS), have been mapped to a locus in the pericentromeric region of 

chromosome 16. Another disorder, paroxysmal kinesigenic choreoathetosis (PKC) has 

also been mapped to this region and may be allelic with BFIS, as both disorders co-

segregate in some families. Although numerous families have been mapped to the 

chromosome 16 locus, no causative gene for BFIS has been identified there despite the 

sequencing of a large number of positional candidate genes. New approaches were used 

to try to identify the gene. Comparative genome hybridisation (CGH) was used to 

search for pathogenic deletions and duplications in affected individuals from ten 

unrelated BFIS families. Sequence capture and next-generation re-sequencing was used 

to search coding regions for all the known genes in the region. The BFIS gene was not 

identified by either of these approaches. BFIS may be caused by a novel mutational 

mechanism not detectable by the technologies so far applied. 
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Introduction 

Benign familial infantile seizures (BFIS), previously called benign familial infantile 

convulsions (Engel 2001), is the third of the benign seizure disorders of infancy. It is 

distinguished from BFNS and BFNIS by its later age of onset. BFIS patients usually 

have onset of seizures at between 4 and 6 months of age, with seizure offset by 12 

months of age. BFIS was originally described by Watanabe and colleagues (1987), who 

observed that a subgroup of infants with generalised motor seizures had subsequent 

normal development and became seizure-free by 3 years of age. Four of the nine infants 

described in the study had a family history of benign infantile or febrile seizures. Five 

similar families were described several years later by Vigevano and colleagues (1992). 

 

The first linkage for BFIS was described in 1997 by Guipponi and colleagues. They 

described five Italian families with autosomal dominant (AD) inheritance of infantile 

seizures who all mapped to a locus at chromosome 19q12-13.1. All five families were 

observed to have a common marker haplotype for part of the linkage region, suggesting 

a founder effect. No additional families linked to this region have been described 

subsequently, suggesting confinement to a single population.  

 

A mutation in the Na+,K+-ATPase pump gene ATP1A2 has been reported in a family 

with BFIS and familial hemiplegic migraine (FHM) (Vanmolkot et al 2003). Autosomal 

dominant mutations in ATP1A2 are usually associated with FHM alone, but several 

families have been reported in which various forms of seizures or epilepsy also occur 

(Gallanti et al 2008, Haan et al 2008, Lebas et al 2008, de Vries et al 2009). The BFIS 

family described by Vanmolkot and colleagues (2003) had only partial cosegregation of 

BFIS and the ATP1A2 mutation, suggesting that additional mechanisms may contribute 

to the BFIS phenotype in the family. 

 

A single Chinese family has been described in which BFIS with AD inheritance was 

linked to a locus at chromosome 1p36.12-p35.1 with a maximum LOD score of 3.14 (Li 

et al 2008a). However, sequencing of 45 candidate genes selected from the 315 genes in 

the region on the basis of function or neuronal expression did not reveal a causative 

mutation in the family (Li et al 2010). 
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The most common locus for BFIS is in the pericentromeric region of chromosome 16. 

This locus was identified in 1997 by Szepetowski and colleagues, who mapped four 

French families with co-occurrence of BFIS and paroxysmal kinesigenic 

choreoathetosis (PKC) to chromosome 16p12-q12. PKC is a movement disorder 

characterised by sporadic attacks of involuntary movement that occur spontaneously or 

may be triggered by stimuli such as exertion. Paroxysmal kinesigenic dyskinesia (PKD) 

is a similar disorder also mapping to the pericentromeric region of chromosome 16. 

Numerous other families have been mapped to this region (Lee et al 1998, Tomita et al 

1999, Bennet et al 2000, Swoboda et al 2000, Caraballo et al 2001, Cuenca-Leon et al 

2002, Weber et al 2004, Callenbach et al 2005, Striano et al 2006b, Kikuchi et al 2007, 

Weber et al 2008). Some of these families have BFIS and paroxysmal choreoathetosis 

(termed ICCA as an abbreviation for “Infantile convulsions and choreoathetosis”), some 

have BFIS alone and some have PKC or PKD alone. The regions to which families 

were linked in these studies are shown in Figure 10-1. Intervals were defined by the 

closest flanking recombination points. Whilst most of the linkage regions for BFIS, 

ICCA and PKC/PKD overlap and span the chromosome 16 centromere, two do not. 

These are the BFIS region described by Callenbach and colleagues (2005) and the PKC 

region described by Valente and colleagues (2000). This suggests that there may be 

more than one gene associated with BFIS and PKC in the region. 

 

Although the ICCA locus in the pericentromeric region of chromosome 16 was 

identified more than a decade ago (Szepetowski et al 1997), the causative gene has not 

been identified. There are no neuronal ion-channel subunit genes, which are obvious 

candidate genes for epilepsy, within the region. At least nine candidate genes within the 

region have been sequenced in BFIS families (Roll et al 2002, S. Heron unpublished 

data) and 157 genes have been sequenced in PKD families (Kikuchi et al 2007), but no 

mutations have been identified for either disorder. 
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Figure 10-1: Published linkage intervals for ICCA, BFIS, PKC and PKD. 

 
Legend for Figure 10-1 

Physical map showing the positions of microsatellite markers in the pericentromeric 

region of chromosome 16, based on MapViewer build 37.1. Linkage intervals for ICCA 

(red), BFIS (blue) and PKC/PKD (green) from the following 13 publications are shown: 
aSzepetowski et al 1997; bLee et al 1998; cSwoboda et al 2000; dCaraballo et al 2001; 
eWeber et al 2004; fCallenbach et al 2005; gStriano et al 2006b; hWeber et al 2008; 
iTomita et al 1999; jBennett et al 2000; kValente et al 2000; lCuenca-Leon et al 2002; 
mKikuchi et al 2007. 
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Given the extent of candidate gene sequencing, BFIS and PKD may be caused by a 

mutational mechanism other than a nucleotide substitution or small in/del in a coding 

region. Alternatively the mutation may be in an unannotated gene. Other potential 

mutational mechanisms include large deletions or duplications, a mutation affecting a 

regulatory region or a mutation affecting a non-coding RNA.  

 

We have collected a cohort of ten BFIS families with confirmed (two families), likely 

(six families) or possible (two families) linkage to the chromosome 16 locus. CGH was 

used to look for large deletions and duplications in these families. Sequence capture and 

next-generation sequencing was used to search for novel mutations in coding regions, 

promoter sequences and microRNAs throughout the linkage interval. This method has 

several advantages over traditional candidate-gene based approaches to mutation 

discovery. Firstly, it is far more efficient and cost-effective than sequential sequencing 

of candidate genes. Secondly, it allows the simultaneous interrogation of all the genes in 

a linkage region, thus eliminating the bias inherent in candidate gene selection, 

potentially leading to the identification of novel gene families involved in the 

pathogenesis of epilepsy. 
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BFIS Families Studied 

Ten families with AD inheritance of BFIS were studied. Seven of these families had 

been studied previously as part of work done by myself and Ms Hilary Phillips in the 

Epilepsy Research Program while the remaining three families were new 

ascertainments. The pedigrees of the families are shown in Appendix 10-1 and the 

families are described briefly below. All the families except Families AN and BH were 

referred for study by Professors Samuel Berkovic and Ingrid Scheffer. 

 

Previously studied families  

 

Family AN 

Family AN is a large Scottish family referred by Dr Sameer Zuberi of The Royal 

Hospital for Sick Children, Glasgow, United Kingdom. The family contains 14 affected 

members over three generations: three had infantile seizures; four had paroxysmal 

dyskinesias; four had both infantile seizures and paroxysmal dyskinesias and three 

members had unrelated paroxysmal disorders. The family was previously tested for 

linkage to the chromosome 16p12.1-q11.2 locus on the basis of AD inheritance of the 

infantile seizures and paroxysmal dyskinesia phenotype. The family was linked to the 

pericentromeric region of chromosome 16 with a maximum LOD score of 3.0 

(unpublished data).  

 

Family WI 

Family WI is an Australian family of British origin. The family contains eleven affected 

members over four generations. Seven members had infantile seizures, one of whom 

had Idiopathic Genralized Epilepsy in adolescence, and two had infantile seizures and 

probable choreoathetosis. Of the remaining two affected members, one had unclassified 

epilepsy and the other had seizures following a stroke in his eighties. The family had 

been previously tested for linkage, based on a model of AD inheritance, to the 

chromosome 16p12.1-q11.2 locus and found to be consistent with linkage to a region 

between D16S3131 and D16S3110, with a maximum LOD score of 2.41. 
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Family BH 

Family BH is an Australian family of English origin referred by Drs Clair Pridmore and 

Eric Haan of the Women’s and Children’s Hospital, North Adelaide, South Australia, 

Australia. The family contains seven affected members over three generations: the 

proband, her father, uncle, aunt, two cousins and her grandfather. The affected members 

in the top two generations also had later migraine with aura and the affected members 

of the younger generation could potentially develop this in the future. The family had 

previously been examined for linkage to the BFIS loci on chromosomes 2, 16 and 19 as 

well as ATP1A2, which was included due to the migraine seen in older family members. 

Linkage to ATP1A2, SCN2A and the chromosome 19 locus was excluded. The family 

was too small to demonstrate linkage but was consistent with linkage to chromosome 16 

with a recombinant marker at D16S415, delimiting the distal q arm position of the 

interval. 

 

Family ZZ 

Family ZZ is a large Australian family of British origin showing AD inheritance of 

infantile seizures. The family contains four individuals who are definitely affected, 

another six individuals who are probably or possibly affected and twelve obligate 

carriers. A whole-genome linkage study previously performed by Kathrin Saar and 

Andre Reis of the Max-Delbruck Centre, Berlin, Germany did not identify any loci 

common to all affected family members. However, linkage to the chromosome 16p12.1-

q11.2 locus was possible if the family was assumed to have two separate mutations 

segregating in different branches of the family. Alternatively, it was possible that one 

branch of the family had linkage to chromosome 16 while the other branch had linkage 

to the chromsome 19 BFIS locus described by Guipponi and colleagues (1997) (H. 

Phillips unpublished data). 

 

Family DS 

Family DS is an Israeli family of Sephardic Jewish origin with AD inheritance of 

infantile seizures. The family contains seven members who had infantile seizures over 

two generations: three members of a sibship of six and four of their children, including 

the proband. Neither of the grandparents of the proband are known to have been 

affected. DNA was not available from one affected branch of the family. The family 

was excluded from linkage to the BFNIS gene SCN2A and the chromosome 19q locus, 
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but the family was consistent with linkage to the chromosome 16 locus above D16S415, 

assuming low penetrance.  

 

Family MK 

Family MK is an AD Israeli family of Sephardic Jewish origin. The family contains 

three siblings who had infantile seizures, as well as two of their maternal cousins who 

had other forms of epilepsy: one cousin had Dravet Syndrome with a de novo SCN1A 

mutation and another cousin had febrile seizures. Only the sibship with infantile 

seizures has been studied in the course of the work described here. The family has not 

been excluded from linkage to any of the three BFIS loci but no mutations in SCN2A 

were identified when a family member was sequenced for the coding exons. For the 

chromosome 16 locus the three affected siblings inherited a common haplotype from 

their father but not from their mother. 

 

Family IR 

Family IR is a small Israeli family of Sephardic Jewish origin. The family contains 

three members who had infantile seizures, another with unclassified epilepsy, and a 

further three who had syncope but had no history of seizures; one of these was an 

obligate carrier of the putative infantile seizures gene. DNA was only available from 

five family members. The family had previously been tested for linkage to the known 

BFIS loci. Linkage to the chromosome 19 locus was excluded while linkage to SCN2A 

and the chromosome 16p12.2-q11.2 locus was not excluded assuming AD inheritance. 

A family member has been sequenced for the coding exons of the BFNIS gene SCN2A 

with no mutation being identified. 

 



 Chapter 10 255 

Newly identified families 

 

Family FR 

Family FR is a large Israeli family of Ashkenazi Jewish origin. The family contains 

nine affected members, all of whom had infantile seizures inherited in an AD manner 

with incomplete penetrance. The family also contained five individuals who were 

unaffected, but were obligate carriers for the gene with AD inheritance. 

 

Family BR 

Family BR is a small Australian family of Scottish and English origin. Six family 

members over four generations are reported to have had seizures with AD inheritance: 

three had infantile seizures; one (an obligate carrier) had a single seizure at 3 months of 

age and two individuals in the top two generations had unclassified seizures. 

 

Family WG 

Family WG is a small Australian family of British origin. There are six affected family 

members over three generations with seizures inherited in an AD manner: three siblings 

and the two children of the oldest sibling had infantile seizures and the mother of the 

three affected siblings had unclassified seizures. 
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Molecular Analyses 

 

Linkage analysis 

The three newly identified families were tested for linkage to the previously described 

BFIS loci at chromosome 16p11.2-q12.1 and 19q, as well as the BFNIS gene SCN2A. 

Additionally, all families except Family AN were tested for linkage to the chromosome 

1p36.12-p35.1 locus, which was described during the course of this work (Li et al 

2008a). The markers used were: D1S2864; D1S2676; D1S2781; D1S2828; D1S455; 

D1S2885; D1S2830; D1S449; D2S2380; D2S2157; D2S2330; D2S124; D2S111; 

D2S2395; D16S3036; D16S420; D16S415; D16S3131; D16S411; D16S3137; 

D16S3112; D16S3093; D19S425; D19S931; D19S868; D19S882. Marker genotyping 

was performed as described in Chapter 2. 

 

Calculation of LOD scores 

LOD scores were calculated using MLINK version 5.1 (Lathrop and Lalouel 1984) 

from the FASTLINK package with the assistance of Dr Kathryn Friend of the 

Molecular Genetics Laboratory, SA Pathology at the WCH.  

 

Comparative genome hybridisation (CGH) 

DNA samples were prepared for array CGH as described in Chapter 2 and sent to 

Nimblegen for hybridisation and scanning. A chromosome 16-specific array 

(Nimblegen design B3747001-00-01) with an average probe spacing of 165bp was used 

for hybridisation. Results were returned and analysed using SignalMap™ as described 

in Chapter 2. 

 

Sequence capture and next-generation sequencing 

A sequence capture array was designed as described in Chapter 2. The array was 

designed to capture coding sequences, minimal promoter sequences and microRNAs in 

the region between D16S3093 and D16S411. The target regions and the regions tiled on 

the sequence capture array are shown in Figure 10-2. Some of the desired target regions 

were not tiled on the capture array as they did not pass Nimblegen quality control due to 

their repetitive nature or low complexity. The capture and resequencing of repetitive 

regions is not recommended as single base-pair differences between the repeats can lead 

to the enrichment of similar sequences from outside the tiled region and lead to a high 
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rate of detection of false-positive variants. The captured DNA was sequenced at 

Geneworks, Thebarton, South Australia, Australia and analysed by Ms Alison Gardner 

of the Neurogenetics Program, SA Pathology at the WCH, as described in Chapter 2. 

Novel variants were confirmed by Sanger sequencing as described in Chapter 2. 

 

Figure 10-2: Target regions and regions tiled on the sequence capture array. 

 
Legend for Figure 10-2 

Target regions, tiled regions and annotated genes in the BFIS region, viewed in the 

UCSC genome browser (Kent et al 2002). The top black track indicates the desired 

target regions. The middle black track indicates the target regions after masking of 

repetitive sequences and the bottom black track indicates the regions tiled on the 

sequence capture array. The blue and green tracks indicate the locations of annotated 

genes from UCSC data (Rhead et al 2010) and the Mammalian Gene Collection, 

respectively. The gap in the middle represents the centromere of chromosome 16, which 

was not targeted. 

 

 

Confirmation of variants, candidate gene sequencing and screening of variants 

Variants identified through next-generation sequencing were confirmed and the 

associated candidate genes were sequenced in additional BFIS patients by Sanger 

sequencing as described in Chapter 2. The primer sequences used for confirmation of 

the variants are listed in Table 10-1. The primer sequences used for candidate gene 

screening are listed in Tables 10-2a and 10-2b. Controls and some family members 

were screened for the variants identified using HRM analysis as described in Chapter 2. 

The primers and PCR conditions used for HRM screening assays are listed in Table 10-

3.  
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Table 10-1: Primers and PCR conditions for verification of variants 

Variant Primer sequences PCR 
conditions 

Extension 
time 

BCKDK c.961G>A F: AGTACCCCATCAAAGCTGAG 
R: TCAGAGGCTTGAGTCTCCTG 

Invitrogen 60 sec 

ARMC5 
c.1916T>C 

F: CAGAGCCCTGTCTCACTCAC 
R: 
TGGGAAACACAGCACTCCTC 

HotStarTaq 90 sec 

 

Table 10-2a: Primers and PCR conditions used for sequencing BCKDK  

Amplicon Primer sequences Product 
size 

PCR 
condition 

Ext 
time 

5’UTR F: GGAAGCGGTGCTGTTTG 
R: GCTGTGATGGAGGCTGC 

290 HS Taq 
+Q 

90 

1 F: CCATTTTGGGTCGCCTG 
R: AGAGGCCTTGAGCAGAGAA 

353 HS Taq 
+Q 

90 

2 F: GGAGAAGGTGCGCAAGG 
R: TCTGGGAGAAAATGAGAAGGGAA 

262 HS Taq 30 

3 F: GGTAAGATTCACGCCCTCTA 
R: CCCAGACTCCCCACTTG 

269 HS Taq 30 

4 F: CAGCTGGGTGGTGATCC 
R: ATCTGCAGGTCACAGAGT 

224 HS Taq 30 

5 F: CTTCCCTCCGGTGAGTG 
R: GAGGTCTCAGAATCCCGT 

275 HS Taq 30 

6 F: GAGCCGGAAGCACATAG 
R: GCCCAGTCTCCTCTGTC 

254 HS Taq 30 

7 F: CTTTGGGGCAGTTCCGA 
R: CTCAGACCCAAGCCTTCC 

217 HS Taq 30 

8 F: TCTGCACATTGCCATATGTTACTTA 
R: GAAAGACCAGTAGGTACAAGC 

296 Inv Taq 30  

9 F: CGGAGCTGCTCAAGAATG 
R: CAAGTCAGAAACAGTGCCT 

261 HS Taq 30 

10 F: GAACAGGAAGGCAGACTTTG 
R: GGACAGGAGGCTTCAGAG 

324 HS Taq 
+Q 

30 

11 F: CCCATGCACGGGTGAGA 
R: GAGGTCCTGCAGGGAAT 

308 HS Taq 30 
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Table 10-2b: Primers and PCR conditions used for sequencing ARMC5 

Amplicon Primer sequences Product 
size 

PCR 
condition 

Ext 
time 

1 F: CGACGATTTCCCTGTCTTC 
R: GTCTAGAGAGCAAGGGAGTT 

615 HS Taq 
+Q 

90 

2 F: CTCAGGCCACATTCTCC 
R: GACAGACACTCAAGCCTTTC 

251 HS Taq 30 

3.1 F: TGAGGTTGGGGTCTGCTA 
R: CAGTGCAGGCCGAATCA 

461 HS Taq 
+Q 

90 

3.2 F: CTCGTCAGCCTGGCTTC 
R: GAGGACCAAGACAGACACAA 

587 HS Taq 90 

4.1 F: 
GCTATAGAGGGATACCACATTTCTTTA 
R: AGTGGGAAGGTGAGGTT 

713 HQ Taq 
+Q 

150 

4.2 F: CCATACCCACCCGTCTC 
R: TCAGGGCACAGCAGACA 

395 HS Taq 
+Q 

90 

5 F: ACCCTCCTTCATCTCACG 
R: AACGGGCCTGGGAAACA 

288 HS Taq 30 

6.1 F: TCATCTGCCGGTGAGTG 
R: CCCGACAACCATGCAAAT 

543 HS Taq 90 

6.2 F: AGAAGCCCAGATGGACC 
R: CCAGGCGGAACACCTCA 

278 HS Taq 30 

6.3 F: GGAGGAGGAGCTGGAAGA 
R: CTCCTCCCTTGCCAGTC 

347 HS Taq 90 

 

Table 10-3: Primers and PCR conditions used for HRM assays for variants in 

BCKDK and ARMC5 

Variant Primers Annealing 
Temp 

Additive 

BCKDK c.314G>A 

(p.R105H) 

F: 

CAAGAACTTCCAGTGAGGATTG 

R: TGATGAAAGGAAGGCAGCG 

72°C None 

BCKDK IVS6-

32G>A 

F: GGGCAGTTCCGAAGTTG 

R: AGAAAGGAGGTCAGGACTAC 

72°C None 

BCKDK c.961G>A 

(p.A321T) 

F: ATCTTGCTAGGATCTCA 

R: TAGTCCATGACCCGGTC 

60°C None 

ARMC5 c.1223A>G 

(p.Q408R) 

F: GTGGGGTTTCTGTATGACAC 

R: AGCCAGGAGAGGCACAA 

72°C 5% 

DMSO 

ARMC5 c.1915T>C 

(p.V639A) 

F: GGTTCAGGCTGAGTGCG 

R: CTCAGGGCTCCCAGAGA 

72°C 5% 

DMSO 
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Results 

 

Linkage analysis 

Families FR, WG and BR were tested for linkage to SCN2A and the chromosome 16 

and 19 loci. Linkage to SCN2A and the chromosome 19 locus was definitively excluded 

for Families WG and FR by observation of recombination between the marker 

haplotypes and the disease gene. Linkage to these two loci was also unlikely for Family 

BR. In this family, the four affected members of generations II and III shared a common 

haplotype for the SCN2A and chromosome 19 regions. However, it was inherited from 

BR:I:1, rather than from BR:I:2 who had seizures in childhood. Although these seizures 

could not be classified due to lack of clinical information, it was assumed that they were 

related to the BFIS in the rest of the family. Linkage to the chromosome 16 locus was 

possible for all three families (Figure 10-3). LOD scores for the chromosome 16 

markers were calculated for Family FR, the only one of the three for which a significant 

LOD score could be obtained (Table 10-4). The family had a maximum LOD score of 

3.27 at D16S3131 with recombinants flanking the BFIS gene at D16S3036 and 

D16S3137. 

 

Table 10-4: LOD scores for chromosome 16 markers for Family FR 

 Recombination fraction (θ) 

Marker 0.0 0.01 0.05 0.10 0.20 0.30 0.40 

D16S3036 -∞ 1.22 1.73 1.78 1.55 1.15 0.63 

D16S420 3.25 3.20 2.99 2.72 2.14 1.51 0.80 

D16S3131 3.27 3.22 3.01 2.74 2.15 1.51 0.81 

D16S3093 2.05 2.01 1.87 1.68 1.29 0.89 0.46 

D16S411 3.25 3.20 2.99 2.72 2.14 1.51 0.80 

D16S415 2.63 2.59 2.42 2.20 1.73 1.21 0.64 

D16S3137 -∞ 1.19 1.70 1.75 1.53 1.14 0.63 

D16S3112 -∞ 0.91 1.42 1.49 1.30 0.96 0.52 
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The linkage intervals for Families AN, WI, BH, DS, FR, WG and BR are shown in 

Figure 10-4, along with the minimal critical region for BFIS determined from these 

linkage intervals. This minimal critical region is larger than the one derived from 

published localisations (Figure 10-1) and entirely overlaps with it. Thus, analysis of 

these ten BFIS families did not reduce the regional localisation known from published 

families any further. 

 

Families BR, WG, WI, BH, FR, DS, MK, IR and ZZ were tested for linkage to the BFIS 

locus described by Li and colleagues (2008a) at chromosome 1p36.12-p35.1. Linkage 

was excluded for Families WI, BH, FR, DS, IR and ZZ. Linkage to the chromosome 1p 

locus could not be excluded for Families BR, WG and MK. 
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Figure 10-3: Haplotypes for Families WG, BR and FR 

 
Legend for Figure 10-3 

Haplotypes for the three BFIS loci (from left to right: SCN2A, chromosome 16 and 

chromsome 19) for Families WG, BR and FR. Some members of Family FR were not 

genotyped for all three loci. 
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Figure 10-3: continued 
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Figure 10-4: Linkage intervals for BFIS families and the minimal critical region 

 
Legend for Figure 10-4 

Localisations for seven BFIS families and the minimal critical region derived from 

those localisations. 
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Comparative genome hybridisation  

CGH using a chromosome 16 specific array was done for one individual from each of 

Families WG, BH, DS, WI, IR, BR, MK, and FR and two individuals from separate 

branches of Family ZZ. The results for the region covering the BFIS interval are shown 

in Figure 10-5. No pathogenic CNVs were detected.  

 

Figure 10-5: Partial CGH results from a chromosome 16 specific array 

 
Legend for Figure 10-5 

CGH results for ten BFIS patients from nine families. The pericentromeric region of 

chromosome 16 contains numerous polymorphic CNVs, which have been detected here 

(indicated by the arrows). No evidence was seen of unique, potentially pathogenic, 

CNVs and no CNVs common to all of the families were seen. 
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Variants identified by next-generation sequencing 

Two unrelated individuals were investigated using sequence capture and next-

generation resequencing (FR:II:2 and WI:III:1). These individuals were selected as they 

came from two of the three largest families with linkage to the chromosome 16 locus 

and are therefore expected to have a mutation in the unknown BFIS gene located there. 

It was not possible to analyse an individual from Family AN, the other large family, as 

insufficient DNA remained from the samples originally received for analysis. While it 

is likely that at least some of the smaller families will have a mutation in the same gene, 

the linkage results for these families were not significant and the possibility that they 

have a mutation elsewhere in the genome could not be excluded. Eight unique coding 

variants were identified and these are listed in Table 10-5. No genes contained variants 

in both families. 

 

Table 10-5: Unique variants identified in two BFIS samples 

Sample Gene Variant Amino acid change 
WI:III:1 BCKDK c.961G>A p.A321T 
 ARMC5 c.1916T>C p.V639A 
 ZNF668 c.1629G>A p.P543P 
 C16orf92  p.P23P 
 GTF3C1 c.2811C>A p.P937P 
 GTF3C1 c.5535G>A p.S1845S 
    
FR:II:2 ITGAM c.701G>A p.V234M 
 MVP  p.V323V 

 

 

The two non-synonymous variants identified in WI:III:1 were initially selected for 

further study. The non-synonymous variant in FR:II:2 was not followed up as the gene 

it affects, ITGAM, codes for a leukocyte cell surface molecule and as such is unlikely to 

be involved in the pathogenesis of epilepsy. The two non-synonymous variants 

identified in WI:III:1 cause changes in the genes BCKDK and ARMC5. BCKDK codes 

for branched chain ketoacid dehydrogenase kinase, an enzyme involved in regulating 

the mitochondrial metabolism of branched-chain amino acids (Suryawan et al 1998). 

ARMC5 codes for armadillo repeat containing 5, a protein of unknown function. Both of 

these genes are expressed in the brain as well as other tissues and were therefore 

considered to be more likely candidates for the BFIS gene than ITGAM. 
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Verification of variants identified by next-generation sequencing 

Individual WI:III:1 was sequenced for the regions surrounding the two variants using 

Sanger sequencing to confirm their presence. An additional eight members of Family 

WI were sequenced to determine whether the variants segregated with the BFIS 

phenotype. The remaining family members were subsequently screened for the variants 

by HRM analysis. Both variants segregated with the BFIS phenotype (Figure 10-6). 

Therefore, neither gene could be eliminated as a candidate BFIS gene. 
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Figure 10-6: Segregation of variants in Family WI 

 
Legend for Figure 10-6 

Partial pedigree of Family WI, showing the segregation of both unique variants 

identified from the resequencing of WI:III:1. Both variants were found to co-segregate 

with the infantile seizures phenotype in the family, and so neither gene could be 

eliminated as a potential candidate gene for BFIS. 
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Screening of additional BFIS patients for variants in BCKDK and ARMC5 

Ten patients from nine families were sequenced for both genes (Individuals BR:II:1, 

BH:III:6, ZZ:IV:17, FR:II:2, DS:II:2, MK:III:14, WG:II:1, IR:II:3, AN:IV:5, 

ZZ:IV:10). All variants detected are listed in Table 10-6. Three of the variants detected 

(listed in bold) were present in only a single patient and not listed in dbSNP. These 

were therefore potential mutations, which were investigated further by examining their 

segregation in the relevant family and by screening controls using HRM assays 

designed for specific detection of the variants. Controls were also screened for the two 

variants originally identified in WI:III:1 (BCKDK c.961G>A (p.A321T); ARMC5 

c.1916T>C (p.V639A)).  

 

Table 10-6: Variants detected in BCKDK and ARMC5 

Variant Sample(s) Comment 

BCKDK c.314G>A (p.R105H) BR:II:1 Not in dbSNP 

BCKDK c.615G>A 6 heterozygous SNP (rs14235) 

BCKDK IVS6-32G>A FR:II:2 Not in dbSNP 

BCKDK IVS7-50C>T 4 heterozygous, 2 

homozygous 

Common SNP 

ARMC5 c.508A>G (p.I170V) DS:II:2, IR:II:3, ZZ:IV:10 SNP (rs35923277) 

ARMC5 c.1223A>G (p.Q408R) ZZ:IV:17 Not in dbSNP 

ARMC5 c.1842C>G BH:III:6, ZZ:IV:17, DS:II:2 SNP (rs55800131) 

ARMC5 c.2114C>T (p.A705V) 4 heterozygous, 3 

homozygous 

SNP (rs11150624) 

 

 

The BCKDK c.314G>A (p.R105H) variant identified in Family BR was found to 

segregate with the BFIS phenotype in the family (Figure 10-7), consistent with a 

causative mutation. The variant was not detected in 259 control samples (518 control 

chromosomes).  

 

The BCKDK IVS6-32 variant identified in Family FR was found in two other family 

members (FR:I:2 and FR:II:3) and did not segregate with the BFIS phenotype as it was 

present on the other homologue in FR:II:2. The variant was not detected in 267 control 
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samples (534 control chromosomes). The lack of segregation with the phenotype and 

the intronic location of the variant suggest that it is a benign rare variant. It is possible 

that the variant was not detected in controls because the controls used (Australian blood 

donors) would generally be expected to have a different ethnic background to Family 

FR (Ashkenazi Jewish). 

 

The BCKDK c.961G>A (p.A321T) variant and the ARMC5 c.1916T>C (p.V639A) 

variant seen in Family WI were not detected in 270 control samples (540 control 

chromosomes).  

 

The ARMC5 c.1223A>G (p.Q408R) variant seen in ZZ:IV:17 was detected in his 

unaffected father (ZZ:III:10), who is a marry-in, and two unaffected older siblings. The 

variant was also detected in two of 231 control samples tested. This variant is likely to 

be a benign rare variant with an allele frequency of approximately 0.4% in the 

Australian population. 
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Figure 10-7: Segregation of the BCKDK variant in Family BR 

 
Legend for Figure 10-7 

Pedigree of Family BR showing the segregation of the BCKDK variant in the family. 

The variant segregates with the infantile seizures phenotype in the family. 

 

 

Three potential candidate genes for BFIS were identified from the sequence capture and 

resequencing experiment. One of these, ITGAM, was excluded on functional grounds. 

The remaining two genes, BCKDK and ARMC5, were investigated further. No potential 

mutations were identified in ARMC5 and it was also eliminated as a candidate gene for 

BFIS. One additional potential mutation was identified in BCKDK. However, if 

BCKDK was the BFIS gene, additional mutations should have been identified in more 

families, especially the larger ones with positive linkage to the chromosome 16 BFIS 

locus. It is unlikely that BCKDK is the BFIS gene. 
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Discussion 

The BFIS locus at chromosome 16p11-2-q12.1 was identified over a decade ago, with 

55 families with BFIS or ICCA being linked to the locus (Szepetowski et al 1997, Lee 

et al 1998, Swoboda et al 2000, Caraballo et al 2001, Weber et al 2004, Callenbach et al 

2005, Striano et al 2006b, Weber et al 2008). Despite this clear linkage and the wealth 

of families available for study, the BFIS gene located in the region has not been 

identified. This suggests that the mutation involves either an unusual mechanism, which 

would not be detected by conventional screening techniques, or that it affects an 

unannotated gene, a regulatory element or a non-coding RNA that has not been included 

in mutation screens. Array CGH was used to test the hypothesis that BFIS could be 

caused by a microdeletion or microduplication in the pericentromeric region of 

chromosome 16. Sequence capture and next-generation sequencing was used to 

comprehensively search the annotated genes within the region for unique disease-

associated nucleotide substitutions. 

 

Analysis of ten BFIS patients using a chromosome 16-specific CGH array did not 

provide any evidence that BFIS is caused by a deletion or duplication detectable by that 

technology. The pericentromeric region of chromosome 16 contains numerous 

polymorphic CNVs, which were seen in the ten patients. However, no novel pathogenic 

CNVs were detected. This suggests that the mutation in the chromosome 16 BFIS locus 

does not involve a recurrent pathogenic deletion or duplication. 

 

To be successful, next-generation sequencing of two patients from two unrelated 

families would have been expected to identify two independent mutations in the same 

gene. It had to be assumed that the gene was well covered by the data generated from 

the sequencing run. If that was the case, unique variants were not identified in the same 

gene in both patients. However, two candidate genes (BCKDK and ARMC5) identified 

through the sequencing data were investigated further and screened in ten additional 

BFIS patients. Only one additional putative mutation was identified by this screening: 

the BCKDK c.314G>A (p.R105H) variant seen in Family BR. Had either of the 

candidate genes screened been the BFIS gene, then the detection of mutations in more 

families would have been expected (under the one BFNS gene model). In particular, 

mutations would have been detected in most if not all of the large families with strong 

evidence of linkage to the chromosome 16 locus (Families WI, AN, FR and ZZ). Such 
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mutations were not detected in either candidate gene. This suggests that neither BCKDK 

nor ARMC5 is the chromosome 16 BFIS gene and that the gene or genes remains to be 

identified. 

 

Despite analysis of all the annotated genes within the chromosome 16 BFIS linkage 

region, no obvious coding mutations have been identified. There are several reasons 

why this could be. Firstly, the mutation may not be in a coding sequence and therefore 

would not have been identified during the analysis performed. This hypothesis is 

supported by a study performed by Kikuchi and colleagues (2007). In this study, seven 

probands from PKC families were sequenced for the coding regions, 5’UTRs and 

3’UTRs of 157 genes located in the region between D16S3093 and D16S416. Assuming 

that most cases of BFIS, ICCA and PKC mapping to the chromosome 16 locus are 

allelic, this study would have been expected to identify the gene. This study did identify 

75 novel SNPs. Twenty-nine of these were in coding sequences including seven leading 

to amino acid changes in seven different genes. The rate of detection of novel SNPs in 

the study by Kikuchi and colleagues (2007) is similar to that in the study described here, 

with approximately four novel SNPs per sample detected in coding sequences and one 

non-synonymous SNP per sample. The failure of both the study by Kikuchi and 

colleagues (2007) and the study described here to identify causative mutations in the 

coding regions of any of the genes in the chromosome 16 region strongly suggests that 

the mutation either lies outside of the coding regions of any of the annotated genes in 

the region or is of a type which would not be detected by sequencing. 

 

Types of mutations that would not be detected by the next-generation sequencing 

approach applied here include deletions, duplications and inversions. No deletions or 

duplications which could be pathogenic were detected in our cohort. However, this 

cannot be entirely excluded as a mutational mechanism as mutations smaller than the 

resolution of the CGH array used (1.6kb) could still be present. It is also possible that 

the mutation is a balanced submicroscopic inversion or other rearrangement, which 

would not be detected by CGH. These types of mutations may be detected by paired-

end sequencing (Feuk 2010). However, paired-end sequencing data covering the entire 

region would be required as the breakpoints may be in an untranslated region. It is also 

possible that the mutation is a nucleotide substitution altering splicing or affecting a 

promoter region or other regulatory sequence. This type of mutation may only be 
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detected by sequencing of the entire region. If such mutations were to be identified, the 

determination of their pathogenic mechanism and confirmation of their pathogenicity 

would be likely to be more difficult than for coding mutations.  

 

Another possibility is that the mutation is in a coding sequence, but was not detected 

during sequencing. This could occur if the mutation affected a GC-rich region. Such 

regions have poor coverage in sequence capture based next-generation sequencing data 

due to poor hybridisation performance of sequences with greater than 60-70% G/C 

content. It is also possible that the mutation lies in one of the repetitive regions not tiled 

on the sequence capture array. The analysis of the regions not sufficiently covered using 

Sanger sequencing is necessary to ensure complete coverage of all genes in the region. 

It is also possible that the mutation lies in an unannotated gene or exon. 

 

The mutation could also be an unstable repeat expansion within a coding region, intron 

or regulatory sequence anywhere within the 24Mb BFIS localisation. Expansions in 

coding regions cause some types of spinocerebellar ataxia and Huntington’s disease 

while expansions in introns and promoter sequences are seen in Friedrich Ataxia, 

Fragile X syndrome and myotonic dystrophy (Pandolfo 2008, Brouwer et al 2009). The 

larger repeat expansions are not detected during PCR based mutation screening as the 

smaller, normal allele will be preferentially amplified to the extent that the expanded 

allele is undetectable. Repeat expansions would not be detected by next-generation 

sequencing technologies either.  

 

Another form of mutation that would not have been detected is a copy number change 

affecting a repetitive element, such as is seen in facioscapulohumeral muscular 

dystrophy (FSHD). This autosomal dominant disorder is caused by the loss of a variable 

number of copies of a 3.3kb repetitive element known as D4Z4. Normal individuals 

have 11-100 copies of this repeat element while FSHD patients have ten or fewer copies 

(Tawil 2008). 

 

The identification of the mutation or mutations causing BFIS and PKC linked to the 

pericentromeric region of chromosome 16 is likely to require the application of novel 

mutation detection technologies or analysis of the remaining non-coding sequence. 

Given that the region has been described for over 12 years without a mutation being 
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identified, the mutation is unlikely to be a conventional coding mutation, especially in 

light of the experiments described here and published by others (Roll et al 2002, 

Kikuchi et al 2007).  
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Conclusion 

The emergence of powerful new technologies to identify nucleotide substitutions by 

scanning the coding regions of many genes simultaneously greatly improved the chance 

of locating the BFIS gene. Similarly, advances in molecular cytogenetics allowed rapid 

and efficient searches for the next most likely mutational mechanism, CNVs. Neither 

approach succeeded when applied to BFIS. Sequence capture and next-generation 

sequencing of all the annotated genes in the region did identify two plausible candidate 

genes. However, neither of these genes were associated with BFIS because additional 

putative mutations were not found in most of the BFIS samples sequenced for the 

genes. While the possibility that the BFIS mutation is a conventional coding mutation 

cannot be entirely ruled out, this is increasingly unlikely. It is more probable that the 

mutation has an unusual mechanism. Approaches that have yet to be tried include CGH 

using a higher-resolution array specific for the region, the use of paired-end sequencing 

to search for balanced inversions where at least one breakpoint causes a disruption to 

gene expression and Southern blotting to look for copy-number changes in repeat 

elements in the region.  
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Appendix 10-1 

Pedigrees of the ten BFIS families studied in the course of this work 
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When this project commenced, much was already known about the mutational 

mechanisms of the epilepsies occurring in infancy, but some significant questions 

remained. Mutations in the potassium channel subunit genes KCNQ2 and KCNQ3 had 

been found in approximately 60% of cases of benign familial neonatal seizures (BFNS) 

(Singh et al 2003), leaving many families unsolved, in that they did not have a known 

mutation. Families with benign familial neonatal-infantile seizures (BFNIS), with 

intermediate ages of onset between BFNS and benign familial infantile seizures (BFIS), 

usually had SCN2A mutations, but few such families had been identified. The molecular 

basis of BFIS was not known although several loci had been identified by genetic 

linkage analysis (Guipponi et al 1997, Szepetowski et al 1997, Li et al 2008). The 

sodium channel subunit gene SCN1A was the most commonly mutated gene associated 

with childhood epilepsy diagnosed as Dravet Syndrome but the parental origin of these 

mainly de novo mutations had not been investigated. The mutational mechanisms 

leading to these mutations were therefore not fully understood and the question of 

whether the mutations were related to parental age had not been addressed. 

 

The first aim was to investigate the cause or causes of BFNS in patients without 

detectable mutations in the coding sequences of KCNQ2 or KCNQ3. Thirteen families 

(36%) from a BFNS cohort of 36 did not have these mutations (Chapter 3). Six of these 

families were found to have microchromosomal rearrangements affecting KCNQ2 

(Chapter 4). These are loss of function mutations leading to haploinsufficiency. In the 

BFNS cohort studied, microchromosomal rearrangements accounted for approximately 

20% of all KCNQ2 mutations and almost half the cases where mutations had not been 

detected by sequencing. This demonstrated the universal need to include testing for 

deletions and duplications as part of the testing protocol for BFNS patients. 

 

A further two families (6%) with significant co-morbidities (intellectual disability in 

one, Long QT syndrome (LQTS) in the other) in addition to neonatal seizures were 

found to have unusual mutations. The family with neonatal seizures and intellectual 

disability was found to have a duplication at chromosome 2q24.3. This duplication was 

found to contain eight intact genes and the 3’ end of SCN1A (Chapter 5). The 

identification of this unusual mutation accounts for the atypical combination of 

phenotypes in this family. This finding demonstrated that familial as well as sporadic 

cases with unusual epilepsy phenotypes should be routinely screened from now on 
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using array comparative genome hybridisation (CGH) early in their clinical assessment 

to test for pathogenic microchromosomal abnormalities. The recent technical 

refinements in array CGH allow the rapid and accurate identification of these mutations, 

which are generally too small for detection by light microscopy. 

 

The patient with neonatal seizures and LQTS had a mutation and a presumed 

susceptibility variant in two genes previously associated with LQTS, SCN5A and 

KCNE2 (Chapter 6). Although mutations in these two genes are associated with LQTS, 

they are both expressed in the brain and the combination of the two variants seen in the 

patient may be the cause of the seizures as well as the LQTS. Both this finding and the 

microduplication described above suggest that unusual phenotypes can have unique 

mutational mechanisms. 

 

Another two families (6%) ascertained as BFNS were found to have mutations in the 

sodium channel subunit gene SCN2A (Chapter 7). Mutations in this gene are associated 

with benign familial neonatal-infantile seizures (BFNIS) in which seizures typically 

occur at an older age than the seizures in BFNS. The two families with SCN2A 

mutations in our cohort appear to be outlier BFNIS families with a primarily neonatal 

age of seizure onset. The initial misclassification of these families as BFNS shows that 

the differentiation between BFNS and BFNIS cannot, in some cases, easily be made on 

clinical grounds alone.  

 

The identification of the underlying molecular cause of these disorders is of clinical 

significance, both for the purpose of genetic counselling and for accurate prognosis. The 

differential diagnosis between some epilepsy syndromes with overlapping clinical 

features can be greatly facilitated using appropriate molecular testing. The 

recommendations of the International League Against Epilepsy (ILAE) Commission on 

Classification and Terminology (Berg et al 2010) are moving in that direction, with a 

suggestion that the epilepsies may ultimately be classified by specific cause, for 

example according to the specific defective ion channel gene. These new 

recommendations also changed the nomenclature of BFNS, BFNIS and benign familial 

infantile seizures (BFIS) to BFNE, BFNIE and BFIE respectively, with “epilepsy” 

replacing “seizures” in the nomenclature. However the previously existing 
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nomenclature was maintained throughout this thesis for consistency with published 

work. 

 

The molecular defect was not identified for three BFNS families. Two of these families 

were excluded from linkage to the KCNQ2, KCNQ3 and SCN2A genes, indicating that 

these families have a mutation in another gene or genes (Chapter 8). The third family 

could not be excluded from linkage to KCNQ2 and may have an unidentified mutation 

in the gene. The unknown BFNS gene or genes are most likely to be identified through 

the use of next-generation sequencing technologies to sequence the entire exome or an 

entire linkage region if families large enough to obtain a significant linkage result and 

enable regional localisation can be identified. These will not necessarily be ion channel 

genes. Earlier successes in epilepsy gene identification may have biased subsequent 

candidate gene selection in favour of ion channel genes. The use of sequencing 

technologies allowing the interrogation of an entire linkage region or the entire exome 

may allow the identification of other types of genes involved in the pathogenesis of 

epilepsy.  

 

Another aim was to examine the parental origin of de novo mutations in SCN1A. 

Seventy-five percent of these mutations were derived from the paternal chromosome. 

For this epilepsy gene, the proportion of mutations with paternal origin was lower than 

seen for many other genes associated with a large range of disorders. This is likely to be 

due to mutagenesis in SCN1A occurring during embryogenesis in some cases, creating 

individuals with somatic or gonadal mosaicism who then pass the mutation to their 

affected child.  

 

The third aim was to use novel molecular techniques to identify the causative gene in 

the benign familial infantile seizures (BFIS) region at chromosome 16p11.2-q12.1. 

Comparative genome hybridisation (CGH) was used to look for novel copy number 

variants in the region. No novel pathogenic copy number changes were seen, indicating 

that this is unlikely to be the mutational mechanism in BFIS. Sequence capture and 

next-generation sequencing was used to screen coding sequences and promoters of all 

the annotated genes in the region for unique nucleotide variants. Several unique variants 

were found, but they were not causatively associated with BFIS.  
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It is likely that BFIS has an unusual mutational mechanism such as a recurrent small 

balanced microchromosomal rearrangement such as an inversion disrupting genes at its 

breakpoint or a mutation affecting a repetitive sequence or element. These mutations 

would not have been detected by standard cytogenetics or by the molecular methods 

employed. The identification of the BFIS gene at chromosome 16p11.2-q12.1 will 

require the formulation of new hypotheses regarding the mutational mechanism and the 

application of alternative research plans to test these hypotheses. 

 

The specific mutations causing a few monogenic epilepsy syndromes and all of the 

polygenic epilepsies remain to be identified. Recent advances in mutation detection 

technologies are likely to contribute to the future discovery of these mutations. For 

example, the screening of patients with idiopathic genralized epilepsy using whole 

genome CGH arrays has already led to the identification of several recurrent and unique 

copy number variants associated with epilepsy and other neurological disorders (Helbig 

et al 2009, Shinawi et al 2009, van Bon et al 2009, Mefford et al 2010).  

 

Next-generation sequencing technologies will most likely provide most most of the 

major new advances towards the understanding of the genetic architecture of the 

epilepsies in the immediate future. These methods revolutionise the identification of 

causative mutations in the as yet unsolved monogenic epilepsy syndromes. The 

identification of causative mutations without the need for the sequential sequencing of 

overwhelming numbers of candidate genes will allow more rapid identification of those 

mutations. They are also applicable to the identification of the susceptibility variants 

underlying epilepsy with complex inheritance, beyond those microchromosomal 

variants detectable by array CGH. If significant numbers of these genes do not encode 

ion channels, then their discovery will represent a paradigm shift away from an almost 

exclusive channelopathy concept that has dominated the study of epilepsy genetics for 

the past decade and a half.  

 

Exome or genome sequencing will theoretically allow the identification of all the 

coding variants carried by a particular patient. The data from these experiments should 

provide researchers with a clear picture of the genetic variants that contribute to 

different epilepsy syndromes, once a sufficient number of patients have been 

sequenced. The statistical methods to identify susceptibility genes based on variants 
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identified by next-generation sequencing technologies are now under development 

(Price et al 2010). Genome sequencing will allow the identification of non-coding 

variants, which may also play a role in the pathogenesis of epilepsy. This will further 

increase the understanding of the pathogenesis of epilepsy and in turn lead to improved 

diagnosis and treatment of the epilepsies. 
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