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Abstract

Nucleotide alterations in the gene encoding proline-rich transmembrane protein 2 (PRRT2)
have been identified in most patients with benign partial epilepsies in infancy (BPEI)/benign
familial infantile epilepsy (BFIE). However, not all patients harbor these PRRT2 mutations,
indicating the involvement of genes other than PRRT2. In this study, we performed whole
exome sequencing analysis for a large family affected with PRRT2-unrelated BPEI. We
identified a non-synonymous single nucleotide variation (SNV) in the voltage-sensitive chlo-
ride channel 6 gene (CLCNG). A cohort study of 48 BPEI patients without PRRT2 mutations
revealed a different CLCN6 SNV in a patient, his sibling and his father who had a history of
febrile seizures (FS) but not BPEI. Another study of 48 patients with FS identified an addi-
tional SNV in CLCN6. Chloride channels (CLCs) are involved in a multitude of physiologic
processes and some members of the CLC family have been linked to inherited diseases.
However, a phenotypic correlation has not been confirmed for CLCN6. Although we could
not detect significant biological effects linked to the identified CLCN6 SNVs, further studies
should investigate potential CLCNG6 variants that may underlie the genetic susceptibility to
convulsive disorders.
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Introduction

Benign partial epilepsy in infancy (BPEI) is an epileptic syndrome described by Watanabe and
Okumura [1]. BPEI is analogous to benign familial infantile epilepsy (BFIE) according to the
revised terminology for organization of seizures and epilepsies [2]. The clinical features of
BPEI include the onset of epilepsy during 3 to 10 months of age, clustering seizures, absence of
abnormalities in electroencephalogram (EEG) or neuroimaging, favorable outcome of seizure
control, and normal neurodevelopment [3]. Additionally, about 40% affected children have a
family history of BPEI [3]. Some BPEI patients demonstrate paroxysmal kinesigenic dyskinesia
(PKD), suggesting an overlap between BPEI and infantile convulsions and choreoathetosis syn-
drome (ICCA). We have also shown that approximately 10% children with BPEI experience
convulsions associated with mild gastroenteritis [3].

Recently, Chen et al. (2011) identified mutations in the gene encoding proline-rich trans-
membrane protein 2 (PRRT2) by whole exome sequencing analysis of eight Chinese families af-
fected by autosomal-dominant PKD [4]. Subsequently, Heron et al. (2012) detected five
different PRRT2 mutations in 14 of 17 families affected by BPEI and in five of six families af-
fected by ICCA [5]. These findings indicate that PRRT2 is one of the major genes related to
BPEI/BFIE and ICCA. However, not all BPEI patients harbor PRRT2 mutations. In our study,
mutated PRRT2 was detected in about half of the Japanese BPEI patients, indicating the exis-
tence of other BPEI genes in the Japanese population.

In this study, we performed genomic analyses to identify additional genes involved in
BPEI development.

Materials and Methods

This study was approved by the ethical committee of Tokyo Women’s Medical University (regis-
tration #206). Written informed consent was obtained from all patients or their legal guardians.

Subjects

Blood samples and clinical information were collected on patients afflicted with BPEI, convul-
sions with mild gastroenteritis, and febrile seizures (FS). We defined BPEI as epilepsy meeting
all of the following conditions: (A) clinical diagnosis of focal seizures and/or secondary general-
ized seizures; (B) normal psychomotor development and neurological findings prior to seizure
onset; (C) normal interictal EEG; (D) normal neuroimaging findings; and (E) seizure onset at
3-12 months of age [3,6]. All samples from patients with BPEI have been previously analyzed
by nucleotide sequencing of PRRT2 coding regions [7]. Patients’ clinical histories, with regard
to seizure/convulsion episodes, were based on interviews of family members. FS definition was
based on at least one seizure incident associated with pyrexia over 38°C.

Whole exome sequencing

Whole exome sequencing was performed for a Japanese family covering three generations
(Family 1) using the Agilent SureSelect Human All Exon Capture kit (Agilent Technologies,
Santa Clara, CA) and pair-end sequencing on a SOLiD3 system (Life Technologies, Foster
City, CA), as previously described [8]. Genomic DNA was isolated from blood samples of Fam-
ily 1 members. Extracted results of the affected members of Family 1 (I-1, II-2, II-3, and III-1)
were compared with that of the BPEI-unaffected member (II-4), used as a negative control
(Fig. 1).

For prioritization, we focused only on non-synonymous variants, splice acceptor and donor
site mutations, and frameshift insertion/deletions (indel) (S1 Fig.). We excluded the candidate
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l.] BPEI infantile seizures L! Fs gastroenteritis

Fig 1. Family trees of three families harboring CLCN6 variants. CLCN6 variant-positive members are
presented as (m+), and CLCN6 variant-negative members are presented as (m-). Arrows indicate the
proband in the family.

doi:10.1371/journal.pone.0118946.9001

variants that were located in segmental duplication regions and listed in the 1000 Genomes
Project (http://www.1000genomes.org/) and dbSNP 132 (http://www.ncbi.nlm.nih.gov/
projects/SNP/). Because we assumed an autosomal dominant trait in Family 1, the variants
shared by all the affected family members but not detected in the unaffected member were se-
lected. Then, select non-synonymous variants were tested for mutational effects using amino
acid substitution prediction tools, PolyPhen-2 [9] (http://genetics.bwh.harvard.edu/pph2/) and
SIET [10] (http://sift.jcvi.org/). Extracted variants were finally evaluated by Sanger sequencing
as described elsewhere [11] to determine whether they segregated with the disease in

this family.

Candidate gene validation

After selecting the candidate gene with a possible relationship to BPEI, we performed a cohort
study to identify nucleotide alterations in the gene. Cohort 1 included 48 BPEI patients nega-
tive for PRRT2 mutations and six children with a history of convulsions associated with mild
gastroenteritis. Cohort 2 consisted of 48 unrelated patients with FS. All coding exons of CLCN6
were analyzed by standard Sanger sequencing. Primer information is available in S1 Table.

One hundred samples from healthy Japanese individuals were also used. Statistical analysis was
performed using Fisher’s exact test.

Cell biological analysis

To confirm the pathological significance of the non-synonymous single nucleotide variants
(SNVs) identified in this study, we compared the expression patterns and biological functions
of the identified SNV-containing CLCNG6 with those of wild type CLCNG6 in COS-1 cells trans-
fected with the respective expression plasmids. For this purpose, we constructed a plasmid en-
coding human wild type CLCN6 complementary DNA (cDNA) and introduced two different
SNVs (G250S and R319Q) into it.

Human Brain Total RNA purchased from Clontech (#636530; Mountain View, CA) was
reverse-transcribed to cDNA using the SuperScript VILO cDNA Synthesis Kit (Life Technolo-
gies) according to the manufacturer’s instruction. Then, CLCNG6 transcripts were amplified by
PCR using the specific primers 5-GGATCCGCCACCATGGCGGGGTGCAGGGGGTC-3’
and 5-GGATCCTTAAACTCGCCAAAGTTCAG-3’, and the amplicons were cloned into the
pGEM-T vector (Promega, Madison, WI). Twenty clones were established and genotyped by
Sanger sequencing using T7 and Sp6 primers. Transcript variant 1-3 was selected and its full-
length cDNA was subcloned into the pFLAG-CMVTM-2 expression vector containing the
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