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Introduction 

Epilepsy is one of the most common neurological disorders with about 500 genes thought to be 

involved across the phenotypic spectrum,(Busch et al. 2014; Ran et al. 2014), which 

includesmonogenic, multigenic, epistatic and pleiotropic phenotype manifestations (Busch et al 

2014; Thomas and Berkovic 2014), driving the need for a comprehensive diagnostic test.Next-

generation sequencing (NGS) allows for the simultaneous investigation of a large number of 

genes, making it a very attractive option for a condition as diverse as epilepsy at a reduced cost 

compared to traditional Sanger sequencing(Lemke et al. 2012; Némethet al. 2013).Our 377 gene 

epilepsy NGS test was developed to include genes known to cause or have published association 
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with epilepsy and seizure-related disorders.Given the scale of information that is generated, the 

efficacy of an NGS panel depends on a number of factors, including the genes present on the 

panel, pre and post bioinformatic analysis protocols, as well as reporting criteria, prompting the 

current study,  a retrospective analysis of 305 cases tested for the epilepsy panel.  

Methods 

This study evaluates the clinical utility of our custom 377 gene epilepsy NGS panelvia 

retrospective analysis of 305 casesto determine: a) the performance of our gene panel compared 

to other commercially available panels in terms of positive yield, b) commonly reported genes 

(top five) with the highest number of qualifying/reportable variants and c) the criteria that 

governfalse-positive rate of SNVs and INDELs as evaluated by follow-up Sanger confirmation. 

Results 

For the 305 cases evaluated for our NGS test, we reported variants in 313 of the 377 genes (83%) 

in the panel(Figure 1a), across all 9 phenotypic subpanels comprising the test (see supplemental 

data Table 1).On average, 745.8 variants were detected and a mean of 5.3 reported per patient. 

Pathogenic orpredicted deleterious variants in genes with autosomal dominant or X-linked 

disease inheritance were detected in 46 of the 305 cases across 29 genesto give a 15.1% positive 

yield(Figure 1b).Reanalysis of our cohort using the 70 genes comprising GeneDx’s panel as of 

November 2015 (http://www.genedx.com/test-catalog/available-tests/comprehensive-epilepsy-

panel/) resulted in a 47.8% decline inpositive reporting (Figure 1c)with a final yieldof 7.9% (24 

cases).  The 18 genes not included on the 70 gene panel fail to detect potentially causative 

variants in 22 patients(Figure 1d). Comparing our results to Courtagen’s 471 gene panel as of 

November 2015(http://www.courtagen.com/test-menu-genetic-test-episeek.htm) showed an 

additional 94 genes not included on our panel.  Evaluation of these genes in OMIM provided an 

http://www.genedx.com/test-catalog/available-tests/comprehensive-epilepsy-panel/
http://www.genedx.com/test-catalog/available-tests/comprehensive-epilepsy-panel/
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epilepsy/seizure-related disease associationrate of only 31% with 29 of 94 genes having a seizure 

related phenotype (supplemental data Table 2).Based on OMIM statistics 65 genes had no 

obvious seizure association (Figure 1e), of which36 (55%) had neither a known inheritance 

pattern nor a known disease/phenotype, 4 (6%) had no known inheritance pattern and 25 (38%) 

had non-seizure related disease associations. (Figure 1e), suggesting the need for comprehensive 

evaluation and clinical discretion when including genes in an NGS panel. 

Independent of the comparative anlaysis, we also found that five (ADGRV1, COL18A1, KMT2D, 

PCNT, and RELN) of the 377 genes had variants reported in 43.6% of cases (133/305)(Figure 

1f).In 34 cases (11.1%), two or more of these five genes were reported. Variantsin ADGRV1 

were reported in 14.4% of cases (44/305), variants in COL18A1 were reported in 8.5% of cases 

(26/305), variants in KMT2D were reported in 7.5% of cases (23/305), variants in PCNT were 

reported in 6.9% of cases (21/305), and variants in RELN were reported in 6.2% cases 

(19/305).Since 4 of the five genes are associated with autosomal recessive inheritance, we only 

evaluated variants in KMT2D for phenotype correlations. Of the 23 cases, 10 were reported to 

have generalized seizers, 6  were reported to have focal seizures and 2 cases had both. 

Read depth and zygosity as effective qualifiers for cutoff criteria in choosing variants for Sanger 

confirmation wasevaluated in the initial 118 cases received for testing. The data consisted of 822 

variantsthat were Sanger sequenced for confirmation, of which 744 confirmed and 78 did not 

confirm per the original NGS call. Review of the 78 variants identified a statistically significant 

difference for both read depth (p<2.2e-16) and zygosity (p=3.4e-8) between confirmed and non-

confirmed SNVs using the Mann-Whitney U Test. We found no statistically significant 

correlation between read depth and zygosity for INDEL variants. Our chosen cutoffs were read 

depth independently at ≤10x and a combination of read depth and zygosity at ≤20x and <35%, 
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respectively. Applying these criteria to our variant filtering workflow for the dataset removed 

43.3% of the non-confirmed SNVs(Figure 2a).Comprehensive evaluation of the 305 cases 

identified a total of 1360 variants (1267 SNVs and 93 INDELs) which were sent for Sanger 

confirmation.Of the 1267 SNVs identified 1139 (89.9%) confirmed by Sanger sequencing with 

an overall false positive rate of 9.4% for SNVs on NGS.Of the 93 INDELs,73 confirmed 

(78.5%), 18 did not (19.4%) and 2 were inconclusive (2.2%). Review of the 18 non-confirmed 

INDEL variants revealed 3 false-positive and 15 incorrect NGS calls. In addition, 33.3% (6/18) 

of the non-confirmed INDELs would potentially have been reported as predicted deleterious 

frameshift mutations had Sanger sequencing not revealed them to be negative. Conversely, only 

one non-confirmed INDEL resulted in a genuine frameshift(Figure 2b).Our findings reinforce the 

need to confirm variants identified by NGS on an alternate technology. 

Discussion 

Our study demonstrates the clinical utility of a well-designed NGS panel, particularly for 

exposing the genetic etiology of diagnostically challenging disorders. Our 377 gene panel was 

designed representing various overlapping disease categories including: (1) 

generalized/myoclonic/absence epilepsy/febrile seizures, (2) early infantile epileptic 

encephalopathies, (3) malformation disorders, (4) epilepsy in X-linked intellectual disability, (5) 

storage diseases and organelle dysfunction (6) syndromic disorders with epilepsy, (7) migraine, 

(8) hyperekplexia and (9) selected inborn errors of metabolism (see supplemental data Table 1 

for list of genes in each category). Given the scale of information that is generated, the efficacy 

of an NGS panel depends on a number of factors, including the genes present on the panel, pre 

and post bioinformatic analytic protocols as well as reporting criteria.Choosing a comprehensive 

phenotype-specific list of clinically correlative genes maximizes detection rate as seen in our 
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comparison with the GeneDx 70 gene panel. However, absence of the additional 94 genes on 

Courtagen’s panel does not necessarily reduce the detection rate of our test, but rather likely 

reduces the ambiguity of reporting VUSs, particularly in light of the non-seizure related 

association of ~70% of the genes. Furthermore, our data suggests that rarer genes may play a 

more significant role in the manifestation of epileptic phenotypes. 

The clinical utility of a test is primarily determined by its ability to detect causative or likely 

disease associated variants in patients with a genetic etiology and to rule out genetic 

contributions in patients with a different biological etiology.While four of these five genes 

identified with the most variants are associated with an autosomal recessive disease inheritance 

pattern, our sequencing platform does not rule out the possibility of copy number variation 

(CNV) or other structural abberations. Therefore each of these variants, regardless of inheritance 

pattern, has the potential to contribute to disease.Lastly,the efficiency and sensitivity of an NGS 

panel is enhanced by establishing comprehensive quality cutoff criteria at the secondary and 

tertiary analysis stages,resulting in significantly reducedturnaround time (TAT) and costs.In 

summary, the choice of genes included on an NGS panel, the analysis and interpretation criteria 

as well as the analytical sensitivity and accuracy of reportable variants are what aid the 

physicians in understanding the clinical value of various test offerings to guide decision making. 
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Figure 1.Yield rate of a 377 gene epilepsy NGS test. Percentage of genes with a variant 

identified (a), positive yield rates as determined by the identification of reportable variants at the 

cohort level (b) and comparatively between the 70 gene panel at the patient-level (c) and gene-

level (d). A profile of the 94 genes included on a larger panel, but not included on the 377 gene 

panel (e) and the top five genes with the most variants detected by the 377 gene panel (f). 
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Figure 2.Reduction of false-positive NGS variant calls. Evaluation of the Impact of read depth 

and zygosity as cut-off criteria (a) and the use of Sanger sequencing to confirm NGS calls (b)to 

reduce false-positive variant calls. 
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 Supplemental Table 2a: Genes on the Courtagen Panel with Seizure associations 

Genes_not_onTBIOpanel Inheritance Protein Disease/Pheno 

AKT3 AD v-Akt murine thymoma viral oncogene homolog 3 Megalencephaly-polymicrogyria-polydactyly-

hydrocephalus syndrome 2 
ASAH1 AR N-acylsphingosine amidohydrolase (acid 

ceramidase) 1 
Spinal muscular atrophy with progressive myoclonic 

epilepsy 
ATN1 AD Atrophin 1 Dentatorubro-pallidoluysian atrophy 

ATP1A3 AD ATPase, Na+K+ transporting, alpha-3 polypeptide Dystonia-12 
BCKDHA AR Branched chain keto acid dehydrogenase E1, alpha 

polypeptide Maple syrup urine disease, type Ia 

BCKDHB AR Branched chain keto acid dehydrogenase E1, beta 

polypeptide Maple syrup urine disease, type Ib 

BRAT1 AR BRCA1-associated ATM activator 1 Rigidity and multifocal seizure syndrome, lethal 

neonatal 
CHRNA7 unknown Cholinergic receptor, nicotinic, alpha polypeptide-7 Schizophrenia, neurophysiologic defect in 
CPT1A AR Carnitine palmitoyltransferase I, liver CPT deficiency, hepatic, type IA 
CTSF AR Cathepsin F Ceroid lipofuscinosis, neuronal, 13, Kufs type 
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DBT AR 
Dihydrolipoamide branched chain transacylase (E2 

component of branched chain keto acid 
dehydrogenase complex) 

Maple syrup urine disease, type II 

DNAJC5 AD DNAJ/HSP40 homolog, subfamily C, member 5 Ceroid lipofuscinosis, neuronal, 4, Parry type 
HCN1 AD Hyperpolarization-activated cyclic nucleotide-gated 

potassium channel 1 Epileptic encephalopathy, early infantile, 24 

HCN4 AD Hyperpolarization-activated cyclic nucleotide-gated 
potassium channel 4 Sick sinus syndrome 2 

IDH2 unknown Isocitrate dehydrogenase, mitochondrial D-2-hydroxyglutaric aciduria 2 
KANSL1 AD KAT8 regulatory NSL complex subunit 1 Koolen-De Vries syndrome 
KCNJ1 AR Potassium inwardly-rectifying channel, subfamily J, 

member 1 Bartter syndrome, type 2 
LIAS AR Lipoic acid synthase Hyperglycinemia, lactic acidosis, and seizures 

MED12 XLR Mediator of RNA polymerase II transcription, 
subunit 12, S. cerevisiae, homolog of Opitz-Kaveggia syndrome 

MTOR AD Mechanistic target of rapamycin Smith-Kingsmore syndrome 
NGLY1 AR N-glycanase 1 Congenital disorder of deglycosylation 
PIK3R2 AD Phosphatidylinositol 3-kinase, regulatory subunit 2 Megalencephaly-polymicrogyria-polydactyly-

hydrocephalus syndrome 1 
RTTN AR Rotatin Microcephaly, short stature, and polymicrogyria with 

seizures 
SGCE AD Sarcoglycan, epsilon Dystonia-11, myoclonic 
SNIP1 AR SMAD nuclear interacting protein 1 Psychomotor retardation, epilepsy, and craniofacial 

dysmorphism 
ST3GAL3 AR ST3 beta-galactoside alpha-2,3-sialyltransferase 3 Epileptic encephalopathy, early infantile, 15 
ST3GAL5 AR ST3 BETA-GALACTOSIDE ALPHA-2,3-

SIALYLTRANSFERASE 5 Salt and pepper developmental regression syndrome 

STRADA AR STE20-related kinase adaptor alpha Polyhydramnios, megalencephaly, and symptomatic 

epilepsy 
TRPM6 AR Transient receptor potential cation channel, 

subfamily M, member 6 Hypomagnesemia 1, intestinal 
Supplemental Table 2b: Genes on the Courtagen Panel without known inheritance pattern or disease associations 

Genes_not_onTBIOpanel Inheritance Protein Disease/Pheno 
AGTR2 unknown Angiotensin receptor 2 unknown 
BRD2 unknown Bromodomain-containing protein 2 unknown 
CNR1 unknown Cannabinoid receptor-1, brain unknown 
CNR2 unknown Cannabinoid receptor 2 unknown 

CYP3A4 unknown 
Cytochrome P450, subfamily IIIA (nifedipine oxidase) 
polypeptide 4 unknown 

DAGLA unknown Diacylglycerol lipase, alpha unknown 
DCLK2 unknown Doublecortin-like kinase 2 unknown 
DLGAP2 unknown Discs large associated protein 2 unknown 
EFHC2 unknown EF-hand domain (C-terminal)-containing protein 2 unknown 
FOXH1 unknown FORKHEAD BOX H1 unknown 
GABBR1 unknown GAMMA-AMINOBUTYRIC ACID B RECEPTOR 1 unknown 
GABRA3 unknown Gamma-aminobutyric acid (GABA) A receptor, alpha-3 unknown 
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GABRA4 unknown Gamma-aminobutyric acid (GABA) A receptor, alpha-4 unknown 
GABRA5 unknown Gamma-aminobutyric acid (GABA) A receptor, alpha-5 unknown 
GABRA6 unknown Gamma-aminobutyric acid (GABA) A receptor, alpha-6 unknown 
GABRB1 unknown Gamma-aminobutyric acid (GABA) A receptor, beta-1 unknown 
GABRB2 unknown Gamma-aminobutyric acid (GABA) A receptor, beta-2 unknown 
GABRE unknown Gamma-aminobutyric acid (GABA) A receptor, epsilon unknown 
GABRG1 unknown Gamma-aminobutyric acid (GABA) A receptor, gamma-1 unknown 
GABRG3 unknown Gamma-aminobutyric acid (GABA) A receptor, gamma-3 unknown 
GABRP unknown Gamma-aminobutyric acid receptor, pi unknown 
GABRQ unknown Gamma-aminobutyric acid receptor, theta unknown 
GABRR1 unknown Gamma-aminobutyric acid (GABA) A receptor, rho-1 unknown 
GABRR2 unknown Gamma-aminobutyric acid (GABA) A receptor, rho-2 unknown 
GABRR3 unknown unknown unknown 
GJD2 unknown Gap junctionprotein, delta-2 (connexin 36) unknown 
GPR55 unknown G protein-coupled receptor 55 unknown 

HCN2 unknown 
Hyperpolarization-activated cyclic nucleotide-gated 
potassium channel 2 unknown 

HCN3 unknown 
Hyperpolerization-activated cyclic nucleotide-gated 
potassium channel 3 unknown 

HNRNPU unknown Heterogeneous nuclear ribonucleoprotein U unknown 
JRK unknown Jerky, mouse, homolog of unknown 

KCNAB1 unknown 
Potassium voltage-gated channel, shaker-related subfamily, 
beta member 1 unknown 

MGLL unknown Monoglyceride lipase unknown 
NEDD4L unknown Ubiquitin protein ligase NEDD4-like unknown 
SCN3A unknown Sodium channel, voltage-gated, type III, alpha polypeptide unknown 
SCN7A unknown Sodium channel, voltage-gated, type VII, alpha polypeptide unknown 

Supplemental Table 2c: Genes on the Courtagen Panel without known inheritance pattern or disease associations 

Genes_not_on
TBIOpanel 

Inheritance Protein Disease/Pheno 

ELP4 AD Elongation protein 4, S. cerevisiae, homolog of ?Aniridia 

SNAP25 AD Synaptosomal-associated protein, 25kD ?Myasthenic syndrome, congenital, 18 

BUB1B AD 
Budding uninhibited by benzimidazoles 1, S. cerevisiae, homolog 

of, beta 
[Premature chromatid separation trait] 

VANGL1 AD Vang-like 1 {Neural tube defects, susceptibility to} 

SLC6A4 AD 
Solute carrier family 6 (neurotransmitter transporter, serotonin), 

member 4 
{Obsessive-compulsive disorder} 

CCL2 AD 
Small inducible cytokine A2 (monocyte chemotactic protein, 

homologous to mouse Sig-je) 
{Spina bifida, susceptibility to} 
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SCN5A AD Sodium channel, voltage-gated, type V, alpha polypeptide Atrial fibrillation, familial, 10 

SCN2B AD Sodium channel, voltage-gated, type II, beta polypeptide Atrial fibrillation, familial, 14 

SCN3B AD Sodium channel, voltage-gated, type III, beta subunit Brugada syndrome 7 

SCN10A AD Sodium channel, voltage-gated, type X, alpha subunit Episodic pain syndrome, familial, 2 

NODAL AD Nodal, mouse, homolog of Heterotaxy, visceral, 5 

SCN4B AD Sodium channel, voltage-gated, type IV, beta subunit Long QT syndrome-10 

SCN11A AD Sodium channel, voltage-gated, type XI, alpha subunit 
Neuropathy, hereditary sensory and autonomic, 

type VII 

OPA1 AD Optic atrophy 1 gene Optic atrophy plus syndrome 

CYP2C9 AD 
Cytochrome P450, subfamily IIC (mephenytoin 4-hydroxylase), 

polypeptide 9 
Warfarin sensitivity 

APTX AR Aprataxin 
Ataxia, early-onset, with oculomotor apraxia and 

hypoalbuminemia 

CLCNKB AR Chloride channel, kidney, B Bartter syndrome, type 3 

ABCC2 AR 
ATP-binding cassette, subfamily C, member 2 

(canalicularmultispecific organic anion transporter) 
Dubin-Johnson syndrome 

CYP2C19 AR Cytochrome P450, subfamily IIC (mephenytoin 4'-hydroxylase) Proguanil poor metabolizer 

FLVCR2 AR Feline leukemia virus subgroup C receptor 2 
Proliferative vasculopathy and hydraencephaly-

hydrocephaly syndrome 

KCNV2 AR Potassium channel, voltage-gated, subfamily V, member 2 Retinal cone dystrophy 3B 

CLCNKA DR Chloride channel, kidney, A Bartter syndrome, type 4b, digenic 

GABRA2 Mu Gamma-aminobutyric acid (GABA) A receptor, alpha-2 {Alcohol dependence, susceptibility to} 

CYP3A5 Mu Cytochrome P450, subfamily IIIA, polypeptide 5 
{Hypertension, salt-sensitive essential, susceptibility 

to} 

LIG4 sMu Ligase IV, DNA, ATP-dependent {Multiple myeloma, resistance to} 

ELP4 AD Elongation protein 4, S. cerevisiae, homolog of ?Aniridia 

SNAP25 AD Synaptosomal-associated protein, 25kD ?Myasthenic syndrome, congenital, 18 

BUB1B AD 
Budding uninhibited by benzimidazoles 1, S. cerevisiae, homolog 

of, beta 
[Premature chromatid separation trait] 

VANGL1 AD Vang-like 1 {Neural tube defects, susceptibility to} 

SLC6A4 AD 
Solute carrier family 6 (neurotransmitter transporter, serotonin), 

member 4 
{Obsessive-compulsive disorder} 
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CCL2 AD 
Small inducible cytokine A2 (monocyte chemotactic protein, 

homologous to mouse Sig-je) 
{Spina bifida, susceptibility to} 

SCN5A AD Sodium channel, voltage-gated, type V, alpha polypeptide Atrial fibrillation, familial, 10 

SCN2B AD Sodium channel, voltage-gated, type II, beta polypeptide Atrial fibrillation, familial, 14 

SCN3B AD Sodium channel, voltage-gated, type III, beta subunit Brugada syndrome 7 

SCN10A AD Sodium channel, voltage-gated, type X, alpha subunit Episodic pain syndrome, familial, 2 

NODAL AD Nodal, mouse, homolog of Heterotaxy, visceral, 5 

Supplemental Table 2d: Genes on the Courtagen Panel without known inheritance pattern  

Genes_not_onTBIOpanel Inheritance Protein Disease/Pheno 
FAAH unknown Fatty acid amide hydrolase {Drug addiction, susceptibility to} 

PIK3CA unknown 

Phosphatidylinositol 3-kinase, catalytic, 

alpha polypeptide Breast cancer, somatic 

GABBR2 unknown 

GAMMA-AMINOBUTYRIC ACID B 

RECEPTOR 2 Nicotine dependence 

NHEJ1 unknown Nonhomologous end-joining factor 1 

Severe combined immunodeficiency 

with microcephaly, growth retardation, 

and sensitivity to ionizing radiation 

 

 


