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ABSTRACT 

Benign familial infantile epilepsy (BFIE) is clinically characterized by clusters of brief partial 

seizures progressing to secondarily generalized seizures with onset at the age of 3-7 months and with 

favorable outcome. PRRT2 mutations are the most common cause of BFIE, and found in about 80% of 

BFIE families. In this study, we analyzed a large multiplex BFIE family by linkage and whole exome 

sequencing (WES) analyses. Genome-wide linkage analysis revealed significant evidence for linkage 

in the chromosomal region 19p12-q13 (LOD score 3.48). Mutation screening of positional candidate 

genes identified a synonymous SCN1B variant (c.492T>C, p.Tyr164Tyr) affecting splicing by the 

removal of a splicing silencer sequence, shown by in silico analysis, as the most likely causative 

mutation. In addition, the PRRT2 frameshift mutation (c.649dupC/p.Arg217Profs*8) was observed, 

showing incomplete, but high segregation with the phenotype. In vitro splicing assay of SCN1B 

expression confirmed the in silico findings showing a splicing imbalance between wild type and mutant 

exons. Herein, the involvement of the SCN1B gene in the etiology of BFIE, contributing to the disease 

phenotype as a modifier or part of an oligogenic predisposition, is shown for the first time. 

  



HIGHLIGHTS 

 A large family of four generations showing BFIE phenotype including 13 affected and 15 

healthy sampled individuals, was analyzed. 

 Whole genome linkage analysis showed significant linkage to chromosome 19p12-q13 

with a LOD score of 3.48. 

 Sequence analysis of the most plausible candidate, SCN1B, identified a synonymous 

variant c.492T>C/p.Tyr164Tyr segregating with the disease phenotype and affecting 

splicing efficiency as shown by in silico analysis and minigene in vitro assay system. 

 WES analysis outside of the linkage region identified a common PRRT2 

c.649dupC/Arg217Profs*8 mutation, known to be associated with BFIE phenotype, 

showing incomplete penetrance with the disease in the family. 

 Synonymous SCN1B variant most probably contributes to the BFIE phenotype as part of 

an oligogenic predisposition or as a modifier. 

 Signifies the importance of evaluation of potentially pathogenic effects of synonymous 

variants. 

 

  



1. INTRODUCTION 

Benign Infantile Seizures (BIS) is one of the three benign epilepsy syndromes others being BFIS 

(Benign Familial Neonatal Seizures) and BFNIS (Benign Familial Neonatal Infantile Seizures) that are 

characterized by partial seizures occurring in the first two years of life, however with different ages of 

onset. BIS was described by Fukuyama in 1963 as clusters of partial seizures with subacute onset 

between 3 to 20 months of age comprising motor arrest, impairment of consciousness, staring, and 

convulsive movements1. In 1992 Vigevano described the familial form of the disease and named it as 

Benign Familial Infantile Convulsions/Seizures (BFIC or BFIS). The seizures are age dependent and 

patients have normal motor development before and after the disease duration2 and is known to have 

an  autosomal dominant mode of  inheritance3. Herein, Benign Familial Infantile Epilepsy (BFIE) will 

be used instead of BFIS as suggested by the ILAE Commission on Classification and Terminology in 

20104. 

Several linkage analyses in large families identified responsible loci in the chromosomal regions 

19q12-135, 16p12- q126, 2q2487 and 1p36.12-p35.18, demonstrating genetic heterogeneity. However, 

it was lately shown that PRRT2 mutations were found in about 80% of BFIE families in various 

population9,10. The PRRT2 (Proline Rich Transmembrane Protein 2) gene is located on chromosome 

16 in a previously identified locus for BFIE and Paroxysmal Dyskinesia11,12. Overall, 85 % of all 

reported PRRT mutations are truncating mutations occurring at the c.649 

(c.649delC/p.Arg217Glufs*12 and c.649dupC/p.Arg217Profs*8), suggesting a mutation hotspot13. In 

their study Zara et al observed KCNQ2 mutations in all three phenotypes but PRRT2 mutations only in 

BFIE patients14.   

Herein, we report a large multiplex family with a BFIE phenotype co-segregating with a 

synonymous variant in exon 4 of the SCN1B gene most probably affecting splicing efficiency of the 

mRNA, and with the known c.649dupC/p.Arg217Profs*8 mutation in the PRRT2 gene. 

 

 



2. MATERIALS AND METHODS 

2.1. DNA Samples 

Patient recruitment and genetic analyses were conducted as recommended by the Boğaziçi 

University Ethical Committee and upon signed consent of the patients. 

DNA was extracted from 10 ml peripheral blood of BFIE family members by the NaCI method15 

or from 2 ml peripheral blood by MagNa Pure DNA Isolation Kit-Large Volume on MagNA Pure 

Compact instrument (Roche Diagnostics, Mannheim, Germany) or by Qiagen DNAmp DNA extraction 

kit according to the manufacturers’ instructions. For total RNA isolation blood was collected from 

index patient and parents in PAX tubes and RNA was isolated using MagNa Pure RNA Isolation Kit 

on MagNA Pure Compact instrument (Roche Diagnostics, Mannheim, Germany). For population 

screening of the SCN1B mutation, ethnicity matched population control samples in our laboratory were 

used. In addition, population screening of several other variants were carried out using whole exome 

data of 300 individuals (TUBITAK Advanced Genomics and Bioinformatics Research Center, 

AGBRC). 

2.2.Candidate Gene Analysis 

Coding sequences and exon/intron boundaries of four candidate genes (SCN2A, SCN1B, KCNQ2, 

and PRRT2) were amplified by PCR using specific primers (primer sequences and PCR conditions may 

be provided upon request). Two point linkage analysis of variants segregating with the disease 

phenotype was conducted using the Superlink16 module the easyLINKAGE17 assuming an autosomal 

dominant (AD) inheritance with 80% penetrance.  

2.3.Whole Genome Linkage Analysis 

Genome-wide genotyping SNPs was conducted at Cologne Center for Genomics using the 

Illumina Infinium HumanLinkage-24 Genotyping BeadChip for all 28 family members. Genome-wide 

linkage analysis was performed using the EasyLINKAGE17 program package. The Allegro18 and 

SimWalk19 modules, with the assumption of autosomal dominant inheritance and 70% penetrance, were 

used for multipoint parametric linkage analysis. 

 



2.4.Whole Exome Sequencing 

Whole Exome Sequencing for the patients 4BF14 and 4BF17 was done at Cologne Center for 

Genomics, using Illumina sequence capture with Illumina sequencing on a HiSeq200 instrument. 

Variants in the linkage region, shared by the two patients, and not observed in the local database of 

Cologne Center for Genomics were selected for further analysis by Sanger sequencing, together with 

other exonic variants of epilepsy-related genes outside of the linkage region. Epilepsy genes were 

selected according to OMIM or Pubmed with epilepsy or seizure as keywords. Channel genes were 

selected as listed in the report of Klassen et al.20.  

2.4.1. Analysis of the SCN1B c.492T>C/p.Tyr164Tyr Variant with Rsa I Digestion 

The SCN1B c.492T>C variant in exon 4 created a restriction site for Rsa I enzyme. For RE 

digestion analysis of BFIE family and population control samples exon 4 were amplified by PCR, 10 

µl of PCR products were digested with Rsa I enzyme (Fermentas) at 37 oC overnight and digestion 

products were analyzed by agarose gel electrophoresis. 

2.5. SCN1B cDNA Analysis 

Total RNA was isolated from the index patient and his parents using MagNa Pure nucleic acid 

extraction robot (Roche, Germany). All coding regions of the SCN1B gene were amplified using mRNA 

specific primers with the Long-Range Two-Step RT PCR Kit (Qiagen, USA), and analyzed by Sanger 

Sequencing (Macrogen, Korea).  

2.6. Minigene Analysis of the SCN1B c.492T>C/p.Tyr164Tyr variant  

Minigene method was described in detail by Kishore et al. and conducted according to their 

recommendations21. Briefly, pSpliceExpress Vector was purchased from the AddGene plasmid 

repository and amplified in E. coli cells. Isolated plasmid was sequenced by Macrogen, Korea using 

M13 Forward primer for confirmation. Exon 4 of the SCN1B gene was amplified from genomic DNA 

of sample 4BF14 with sequence specific primers and adaptors. The SCN1B variant was confirmed by 

Sanger sequencing, and cloned into pSE vector using the Gateway cloning method and the Gateway® 

BP Clonase™ II Enzyme Mix (Invitrogen, USA). Positive and negative clones for the SCN1B variant 

were selected with Rsa I digestion. Additionally, isolated plasmids were confirmed by Sanger 

sequencing. 



Growth media of SH-SY5Y cells included 1:1 ratio of DMEM (no glucose, Invitrogen) and F12 

(Invitrogen), 10% FBS, 1% penicillin/streptavidin, 1% non-essential amino acids (Invitrogen). Media 

was refreshed every two (or three) days and cells were splitted every eight to 10 days. For 

differentiation, SH-SY5Y cells were plated as 70-80% confluent in growth media. The growth media 

was changed the day after plating to differentiation media (DMEM low glucose, 1% 

penisilin/streptavidin, 1% N2 supplement, retinoic acid; final concentration 10 μM). Media was 

changed every 3 days and further differentiated for 9 days in culture. SH-SY5Y cells were transfected 

at the 5th day of differentiation according to manufecturer’s protocol by using DNA: Lipo ratio of 0,2 

μg DNA and 0,5 μl Lipofectamine 2000.  

Two days after transfection total mRNA was isolated from differentiated SH-SY5Y cells using 

Zymo quick RNA miniprep kit as described by the manufacturer. Reverse transcription PCR was 

conducted using the Qiagen Long-Range 2-Step RT-PCR kit. The target region was amplified by a 

LongRange PCR step using rat insulin exons specific primers. Primers for cDNA production; SCN1B 

mRNA F: CTCCCGGGGACATTCTAAC and SCN1B mRNA R: TTCAAGGCTGGTGAGAGAGG. 

Targeted boost RT-PCR primers for all 3 transcripts were: SCN1B mRNA 2F: 

CTATTAATACCGGCGGCCC and SCN1B mRNA 4&5 R: ATTACGGCTGGCTCTTCCTT. Rat 

insulin exon 3 and exon 2 specific primers: pSE-RNEx3-F GCCCTGCCCAGGCTTTTGTCA and 

pSE-RNEx2-R GCAGAGGGGTGGACAGGGTAG. 

3. RESULTS 

3.1. BFIE Family  

The index patient (4BF14) was diagnosed with BFIE at age of 5 months, had typical symptoms of 

BFIE, namely seizures with deviation of head and eyes to one side, cyanosis, apnea and general motor 

arrest. Several members of the family had similar symptoms and seizure type during infancy and 

remission about a year later.  All were responsive to phenobarbital and seizure free after 2-3 years of 

age without medication.  Only one patient (4BF26) needed medication (carbamazepine) in order to be 

seizure free in adulthood (≥45 years old) (Figure 4). 4BF17 deceased during the study. For other 

patients in generations III and IV clinical information were obtained during interviews with other 

family members especially with the member 4BF24. The pedigree was analyzed by Pedcheck22 to 



confirm family relationships. The index patient was negative for mutations in the candidate genes 

SCN2A, and KCNQ2 by Sanger sequencing.  

Genome-Wide Linkage Analysis  

Whole genome multipoint linkage analysis with autosomal dominant inheritance and 70% penetrance 

identified a region with a significant LOD score of 3.48 on the chromosomal region 19p12-q13 (Figure 

1A). Fine mapping defined the region of interest between markers rs959419 (chr19: 20826692, GRCh-

37) and rs870379 (chr19: 35543756, GRCh-37) (Figure 1B). The haplotypes in the linkage region are 

shown in Figure 2. The linkage region included the SCN1B gene together with 76 other protein-coding 

genes. 

The plausible candidate SCN1B gene in the linkage region was sequenced revealing a synonymous 

SNP (rs535042320, NM_001037.3, c.492T>C; NP_001028.1, p.Tyr164Tyr) in exon 4 (Figure 3A). 

The SNP is conserved in mammals, ultra-rare in the 282K samples of the Genome Aggregation 

Database (frequency 04.1x10-4, only present in South Asian population, 

http//:gnomad.broadinstitute.org), and was not observed in 461 unrelated controls of the same ethnicity 

as the family (Turkish).  Analysis of the family members for the novel variant by Rsa I restriction 

digestion showed full co-segregation with the BFIE phenotype with a two-point LOD-score of 3.01 

(AD inheritance, 70% penetrance). All of the 13 affected family members carried the mutation along 

with 3/15 healthy members of the family. ESE Finder23 analysis showed that the mutation created an 

additional binding site for splicing regulator SRp55 (data not shown) and PESX24 analysis showed that 

it abolished a silencer sequence (Figure 3B). 

Genome-wide Exome Sequencing  

The patients 4BF14 and 4BF17 were analyzed by whole exome sequencing considering two facts: (i) 

that the SCN1B variant may be co-segregating with the disease due to the basic haplotype in the linkage 

region masking other mutations and (ii) that there was no other plausible candidate in the region. 

Initially targeting the linkage region, filtering for unique variants shared by the two patients resulted in 

six variants in four genes, namely ZNF98, SCN1B, ZNF792, and GRAMD1A. Three other variants in 

two genes functionally similar to epilepsy related genes (SLC7A10 and KCTD15) were observed in one 



patient. All variations were validated by Sanger sequencing, except the variants in ZNF98 and 

SLC7A10. The variants in ZNF792, a gene with no expression in the brain, were in silico predicted to 

be benign. The GRAMD1A gene has minimal expression in the brain, as reported by the EMBL-EBI 

Expression Atlas25. On the other hand, the KCTD15 gene is known to be involved in the neural crest 

development26. 

Genome-wide unique variants shared by two patients outside the linkage region were also analyzed. 

When filtered for epilepsy and channel related genes that have expressions in the brain, 11 variants 

remained out of 6193 unique variants. While all 11 variants could be validated by Sanger sequencing, 

only two variants in EFHC1 and KCNJ10 were shared by other members of the family, but without a 

significant segregation with the phenotype or any evident modifying effect. However, a PRRT2 

mutation (c.649dupC/p.Arg217Profs*8)13 known to be the main cause for BFIE was observed in one 

patient. The mutation was confirmed by Sanger sequencing and analyzed in all family members. Out 

of 13 affected individuals 11 carried the mutation together with 6 unaffected individuals. 

Supplementary Table 1 shows the two point LOD scores of all filtered variants based on the segregation 

analysis in the family. LOD scores were calculated using the SuperLink17 program under the 

assumption of AD inheritance and 80% penetrance. The PRRT2 mutation has the lowest LOD score 

and the variants on 3 genes (SCN1B, ZNF792 and GRAMD1A) in the linkage region have the same 

LOD scores. KCTD15 gene variant which is also in linkage region has relatively high LOD score, 

however, wild type allele with global allele frequency of 0.62 was segregating together with the disease 

in the pedigree. 

 SCN1B cDNA Analysis  

To see the effect of the silent mutation on splicing, total mRNA was isolated from the blood sample of 

the index patient (4BF14) and his parents (4BF15 and 4BF16) and was analyzed by two-step RT-PCR 

resulting in no alteration between affected and healthy individuals. These samples were also analyzed 

by Sanger sequencing that showed silent SCN1B c.492 T>C/p.Tyr164Tyr variation in heterozygous 

state in the patient indicating that there is expression from both alleles and eliminated the possibility of 

NMD of the mutant allele. Overall evaluation of RT-PCR results of mRNA isolated from blood show 

that silent mutation did not have any effect on splicing and expression of the gene.  



In Vitro Splicing Assay (Minigene) 

In order to see the effect of the mutation in nerve cells an in vitro splicing assay was conducted. The 

target exon was cloned into an expression vector through Gateway cloning system. In this expression 

vector target exon was surrounded with rat insulin exons used as a positive control of transfection and 

expression.  

Validation of the Minigene Assay With A Known GABRG2 Splicing Mutation 

Prior to testing the effect of SCN1B c.492T>C/p.Tyr164Tyr variation on splicing, the efficacy of the 

minigene assay was shown using a splice site variant on the GABRG2 gene (IVS6+2T>G). The 

mutation was reported by Kananura et al27 and the splicing defect caused by the mutation was shown 

in both an in vitro system and also in a transgenic mouse by the retention of exon 6 into the intronic 

region28.  

For the minigene assay GABRG2 mutation was created using site directed mutagenesis and cloned into 

pSpliceExpress21 vector with gateway cloning system. Mutant and wild type plasmids were used to 

transfect differentiating SH-SY5Y cells. After cDNA analysis RT-PCR products showed that the 

plasmid with GABRG2 IVS6+2T>G mutation produced a longer DNA fragment. Sanger sequencing of 

RT-PCR products confirmed the observations by Tian and Macdonald28 and the mutant plasmid 

showed the retention of the intron validating the efficacy of the splicing assay in SH-SY5Y cells 

(Supplementary Figure 1). 

Minigene Assay of the SCN1B C.492 T>C/p.Tyr164Tyr Variation 

Three plasmids, one with SCN1B exon 4 with c.492T>C/p.Tyr164Tyr mutation, one with wild type 

SCN1B exon 4 insert and empty vector were used to transfect differentiating SH-SY5Y Neuroblastoma 

cells.  mRNA isolated from three separate transfections were used in cDNA analysis where two bands 

for mutant and wild type SCN1B vectors and only one band for empty vector were observed. The upper 

band (450 bp) represents SCN1B exon 4 surrounded by rat insulin exons and lower band (300 bp) 

represents rat insulin exons only (Figure 5). Right panel on Figure 5 illustrates the content of observed 

bands, confirmed also by Sanger sequencing.  



Despite equal amount of mRNA templates used for all three reactions a much fainter band at 450 bp in 

wild type sample compared to the mutant was observed. Empty vector sample did not have any band 

at 450 bp. Overall the Minigene Assay indicated that the synonymous mutation c. 492 

T>C/p.Tyr164Tyr in SCN1B promoted exon 4 splicing in differentiating neuroblastoma cells, 

confirming in silico findings (Figure 3).  

4. DISCUSSION  

In this study, genome-wide linkage analysis of a large multiplex BFIE family with an index 

patient negative for mutations in KCNQ2 and SCN2A genes resulted in a haplotype segregating with 

the disease with a significant LOD score of 3.48 in a 15 Mb region on the chromosomal segment 19p12-

q13. This region has been previously reported as candidate linkage region for BFIE in five Italian 

families5. The mutational analysis of the most plausible positional candidate gene, the SCN1B gene, 

identified a synonymous nucleotide exchange (NM_001037.3 c.492T>C; NP_001028.1 p.Tyr164Tyr) 

fully segregating with the disease phenotype.  

In addition to the synonymous SCN1B variant, WES identified in the linkage region ZNF792, 

and GRAMD1A variants shared by both patients and co-segregating with the risk haplotype. ZNF792 

is a zinc finger protein and may have a role in transcription regulation but not much is actually known 

about its function. According to the Expression Atlas database of EMBL-EBI25 it is not expressed in 

brain and the effect of the variant was shown to be benign by in silico testing.  The other segregating 

variant was a splice site variant in GRAMD1A that codes for GRAM domain-containing protein 1A, a 

seven pass transmembrane protein29. According to the Expression Atlas database of EMBL-EBI it has 

low expression in the brain and is a low frequency SNP in dbSNP (rs558298045). Both variants in 

SCN1B and GRAMD1A genes were not detected in at least 300 Turkish population controls. The 

frameshift mutation in KCTD15 gene was not shared by the two patients, but it was included in the 

segregation analysis due to its function in neural crest formation. However, the wild type allele showed 

incomplete segregation with the disease phenotype (LOD score of 2.02) leaving SCN1B as the most 

plausible candidate gene. 

Genome-wide analysis of all other genes did not reveal any other causative variant shared by the 

two patients, but WES data of patient 4BF14 showed a known variant, c.649dupC/p.Arg217Profs*8, 



in the PRRT2 gene at 16q11.2, which is associated with the BFIE phenotype10. However, the variant 

was present in only 11 out of 13 affected individuals and also in 6 unaffected individuals. Reported 

penetrance of PRRT2 mutations is around 70%. Many reports of unaffected carriers of PRRT2 

c.649dupC/p.Arg217Profs*8 mutation is attributed to diagnostic difficulties13, and that may also be the 

case in our family. However, affected individuals in this family were generally hospitalized due to long 

cluster of seizures and may not have escaped diagnosis.  

Overall genome-wide linkage, WES and bioinformatic analysis emphasize the SCN1B 

synonymous c.492T>C/p.Tyr164Tyr variant and the PRRT2 649dupC frameshift mutation as the two 

strong candidates associated with the disease phenotype in the family. 

The association of mutations in the voltage gated sodium channel beta 1 gene (SCN1B), which 

modulates channel surface expression and channel conduction properties, with epilepsy has been 

controversially discussed30. SCN1B gene resides on chromosome 19, in the frequently reported BFIE 

linkage region. There are reports of mutations in SCN1B for temporal lobe epilepsy (TLE), genetic 

epilepsy with febrile seizures plus (GEFS+)31 and Dravet syndrome32. It is also reported that scn1b null 

mice have retarded growth, ataxia, spontaneous seizures and die in postnatal day 2133.The most striking 

feature of BFIE and the two other similar syndromes is their time dependent occurrence, which may be 

explained with temporal regulation of SCN1B splicing during mouse and human development. In 

human frontal lobe, the SCN1B isoform β1B (which is not a transmembrane protein and C terminus of 

the protein ends in intron 3 thus lacks exon 4) is expressed 10-fold higher than β1 variant at gestational 

week 22, and their levels become equal at week 36. However, after birth β1 level is 18-fold higher than 

β1B level34,35. It might be speculated that tissue specific factors may be shifting the balance of splicing 

regulators so that β1 is expressed more than β1B.  

The in-vitro effect of the SCN1B synonymous β1 variant (NM_001037.3, c.492T>C; 

NP_001028.1, p.Tyr164Tyr) was shown using the system developed by Kishore et al.21 by constructing 

a splicing reporter assay with mutant and wild type SCN1B exon 4 and pSpliceExpress vector in 

neuroblastoma cells. The total mRNA produced by the reporter vector when amplified by two step RT-

PCR shows proper splicing with both the wild type and variant exon 4, but inhibition of splicing of 

exon 4 in the variant seems to be removed resulting in an altered β1:β1B ratio. In vitro splicing assay 

results additionally supported in silico findings that the variant was affecting splicing efficiency of the 



SCN1B β1 variant. Technically the effectiveness of the minigene system testing for splicing defects 

was shown by assessing the function of a well-established GABRG2 splice site variant. This in vitro 

system is promising for assessment of developmental regulation of SCN1B gene splicing.  

Though WES analysis method usually filters out synonymous variants, recent studies show that 

this type of SNPs also have contribution to disease etiology either by affecting splicing efficiency and 

mRNA stability or altering binding sites for regulatory elements36. For example, in a recent report a 

novel synonymous mutation in MPZ gene was shown to cause Charcot-Marie-Tooth disease by shifting 

differential expression of alternative splice variants37. Taking these facts into account, though widely 

ignored, accumulating research on synonymous variants would eventually enlighten disease etiology 

in many episodic disorders like BFIE. 

The large amounts of data generated by current technologies may actually have significant 

contributions to the understanding of basic genetic concepts such as low penetrance and modifier 

effects, however, the pedigree in Figure 4 showing the segregation of variants in SCN1B and PRRT2 

genes do not give an obvious clue as to the modifier effects of variations in either gene. One 

homozygous affected member for the SCN1B variation did not have a more severe phenotype (4BF17). 

The healthy phenotype of family members 4BF33 and 4BF85 (mother and son) who carry the variation 

in heterozygous and homozygous states respectively, have been confirmed by successive interviews 

with the family members. The observation of an unaffected individual homozygous for the SCN1B 

variant indicates an incomplete penetrance of the gene, in accordance with previous studies38,39,40. 

The results presented suggest that the PRRT2 c.649dupC/p.Arg217Profs*8 frameshift mutation 

may not be sufficient to cause disease alone as it is present in several unaffected individuals. It may be 

concluded that the SCN1B c.492T>C/p.Tyr164Tyr splice site variant is also implicated in the etiology 

of BFIE in the family along with the known PRRT2 c.649dupC/p.Arg217Profs*8 frameshift mutation 

and that both variants may be required to trigger disease, or that the SCN1B c.492T>C / p.Tyr164Tyr 

splice site variant acts as a modifier or as part of an oligogenic etiology. The role of the SCN1B variant 

in infantile epilepsy is not established and this report provides the first genetic evidence of SCN1B 

mutation causing the BFIE phenotype. Larger BFIE family cohorts should be investigated for SCN1B 

mutations and the synergistic effects of mutations in more than one gene. Contribution of SCN1B 

variants to BFIE phenotype may be underestimated when synonymous mutations may have been 



ignored in other BFIE families. Moreover, all of the reported pathologic SCN1B variants associated 

with other epilepsy syndromes were observed on the same gene region shared by the two splice variants 

β1 and β1B41. 

 

ACKNOWLEDGEMENTS 

We thank all family members for their co-operation and patience throughout the study and 

especially to 4BF24 for her enormous help in collecting blood samples and patient information and 

being a nurse herself actually taking the blood samples from the members of the family.  

We are grateful for the financial support provided by the Boğaziçi University Research Fund 

through project number 5722 (10B01D13), TÜBİTAK 110S518 and IntenC (grant 01DL12011) funded 

by TÜBİTAK to Hande Çağlayan and the German Federal Ministry of Education and Research 

(BMBF) to Thomas Sander. 

We appreciate TUBITAK Advanced Genomics and Bioinformatics Research Center (AGBRC) 

for providing population frequency data for analyzed SNPs. 

We thank Dr. M. Murat Köseoğlu and Umidahan Djakbarova for their support in cell culture 

studies. 

S.U. was supported by TÜBİTAK 110S518 grant. 

 

Disclosure of Conflicts of Interest 

None of the authors has any conflict of interest to disclose. 

 

 

 



REFERENCES 

1. Fukuyama Y. Borderland of childhood epilepsy-special reference to febrile convulsions and so-

called infantile convulsions. Seishin Igaku 1963; 5: 211–223. 

 

2. Specchio N, Vigevano F. The spectrum of benign infantile seizures. Epilepsy Res. 2006; 70 

Suppl 1: S156–67. doi:10.1016/j.eplepsyres.2006.01.018. 

 

 

3. Vigevano F, Fusco L, Di Capua M, Ricci S, Sebastianelli R, Lucchini P. Benign infantile 

familial convulsions. Eur. J. Pediatr. 1992; 151: 608–612. doi:10.1007/BF01957732. 

 

4. Berg A T, Berkovic S F, Brodie M J, Buchhhalter J, Cross J H, Boas W van E, Engel J, French 

J, Glauser T A, Mathern W M, Moshe S L, Nordli D, Plouin P, and Scheffer I E. Revised 

terminology and concepts for organization of seizures and epilepsies: Report on the ILAE 

Commission on Classification and Terminology, 2005-2009. Epilepsia, 2010; 5(4):676-685. 

doi:10.1111/j.1528-1167.2010.02522.x. 

 

 

5. Guipponi M, Rivier F, Vigevano F, Beck C, Crespel A, Echenne B, Lucchini P, Sebastianelli 

R, Baldy-Moulinier M, Malafosse A. Linkage mapping of benign familial infantile convulsions 

(BFIC) to chromosome 19q. Hum. Mol. Genet. 1997; 6(3):473-477. 

 

6. Caraballo R, Pavek S, Lemainque  a, Gastaldi M, Echenne B, Motte J, Genton P, Cersósimo R, 

Humbertclaude V, Fejerman N, Monaco  a P, Lathrop M G, Rochette J, Szepetowski P. Linkage 

of benign familial infantile convulsions to chromosome 16p12-q12 suggests allelism to the 

infantile convulsions and choreoathetosis syndrome. Am. J. Hum. Genet. 2001; 68: 788–794. 

doi:10.1086/318805. 

 

7. Malacarne M, Gennaro E, Madia F, Pozzi S, Vacca D, Barone B, dalla Bernardina B, Bianchi,  

a Bonanni P, De Marco P, Gambardella  a, Giordano L, Lispi M L, Romeo  a, Santorum E, 

Vanadia F, Vecchi M, Veggiotti P, Vigevano F, Viri F, Bricarelli F D, Zara F. Benign familial 

infantile convulsions: mapping of a novel locus on chromosome 2q24 and evidence for genetic 

heterogeneity. Am. J. Hum. Genet. 2001; 68: 1521–1526. doi:10.1086/320596. 

 

8. Li N, Li H, Jiang H, Shen L, Yan X, Guo J, Song Y, Yang Q, Wang Y, Li X, Xiang R, Zi X, 

Long X, Hu Z, Pan Q, Xia K, Tang B. Mutation detection in candidate genes for benign familial 

infantile seizures on a novel locus. Int. J. Neurosci. 2010; 120: 217–221. 

doi:10.3109/00207450903477779. 

 

9. Schubert J, Paravidino R, Becker F, Berger A, Bebek N, Bianchi A, Brockmann K, Capovilla 

G, Dalla Bernardina B, Fukuyama Y, Hoffmann G F, Jurkat-Rott K, Anttonen A K, Kurlemann 

G, Lehesjoki A E, Lehmann-Horn F, Mastrangelo M, Mause U, Müller S, Neubauer B, Püst B, 

Rating D, Robbiano A, Ruf S, Schroeder C, Seidel A, Specchio N, Stephani U, Striano P, 

Teichler J, Turkdogan D, Vigevano F, Viri M, Bauer P, Zara F, Lerche H, Weber Y G. PRRT2 

Mutations are the major cause of benign familial infantile seizures. Hum. Mutat. 2012; 33: 



1439–1443. doi:10.1002/humu.22126. 

 

10. Heron SE, Grinton B E, Kivity S, Afawi Z, Zuberi S M, Hughes J N, Pridmore C, Hodgson B 

L, Iona X, Sadleir L G, Pelekanos J, Herlenius E, Goldberg-Stern H, Bassan H, Haan E, 

Korczyn A D, Gardner A E, Corbett M a, Gécz J, Thomas P Q, Mulley J C, Berkovic S F, 

Scheffer I E, Dibbens L M. PRRT2 mutations cause benign familial infantile epilepsy and 

infantile convulsions with choreoathetosis syndrome. Am. J. Hum. Genet. 2012; 90: 152–160. 

doi:10.1016/j.ajhg.2011.12.003. 

 

11. Wang J L, Cao L, Li X H, Hu Z M, Li J Da, Zhang J G, Liang Y, San-A Li, N Chen S Q, Guo 

J F, Jiang H, Shen L, Zheng L, Mao X, Yan W Q, Zhou Y, Shi Y T, Ai S X, Dai M Z, Zhang 

P, Xia K, Chen S Di, Tang B S. Identification of PRRT2 as the causative gene of paroxysmal 

kinesigenic dyskinesias. Brain 2011; 134: 3490–3498. doi:10.1093/brain/awr289. 

 

12. Chen W-J, Lin Y, Xiong Z-Q, Wei W, Ni W, Tan G-H, Guo S-L, He J, Chen Y-F, Zhang Q-J, 

Li H-F, Lin Y, Murong S-X, Xu J, Wang N, Wu Z-Y. Exome sequencing identifies truncating 

mutations in PRRT2 that cause paroxysmal kinesigenic dyskinesia. Nat. Genet. 2011; 43: 1252–

1255. doi:10.1038/ng.1008. 

 

13. Nobile C, Striano P. PRRT2: A major cause of infantile epilepsy and other paroxysmal disorders 

of childhood. Prog. Brain Res. 2014; 213: 141. 

 

14. Zara F, Specchio N, Striano P, Robbiano A, Gennaro E, Paravidino R, Vanni N, Beccaria F, 

Capovilla G, Bianchi A, Caffi L, Cardilli V, Darra F, Bernardina B D, Fusco L, Gaggero R, 

Giordano L, Guerrini R, Incorpora G, Mastrangelo M, Spaccini L, Laverda A M, Vecchi M, 

Vanadia F, Veggiotti P, Viri M, Occhi G, Budetta M, Taglialatela M, Coviello D a, Vigevano 

F, Minetti C. Genetic testing in benign familial epilepsies of the first year of life: Clinical and 

diagnostic significance. Epilepsia 2013; 54: 425–436. doi:10.1111/epi.12089. 

 

15. Miller S a, Dykes D D, Polesky H F. A simple salting out procedure for extracting DNA from 

human nucleated cells. Nucleic Acids Res. 1988; 16: 1215. doi:10.1093/nar/16.3.1215. 

 

16. Fishelson M, Geiger D. Exact genetic linkage computations for general pedigrees. 

Bioinformatics 2002; 18 Suppl 1: S189–S198. 

 

17. Lindner T H, Hoffmann K. easyLINKAGE: A PERL script for easy and automated two-/multi-

point linkage analyses. Bioinformatics 2005; 21: 405–407. doi:10.1093/bioinformatics/bti009. 

 

18. Gudbjartsson D F, Thorvaldsson T, Kong A, Gunnarsson G, Ingolfsdottir A. Allegro version 2. 

Nat. Genet. 2005; 10 (37): 1015-1016. doi:10.1038/ng1005-1015. 

 

19. Sobel E, Papp J C, Lange K. Detection and integration of genotyping errors in statistical 

genetics. Am. J. Hum. Genet. 2002; 70: 496–508. doi:10.1086/338920. 

 

20. Klassen T, Davis C, Goldman A, Burgess D, Chen T, Wheeler D, McPherson J, Bourquin T, 



Lewis L, Villasana D, Morgan M, Muzny D, Gibbs R, Noebels J. Exome sequencing of ion 

channel genes reveals complex profiles confounding personal risk assessment in epilepsy. Cell 

2011;  145: 1036–1048. doi:10.1016/j.cell.2011.05.025. 

 

21. Kishore S, Khanna A, Stamm S. Rapid generation of splicing reporters with pSpliceExpress. 

Gene 2008; 427: 104–110. doi:10.1016/j.gene.2008.09.021. 

 

22. O’Connell J R, Weeks D E. PedCheck: a program for identification of genotype 

incompatibilities in linkage analysis. Am. J. Hum. Genet. 1998; 63: 259–266. 

doi:10.1086/301904. 

 

23. Cartegni L, Wang J, Zhu Z, Zhang M Q, Krainer A R. ESEfinder: A web resource to identify 

exonic splicing enhancers. Nucleic Acids Res. 2003; 31: 3568–3571. doi:10.1093/nar/gkg616. 

 

24. Smith P J, Zhang C, Wang J, Chew S L, Zhang M Q, Krainer A R. An increased specificity 

score matrix for the prediction of SF2/ASF-specific exonic splicing enhancers. Hum. Mol. 

Genet. 2006; 15: 2490–2508. doi:10.1093/hmg/ddl171. 

 

25. Kapushesky M, Emam I, Holloway E, Kurnosov P, Zorin A, Malone J, Rustici G, Williams E, 

Parkinson H, Brazma A. Gene expression Atlas at the European Bioinformatics Institute. 

Nucleic Acids Res. 2009; 38: D690–8. doi:10.1093/nar/gkp936. 

 

26. Zarelli V E, Dawid I B. Inhibition of neural crest formation by Kctd15 involves regulation of 

transcription factor AP-2. Proc. Natl. Acad. Sci. U. S. A. 2013; 110: 2870–5. 

doi:10.1073/pnas.1300203110. 

 

27. Kananura C, Haug K, Sander T, Runge U, Gu W, Hallman K, Rebstock J,, Heils A, Steinlein 

O K. A splice-site mutation in GABRG2 associated with childhood absence epilepsy and febrile 

convulsions. Arch Neurol. 2002; 59 (7):1137-1141. doi:10.1001/archneur.59.7.1137. 

 

28. Tian M, Macdonald R L. The Intronic GABRG2 Mutation, IVS6+2T->G, Associated with 

Childhood Absence Epilepsy Altered Subunit mRNA Intron Splicing, Activated Nonsense-

Mediated Decay, and Produced a Stable Truncated  2 Subunit. J. Neurosci. 2012; 32 (17): 5937-

5952. doi:10.1523/JNEUROSCI.5332-11.2012. 

 

29. The UniProt Consortium. UniProt: a hub for protein information. Nucleic Acids Res. 2014; 43: 

D204–212. doi:10.1093/nar/gku989. 

 

30. Patino G A, Isom L L. Electrophysiology and beyond: Multiple roles of Na+ channel β subunits 

in development and disease. Neurosci. Lett. 2010; 486: 53–59. 

doi:10.1016/j.neulet.2010.06.050. 

 

31. Scheffer I E, Harkin L a, Grinton B E, Dibbens L M, Turner S J, Zielinski M a, Xu R, Jackson 

G, Adams J, Connellan M, Petrou S, Wellard R M, Briellmann RS, Wallace R H, Mulley J C, 



Berkovic S F. Temporal lobe epilepsy and GEFS+ phenotypes associated with SCN1B 

mutations. Brain 2007; 130: 100–109. doi:10.1093/brain/awl272. 

 

32. Patino G a, Claes L R F, Lopez-Santiago L F, Slat E a, Dondeti R S R, Chen C, O’Malley H a, 

Gray C B B, Miyazaki H, Nukina N, Oyama F, De Jonghe P, Isom L L. A functional null 

mutation of SCN1B in a patient with Dravet syndrome. J. Neurosci. 2009; 29: 10764–10778. 

doi:10.1523/JNEUROSCI.2475-09.2009. 

 

33. Chen C, Dickendesher T L, Oyama F, Miyazaki H, Nukina N, Isom L L. Floxed allele for 

conditional inactivatlon of the voltage-gated sodium channel β1 subunit Scn1b. Genesis 2007; 

45: 547–553. doi:10.1002/dvg.20324. 

 

34. Kazen-Gillespie K a, Ragsdale D S, D’Andreall M R, Mattei L N, Rogers K E, Isom L L. 

Cloning, localization, and functional expression of sodium channel β1A subunits. J. Biol. 

Chem. 2000; 275: 1079–1088. doi:10.1074/jbc.275.2.1079. 

 

35. Patino G a, Brackenbury W J, Bao Y, Lopez-Santiago L F, O’Malley H a, Chen C, Calhoun J 

D, Lafreniere R G, Cossette P, Rouleau G a, Isom L L. Voltage-Gated Na+ Channel beta 1B : 

A Secreted Cell Adhesion Molecule Involved in Human Epilepsy 2011; 31: 14577–14591. 

doi:10.1523/JNEUROSCI.0361-11.2011. 

 

36. Sauna ZE, Kimchi-sarfaty C. Understanding the contribution of synonymous mutations to 

human disease. Nat Publ Gr. 2011; 12(10): 6683-91. Doi:10.1038/nrg3051. 

 

37. Corrado L, Magri S, Bagarotti A, Carecchio M, Piscosquito G, Pareyson D et al . A novel 

synonymous mutation in the MPZ gene causing an aberrant splicing pattern and Charcot-Marie-

Tooth disease type1b. Neuromuscular Disorders 2016; 8 (26): 516-520. 

doi:10.1016/j.nmd.2016.05.011  

 

38. Ricci M T, Menegon S, Vatrano S, Mandrile G, cerrato N, Carvalho P, Marchi M de, Gaita F, 

Giustetto C, Giachino D F. ScN1B variants in Brugada Syndrome: a study of 145 SCN5A-

negative patients. Scientific Reports 2014; 4:6470. doi: 10.1038/srep06470. 

 

39. Watanabe H, Koopman T T, Scouarnec S le, Yang T, Ingram C R, Schott J-J, Demolombe S, 

Probst V, Anselme F, Escande D, Wiensfeld A C P, Pfeufer A, Kaab S, Wichmann H-E, 

Hasdemir C, Aizawa Y, Wilde A A M, Roden D M, Bezzina C R. Sodium channel β1subunit 

mutations associated with Brugada syndrome and cardiac conduction disease in humans. The J  

Clin Invest. 2008; 118(6):2260-2268. doi.10.1172/JCI33891. 

 

40. Hu D, Barajas-Martinez H, Medeiros-Domingo A, Crotti L, Veltman C, Schimpf R, Urrutia J, 

Alday A, Casis O, Pfeiffer R, Burashnikov E, Caceres G, Tester D J, Wolpert C, Borggrefe M, 

Schwartz P, Ackerman M J. A novel rare variant in SCN1Bb linked to Brugada syndrome and 

SIDS by combined modulation of Nav1.5 and Kv4.3 channel currents. Heart Rhythm 2012; 

9(5):760-769. doi:10.1016/j.hrthm.2011.12.006. 



 

41. Brackenbury W J, Isom LL. Na+ Channel Beta Subunits: Overachievers of the Ion Channel 

Family. Front. Pharmacol 2011; 2: 53. doi:10.3389/fphar.2011.00053. 

 
 

 


