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Summary 

Recently, mutations and deletions in the GRIN2A gene have been identified to predispose to benign and severe idiopathic focal epilepsies (IFE), revealing a higher incidence of GRIN2A alterations among the more severe phenotypes. This study aimed to explore the phenotypic boundaries of GRIN2A mutations by investigating patients with the two most common epilepsy syndromes: i) idiopathic generalized epilepsy (IGE) and ii) temporal lobe epilepsy (TLE). Whole exome sequencing data of 238 patients with IGE as well as Sanger sequencing of 84 patients with TLE were evaluated for GRIN2A sequence alterations. Additionally, two independent cohorts comprising 1469 IGE and 330 TLE patients were screened for structural deletions (>40 kb) involving GRIN2A. Apart from a presumably benign, non-segregating variant in a patient with juvenile absence epilepsy, neither mutations nor deletions were detected in either cohort. These findings suggest that mutations in GRIN2A preferentially are involved in genetic variance of pediatric IFE and do not contribute significantly to neither adult focal epilepsies as TLE nor generalized epilepsies. 

Introduction 

Mutations in GRIN2A, coding for the alpha2 subunit of the NMDA glutamate receptor, were recently identified in pediatric patients with epilepsy-aphasia spectrum disorders including benign focal epilepsies with centrotemporal spikes (CTS) (Carvill et al., 2013, Lemke et al., 2013, Lesca et al., 2013). Most patients were described with epileptic phenotypes belonging to the more severe end of the spectrum of idiopathic focal epilepsies (IFE) such as atypical Rolandic epilepsy, atypical benign partial epilepsy (Pseudo-Lennox syndrome, ABPE), epileptic aphasia (Landau-Kleffner syndrome, LKS) and electrical status epilepticus in slow-wave sleep (ESES). Mutation frequency ranged from 4.9% in Rolandic epilepsy to 17.6% in Landau-Kleffner syndrome (Lemke et al., 2013). Exon-disrupting copy number variations (CNV) in GRIN2A occurred in 1% of patients with pediatric IFE (Lemke et al., 2013). In line with this observation, previous studies reported GRIN2A mutations as well as deletions in different epilepsy disorders associated with CTS on EEG (Endele et al., 2010, Reutlinger et al., 2010).

The aim of this study was to further delineate the phenotypic spectrum of GRIN2A mutations and deletions by performing a genetic screen of patients with idiopathic generalized epilepsy (IGE) and temporal lobe epilepsy (TLE).

Methods

This study has been approved by the local Research Ethics Committees. All study participants provided an informed written consent. Phenotyping was performed according to the 2001 and 2010 International League Against Epilepsy (ILAE) classification schemes (Engel, 2001, Berg et al., 2010). Both investigated epilepsy syndromes, IGE and TLE, were not further subdivided into different subtypes. The targeted sequencing data for identification of single nucleotide variants (SNV) as well as the SNP-array data for identification of structural deletions (>40 kb) were analyzed for genomic alterations affecting the GRIN2A gene (chr16:9,847,265-10,276,263; human genome build 37/hg19). Of note, due to limitations in the accuracy of structural duplication calling, we have excluded duplications from the analysis. A summary of all investigated cohorts is provided in table 1.
DNA-extraction from blood samples
DNA from individual blood samples was extracted locally at the recruitment centers using commercially available kits and standard methods.

IGE: exome sequencing 

Sequence analysis was performed in 238 unrelated patients with IGE of self-identified European ancestry using next generation sequencing techniques. DNA was fragmented using sonification technology (Covaris, Woburn, MA, USA) and fragments were end repaired and adaptor ligated. Enrichment was performed using the SeqCap EZ Human Exome Library® v2.0 (Roche NimbleGen, Madison, WI, USA) and analysis of samples was done on the IlluminaHiSeq 2000® sequencer (Illumina, San Diego, CA, USA). Inclusion criteria for data analysis were defined as follows: average coverage >30x for 85% of the target sequences. Data filtering was done using Illumina Realtime Analysis® (RTA) software v1.8 followed by mapping to the human genome reference build hg19 via the ELANDv2 alignment algorithm. CASAVA v1.8 was used to exclude PCR duplicates. Variant calling was performed by SAMtools (version 0.1.7) for InDel detection. For the detection of protein changes, affected splice sites, and overlaps with known variants, in-house scripts, developed at the Cologne Center for Genomics (Cologne, Germany), were used.

IGE: Structural deletion analysis

Deletion screening was carried out in 1469 unrelated patients with IGE of self-identified North-Western European ancestry (for details see (Lal et al., 2013)). DNA samples were genotyped with the Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA). Deletion calling was performed, using the Birdsuit algorithm implemented in the Affymetrix Genotyping Console version 4.1.1. Deletion analysis was restricted to deletions larger than 40 kb covering at least 20 consecutive probes. Regional log2 ratios of the signal intensities and the SNP heterozygosity state were visualized and manually inspected in the Chromosome Analysis Suite v1.2.2 (Affymetrix, Santa Clara, CA, USA). 

TLE: Sanger sequencing of GRIN2A

Sequence analysis was performed in 84 unrelated patients with mixed TLE phenotypes of self-identified European ancestry using routine Sanger sequencing techniques for all 13 exons and intron-exon boundaries of GRIN2A with the BigDye Terminator v3.1 Cycle Sequencing kit on an ABI3730 DNA Analyser (Applied Biosystems, Foster City, CA). Primers and PCR conditions are available upon request. 

TLE: Structural deletion analysis

DNA of 330 patients with mesial temporal lobe epilepsy was assayed with the Infinium II Sentrix HumanHap550v3 duo Genotyping BeadChip (Illumina, San Diego, CA, USA), containing over 550,000 unique tag SNP markers. Hybridizations were performed according to the manufacturer’s instructions. Analysis of genotypes was done with the Illumina Genome Studio® genotyping module (v.2011). The PennCNV software was used to generate deletion calls by calculating the log R ratio (LRR) and B allele frequency (BAF) for all markers. Only deletions larger than 40 kb and covering at least 20 consecutive probes were analyzed. Technical artifacts were excluded by manual inspection of the regional SNP heterozygosity state and log2 ratios of the signal intensities.

Mutation screening
Data were filtered for unknown variants in GRIN2A and compared to an in-house variation database, dbSNP build 135, 1000Genomes database and the Exome Variant Server. To assess possible pathogenic implications of identified variants, several in silico analysis programs were used (PolyPhen2 and MutationTaster for coding variants, SpliceView and HSF2.4 for SNVs at exon boundaries/ potential splice sites).

Results
Idiopathic generalized epilepsy
238 patients with idiopathic generalized epilepsy were screened for mutations in the coding sequence of GRIN2A. Only one novel non-synonymous variant (c.4135A>G, p.I1379V; NM_001134407.1) was identified in a girl with juvenile absence epilepsy, exhibiting sporadic absences and generalized tonic-clonic seizures on awakening. This variant was rated as benign by prediction programs and did not segregate with the phenotype in the family (Fig.1).

In addition, SNP array data of 1469 patients with IGE were analyzed for structural deletions. Neither exon-disrupting nor larger deletions covering GRIN2A were detected in this cohort.
Figure 1
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Temporal lobe epilepsy
Sanger sequencing of GRIN2A in 84 patients with TLE did not reveal previously unknown sequence alterations. Only three patients carried one single coding missense variant each, all of which were previously described in public databases: c.422C>T, p.T141M (rs78631453); c.2627T>C, p.I876T (rs199784503); c.2899G>C, p.V967L (rs61731465).
SNP array data of 330 patients with temporal lobe epilepsy were analyzed for genetic alterations in GRIN2A. No deletion affecting the genomic sequence of GRIN2A was detected.
Discussion
The first publication reporting GRIN2A mutations in patients with epilepsy described four mutation carriers in two families, one index patient presenting with moderate developmental delay and CTS, the other with a more complex phenotype of epileptic encephalopathy with epileptic spasms, myoclonic seizures, generalized slowing as well as multifocal spikes on the EEG and profound developmental delay (Endele et al., 2010). Recently, three large collaborative studies (Carvill et al., 2013, Lemke et al., 2013, Lesca et al., 2013) identified mutations in GRIN2A as an important risk factor for pediatric patients expressing IFE with the hallmark of CTS. Mutations were more frequent in the severe phenotypes of the spectrum, namely ABPE, LKS and ESES as well as in atypical IFE, belonging to the wider spectrum of the epilepsy aphasia spectrum. Since then, several patients with GRIN2A aberrations have been described. In the majority of cases (Dimassi et al., 2014, Conroy et al., 2014) the respective phenotypes were within the spectrum described previously (Endele et al., 2010, Reutlinger et al., 2010, Carvill et al., 2013, Lemke et al., 2013, Lesca et al., 2013). However, additional case reports were published describing mutations also in less defined and more severe phenotypes similar to the second patient described by Endele and colleagues (Venkateswaran et al., 2014, DeVries and Patel, 2014, Pierson et al., 2014). These reports indicate that genetic alterations of GRIN2A are not limited to IFE but rather predispose to a broader range of epilepsy syndromes with benign IFE at the one end and unclassified epilepsy as well as epileptic encephalopathy and severe developmental disorders at the other. Besides this pleiotropic expression, inherited GRIN2A alterations display incomplete penetrance (Carvill et al., 2013, Lemke et al., 2013, Lesca et al., 2013). The individual disease phenotype is probably further specified by the interplay with genetic background effects and environmental influences following an oligo-/polygenic inheritance model with genetic heterogeneity (Dibbens et al., 2007). 

In agreement with this model, pleiotropy of epilepsy genes has already been described for classical epilepsy genes such as SCN1A, PCDH19, KCNQ2 and several others. A striking example for an unexpected underlying shared genetic disease etiology for clinical diverse epilepsies is depicted by the DEPDC5 gene. Recently, several studies were published on mutations in DEPDC5 linking various forms of focal epilepsies to a common genetic origin (Poduri, 2014). The described spectrum comprises IFE (Lal et al., 2014) as well as other forms of familial and sporadic focal epilepsies including temporal and frontal lobe epilepsies (Ishida et al., 2013, Dibbens et al., 2013). In addition, even patients with symptomatic epilepsies caused by malformations were identified as mutation carriers (Scheffer et al., 2014). 

Here, we investigated the occurrence of GRIN2A mutations and CNVs in two forms of common epilepsies, i.e. IGE and TLE. We failed to identify any obvious pathogenic mutations or deletions. These findings suggest that genetic alterations in GRIN2A contribute to a spectrum of diseases ranging from benign to severe and from well-defined phenotypes to unclassified epilepsies similar to other epilepsy genes such as PCDH19 and KCNQ2 but do not cause a wider spectrum of pediatric and adult focal epilepsies such as DEPDC5. Further studies are needed to more precisely define the phenotypic boundaries of epilepsies associated with GRIN2A and other glutamate receptor genes.
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Table 1: Summary of study cohorts, methods of analysis and results

	Phenotype
	Origin of cohort
	# of patients
	Method
	Results

	IGE
	EuroEPINOMICS-COGIE consortium
	238
	whole exome sequencing
SeqCap EZ Human Exome Library® v2.0 (Roche NimbleGen, Madison, WI, USA) andIlluminaHiSeq 2000® (Illumina, San Diego, CA, USA)
	novel GRIN2A missense variant (p.I1379V) in 1 pat., rated benign, not segregating

	IGE
	EPICURE consortium (ref)
	1469
	SNP array

Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA)
	no deletions covering GRIN2A

	TLE
	Swiss Epilepsy Center, Zurich, Switzerland
	84
	Sanger sequencing

as previously described (Lemke et al., 2013)
	no unknown sequence alterations

	TLE
	Institute of Neuropathology, University of Bonn, Germany
	330
	SNP array

Infinium II Sentrix HumanHap550v3 duo Genotyping BeadChip (Illumina, San Diego, CA, USA)
	no deletions covering GRIN2A


