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ABSTRACT 
Purpose of review
Epilepsy genetics is shifting from the academic pursuit of gene discovery to a clinical discipline based on molecular diagnosis and stratified medicine. We consider the latest developments in epilepsy genetics and review how gene discovery in epilepsy is influencing the clinical classification of epilepsy and informing new therapeutic approaches and drug discovery. 
Recent findings
Recent studies highlighting the importance of mutation in GABA receptors, NMDA receptors, potassium channels, G-protein coupled receptors, mTOR pathway, and chromatin remodeling are discussed. Examples of precision medicine in epilepsy targeting gain-of-function mutations in KCNT1, GRIN2A, GRIN2D, and SCN8A are presented. Potential reasons for the paucity of examples of precision medicine for loss-of-function mutations or in non-ion channel epilepsy genes are explored. We highlight how systems genetics and gene network analyses have suggested that pathways disrupted in epilepsy overlap with those of other neurodevelopmental traits including human cognition. We review how network-based computational approaches are now being applied to epilepsy drug discovery. 
Summary
We are living in an unparalleled era of epilepsy gene discovery. Advances in clinical care from this progress are already materializing through improved clinical diagnosis and stratified medicine. The application of targeted drug repurposing based on single gene defects has shown promise for epilepsy arising from gain-of-function mutations in ion-channel subunit genes, but important barriers remain to translating these approaches to non-ion channel epilepsy genes and loss-of-function mutations. Gene network analysis offers opportunities to discover new pathways for epilepsy, to decipher epilepsy’s relationship to other neurodevelopmental traits, and to frame a new approach to epilepsy drug discovery. 
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KEY POINTS
· Next generation sequencing has enabled rapid progress in gene discovery for epilepsy and this has already led to material advances in clinical diagnosis and care. 
· Epilepsy genetics has implications for the classification of epilepsy, which will evolve with time and requires an agreed framework of terminology. This includes a need to understand the relationship between the genetic underpinnings of epilepsy and other neurodevelopmental diseases. 
· There is optimism that drug therapy for epilepsy can be targeted to the underlying genetic etiology, but to date examples of precision medicine are mostly in gain-of-function mutations in ion-channel genes. This highlights a need to develop new approaches to drug discovery in epilepsy that address non-ion channel epilepsy genes and loss-of-function mutations. 


Introduction
Epilepsy genetics can be conceptualized under two broad headings: monogenic epilepsy in which a single variant of large effect is considered causative, and complex genetic epilepsy, where a presumed combinatorial effect of multiple susceptibility variants is thought to underlie the disease. Whilst advances in next generation sequencing (NGS) have led to substantial progress in the discovery of genes for monogenic epilepsy, attempts to identify variants that confer susceptibility to complex epilepsy using genome wide association study (GWAS) have identified few contributory variants[1], most likely because of the small sample sizes of the epilepsy GWAS to date[2]. In contrast to the current state of the art for epilepsy GWAS, NGS-enabled discovery of the importance of de novo mutation in epileptic encephalopathy[3],[4],[5]*, and neurodevelopmental disease more generally[6], represents a fundamental scientific advance. NGS studies have revealed how mutations in the same gene can give rise to a spectrum of epilepsy phenotypes (or even different forms of neurodevelopmental disease), and have highlighted the genetic heterogeneity underlying some relatively well-defined epilepsy phenotypes[7]. As analysis of epilepsy gene panels[8]* and clinical whole exome sequencing (WES) becomes mainstream, the diagnostic approach in epilepsy genetics is increasing one that moves from genotype to phenotype. In this review, we consider the recent advances in epilepsy genetics and in particular how these discoveries are changing the conceptual boundaries between epilepsy phenotypes and the prospects for precision medicine and new drug discovery based on epilepsy gene discovery. 

Recent advances in monogenic epilepsy 
Below we consider the latest advances in gene discovery for monogenic epilepsy. 

The extent of phenotypic variability associated with GABA receptor mutations is becoming apparent, with GABRA1 mutations originally reported in a family with dominantly inherited Juvenile Myoclonic Epilepsy now also described in severe infantile onset epileptic encephalopathies[9]*,[10]*. GABRB3 mutations, first observed in families with Childhood Absence Epilepsy, are now also found in epileptic encephalopathy[5,11,12]*, and a new entity, GABRB1 encephalopathy, presenting with epileptic seizures and developmental regression in infancy has been described[11,13]*.

Mutations in the NMDA receptor subunit GRIN2A and GRIN2B are an important cause of neurodevelopmental epilepsy including epilepsy-aphasia spectrum disorders and idiopathic focal epilepsy with rolandic spikes[14],[15],[16]. GRIN1 mutations have been found to cause epilepsy with profound developmental delay associated with a hyperkinetic movement disorder and infantile hypotonia[17]*, and mutations in GRIN2D are present in some patients with severe infantile-onset epilepsy[18]*. 

One of the most discussed epilepsy genes of the past 12 months is KCNA2. De novo mutations in this gene have been found in severe childhood-onset epilepsy[19,20]*, but also in an autosomal dominant family with the predominant phenotype of infantile-onset pharmacoresponsive epilepsy in the setting of normal intellect and episodic ataxia[21]*. Along with SCN1A and SCN2A-related epilepsy, this observation highlights how mutations in the same gene can give rise to a spectrum of epilepsy severity, from severe childhood epilepsy with developmental delay to pharmacoresponsive self-limiting epilepsy. The mechanistic explanations for such phenotypic diversity are unknown, although in the case of KCNA2 it has been observed that gain-of-function and loss-of-functions appear to cause distinct epilepsy phenotypes[20]*. 

The phenotypic spectrum of another potassium channel subunit gene KCNT1, has also recently expanded, from Epilepsy of Infancy with Migrating Focal Seizures (EIMFS) to include West syndrome and Early Onset Epileptic Encephalopathy (EOEE)[22]*. 

Mutations in GNAO1, encoding the Gαo G-protein subunit were first described in 4 patients with early onset epileptic encephalopathy[23]. The phenotypic spectrum of this disorder has also broadened to now include cases with clear developmental delay prior to childhood onset of epilepsy[24]*. The majority of these cases demonstrate a dyskinetic movement disorder which may have onset at any age between infancy and late childhood[25]*. A second G-protein receptor subunit gene GNB1 has also been implicated in epilepsy, with patients manifesting a wide variety of seizure types[26]*. 

The Gap Activity Towards Rags (GATOR) complex is involved in the inhibition of the Mammalian Target of Rapamycin (mTOR) complex, which plays an essential role in regulating cell growth and proliferation. Three GATOR complex genes (DEPDC5, NPRL2, NPRL3) have been associated with familial focal epilepsy with or without focal cortical dysplasia[27–30]*, and mutations in a fourth mTOR regulator gene, NEDD4L, have been found to cause epilepsy and periventricular nodular heterotopia[31]*. The importance of somatic mTOR pathway mutation in focal cortical dysplasia has also become increasingly apparent with deep sequencing of paired blood/brain DNA[32][33]*. 

Another fascinating development has been the association of genes involved in transcriptional regulation through chromatin remodeling with epilepsy. Examples include CHD2, associated with myoclonic encephalopathy and photosensitivity[34,35]*, SMARCA2 associated with Nicolaides–Baraitser Syndrome and Myoclonic Astatic Epilepsy[36]*, and SMC1A, associated with a severe epilepsy with clusters of seizures in females[37–39]*. It is perhaps surprising that genes involved in chromatin remodeling have been associated with such apparently well-delineated clinical syndromes as intuitively, one might expect a large number of downstream genes to be disrupted and therefore the phenotypes to be broad and variable. In fact, chromatin remodeling genes appear to be highly selective in the genes that they regulate[40]*. 

As well as facilitating the discovery of new epilepsy genes, the ability of NGS to screen for genetic variants in multiple genes in parallel has revealed the potential for so-called “blended phenotypes” – patients whose disorder might be explained by more than one large effect genetic variant. Recently published cases of blended phenotypes in epilepsy include dominantly co-inherited SLC20A2 and CHRNB2 mutations associated with familial generalized epilepsy with basal ganglia calcifications[41]*; a de novo GNAO1 mutation combined with a de novo HESX1 mutation associated with progressive encephalopathy with edema, hypsarrhythmia and optic atrophy (PEHO) syndrome[42]*; de novo deletion of MEF2C with an inherited SCN1A variant associated with drug-resistant childhood-onset epilepsy[43]*; and a patient with 7q11.23 deletion (Williams syndrome) plus a de novo GABRA1 variant presenting with a severe drug-resistant epilepsy[44]*. Whether some patients with sudden unexpected death in epilepsy (SUDEP), who have been found to harbor an increased burden of de novo mutations at a population level, represent a multi-allelic severe epilepsy phenotype remains to be determined[43]*. 


Gene discovery and the ILAE Classification 
The last ratified International League Against Epilepsy (ILAE) Classification of the Epilepsies was in 1989[46]. Development of an updated classification for primarily clinical purposes, which acknowledges the scientific advances in our understanding of the etiologies of the epilepsies, has involved a wide engagement with the epilepsy community over a period of seven years. This long iterative process has included publication of proposals for classification from the ILAE Commission for Classification and Terminology alongside commentary papers and online feedback[47]*. The process will be complete with the publication of two companion papers, one on the classification of seizure types and the other on the overall classification of the epilepsies in the journal Epilepsia in 2017. 

One of the principal drivers for a new classification was the clinical imperative to consider etiology at each of three levels of epilepsy classification. These levels are (a) seizure type (generalized onset, focal onset, unknown onset), (b) epilepsy type (generalized, focal, combined generalized and focal, and unknown type) and (c) epilepsy syndrome. The framework for the classification of epilepsies divides etiology into six groups chosen for their treatment implications; structural, genetic, infectious, metabolic, immune and unknown. The concept of a genetic epilepsy is that it results directly from a known or presumed genetic mutation in which seizures are a core symptom of the disorder. In the new classification scheme there are three ways in which an epilepsy may be classified as genetic. First, evidence for a genetic etiology may be based solely on a family history whether or not the disorder has a known gene. Second, clinical research in populations with the same syndrome may suggest that a disorder is primarily genetic, for example twin studies in Juvenile Myoclonic Epilepsy[48]. Third, a pathogenic gene variant may have been reproducibly associated with an epilepsy phenotype. In the new ILAE classification of the epilepsies “genetic” will not equate to “inherited” as de novo pathogenic gene variants are important particularly in severe infantile onset disorders.

As new genes are associated with epilepsy it is likely that the genetic disorders will be named after the gene. For example “SCN8A encephalopathy”[49]* or “GRIN2 encephalopathy”[17]*. Epilepsy genes are typically expressed widely in the CNS and (as detailed above) pathogenic variants in these genes can produce diverse phenotypes including movement disorders, learning disability and autistic features which may be more prominent and clinically relevant than the epilepsy[50]*. Currently, epilepsy genetics appears to be on the cusp of an epistemological crossroads - should these conditions be considered genetic epilepsies, or genetic developmental disorders in which epilepsy may (or may not) be a component of the symptom complex?

Precision medicine in epilepsy: hope versus data 
The importance of highly penetrant de novo mutation in epilepsy along with advances in our ability to quantitatively assess the pathogenicity of gene variants[49] has led to optimism that anti-epileptic treatments could be targeted to a person’s specific genetic diagnosis (Precision Medicine)[52]*. In this section we discuss some of the studies that have established a proof-of-principle for precision medicine in epilepsy, but we also consider potential barriers to its wider implementation. In the discussion below, we narrowly define precision medicine as a specific drug therapy targeting an underlying genetic etiology, rather than the use of genetics to inform a stratified treatment approach such as the use of the ketogenic diet in GLUT1 deficiency syndrome[53]*, or prescription of stiripentol and avoidance of sodium channel blockers in SCN1A disease[54]*. 

One of the first reports of a targeted precision therapy in epilepsy was the use of quinidine in the treatment of a child with epilepsy of infancy with migrating focal seizures (EIMFS) secondary to a gain-of-function missense mutation in KCNT1 (Arg428Gln)[53]. Prior in vitro studies had established that quinidine is a blocker of KCNT1 channels, suggesting the drug might be a precision therapy in epilepsy associated with gain-of-function KCNT1 mutation. Subsequent treatment with quinidine resulted in a marked reduction in seizure frequency and improved psychomotor development[55]. 

Seizure outcomes following treatment with quinidine have since been reported for two additional epilepsy patients with KCNT1 mutation[54]*. The epilepsy phenotypes were severe nocturnal seizures with onset in childhood, and a second case of EIMFS, due to Tyr796His and Lys629Asn missense mutations respectively. Both mutations resulted in a gain-of-function, and in both cases quinidine restored mutant function toward wild-type in vitro. However, whilst the patient with EIMFS had an 80% reduction in seizure frequency following treatment with quinidine, the other child with nocturnal seizures did not improve. The reason for the discordant clinical response to quinidine in these two cases despite similar in vitro evidence for efficacy is not known, and highlights the need to consider the functional impact of mutations within a more systems-wide context. 

Other recent cases exemplifying the potential of precision medicine in epilepsy have been described for patients with de novo mutations in GRIN2A[55] and GRIN2D[17]* treated with NMDA receptor blockers, and in SCN8A associated epilepsy treated with phenytoin[58]*. Thus, Pierson and colleagues reported a child with epileptic encephalopathy and severe cognitive impairment associated with a gain-of-function Leu812Met missense mutation in GRIN2A. In vitro analysis revealed the FDA-approved NMDAR blocker memantine inhibited GluN2A-Leu812Met-containing NMDARs and treatment with oral memantine led to a reduction in the child’s seizure burden. Li and colleagues subsequently reported two unrelated children with epileptic encephalopathy associated with gain-of-function mutations in GRIN2D[18]*. Here again, FDA-approved drugs that act as NMDAR blockers were evaluated in vitro and subsequently both children were treated with oral memantine with a reported “mild to moderate” improvement in seizure burden. Boerma and colleagues reported four patients with severe epilepsy associated with putative gain-of-function SCN8A missense mutations where seizure control was obtained with the sodium channel blocker phenytoin[58]*. 

Whilst these cases illustrate the principles of precision medicine in epilepsy, in each of the examples described above the epilepsy resulted from a putative gain-of-function mutation. However, substantial evidence implicates protein loss-of-function and haploinsufficiency as a key mechanism of both epileptic encephalopathy and monogenic neurodevelopmental disease more broadly. Examples of precision medicine in epilepsy where the approach has been to increase the activity of the wild type allele to compensate for protein loss-of-function have been relatively few. To date, the only example of precision medicine targeting a loss-of-function mutation is a report of improvement of seizure frequency with the KCNQ2/KCNQ3 agonist retigabine in a number of patients with neonatal-onset epileptic encephalopathy associated with KCNQ2 mutation[59]*. With the field still in its infancy, it is probably too early to tell if the paucity of reports of precision medicine in loss-of-function mutation reflects a more challenging pharmacological environment related to developing protein activators compared to blockers. 

A further observation from the published examples of precision medicine in epilepsy is that so far all the cases resulted from mutation in an ion-channel subunit gene. To date, with the exception of the use of everolimus in tuberous sclerosis[60]**, there are no reported examples of precision medicine targeting a monogenic epilepsy arising from mutation in the growing list of non-ion channel epilepsy genes such as LGI1, STXBP1, PCDH19, TCF4, CDKL5 etc. Given that many of these proteins have not been traditional targets for drug development, and their functional role in epilepsy is poorly understood, the development of precision therapies for epilepsy resulting from mutation in non-ion channel genes may advance slowly. This highlights the need for new approaches to drug discovery for monogenic epilepsy. One proposal has been to develop systems for the experimental high-throughput screening of compounds such as the use of stem cell models of epilepsy (“epilepsy in a dish”)[50]*. However, with potentially many thousands of causal variants for epilepsy in hundreds of different genes[2], and thousands of known drugs (www.drugbank.ca/stats), there are potentially tens of millions of drug-disease pairings, making the exhaustive experimental screening of all known drugs for all epilepsy variants unfeasible. This combinatorial problem will require, at least in part, a computational solution. 

One approach to developing a computational framework for new drug discovery and drug screening makes use of a systems perspective of disease. Here, a disease is viewed in terms of its molecular drivers arising from the interaction of sets of genes in regulatory networks[61]. In epilepsy, network analyses have revealed that many different genes for epileptic encephalopathy interact in gene regulatory networks[62]**[63]*, and that these networks overlap with those for both human cognition[62]** and non-mendelian common forms of epilepsy[63]*. These studies suggest the substantial and heterogeneous genetic contributions to epilepsy may (at least in part) converge on common pathways that are currently poorly understood. Importantly, gene regulatory networks represent measurable molecular entities which can be targeted for both drug target[64]* and drug[63]* discovery in epilepsy. As proof-of-concept for network-based drug discovery in epilepsy, a recent study predicted sodium valproate as a treatment for epilepsy from an unsupervised computational screen of 1,300 small molecules[63]*. Critically, the computational screen was conducted entirely independently of valproate’s known mechanism of action or role in epilepsy, and was based solely on an unsupervised analysis of disease-related and drug-related gene expression profiles. Such studies highlight the potential of network-based drug discovery as a novel and efficient strategy for new drug discovery in epilepsy. Moreover, since network approaches target sets of co-regulated genes, they may also offer an approach to developing therapies for epilepsies arising from the coordinated dysregulation of sets of genes due to mutation in chromatin remodeling genes or other gene regulatory sequences, or arising from aberrant homeostatic neuronal responses to mutation. 

Conclusion
We live in an unprecedented era of gene discovery in epilepsy. Epilepsy genetics is moving rapidly from gene discovery to clinical practice, and these discoveries highlight a plethora of potential new mechanisms for epilepsy. Whether these mechanisms will converge around common pathways or each require the development of a specific targeted therapy is currently unclear, but there is genuine optimism that the era of NGS-enabled gene discovery will lead to advances in the care of people with epilepsy. 
[bookmark: _GoBack]
Acknowledgements, Financial support and sponsorship
Dr. Symonds is  funded for a PhD in epilepsy genetics by the Glasgow Children's Hospital Charity (Scottish Charity Number SCO 007856). Professor Sameer Zuberi receives research funding from Epilepsy Research UK, Dravet Syndrome UK, UCB Pharma and Glasgow Childrens Hospital Charity. He is Editor-in-Chief of the European Journal of Paediatric Neurology for which he receives an honorarium. Professor Michael Johnson receives funding from Imperial College NIHR Biomedical Research Centre (BRC) Scheme, UCB Pharma, and the Medical Research Council.

Conflicts of interest
The authors have no conflicts of interest.


References

1. 	International League Against Epilepsy Consortium on Complex Epilepsies: Genetic determinants of common epilepsies: a meta-analysis of genome-wide association studies. [Internet]. Lancet Neurol. 2014, 13:893–903.
2. 	Speed D, O’Brien TJ, Palotie A, Shkura K, Marson AG, Balding DJ, Johnson MR: Describing the genetic architecture of epilepsy through heritability analysis. [Internet]. Brain 2014, doi:10.1093/brain/awu206.
3. 	Allen AS, Berkovic SF, Cossette P, Delanty N, Dlugos D, Eichler EE, Epstein MP, Glauser T, Goldstein DB, Han Y, et al.: De novo mutations in epileptic encephalopathies. [Internet]. Nature 2013, 501:217–21.
4. 	Consortium E, Phenome E, Project G, Consortium E: De Novo Mutations in Synaptic Transmission Genes Including DNM1 Cause Epileptic Encephalopathies [Internet]. Am. J. Hum. Genet. 2014, doi:10.1016/j.ajhg.2014.08.013.
5. 	Consortium E: De Novo Mutations in SLC1A2 and CACNA1A Are Important Causes of Epileptic Encephalopathies [Internet]. Am. J. Hum. Genet. 2016, doi:10.1016/j.ajhg.2016.06.003.
* Study identifies important new genes for monogenic epilepsy using NGS
6. 	Iossifov I, O’Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy D, Stessman H a., Witherspoon KT, Vives L, Patterson KE, et al.: The contribution of de novo coding mutations to autism spectrum disorder [Internet]. Nature 2014, 515:216–221.
7. 	Zhu X, Need AC, Petrovski S, Goldstein DB: One gene, many neuropsychiatric disorders: lessons from Mendelian diseases. [Internet]. Nat. Neurosci. 2014, 17:773–81.
8. 	Trump N, McTague A, Brittain H, Papandreou A, Meyer E, Ngoh A, Palmer R, Morrogh D, Boustred C, Hurst JA, et al.: Improving diagnosis and broadening the phenotypes in early-onset seizure and severe developmental delay disorders through gene panel analysis [Internet]. J. Med. Genet. 2016, doi:10.1136/jmedgenet-2015-103263.
* Study reports diagnostic yields from clinical epilepsy gene panel tests.
9. 	Johannesen K, Marini C, Pfeffer S, Møller RS, Dorn T, Niturad C, Gardella E, Weber Y, Søndergård M, Hjalgrim H, et al.: Phenotypic spectrum of GABRA1: From generalized epilepsies to severe epileptic encephalopathies. [Internet]. Neurology 2016, doi:10.1212/WNL.0000000000003087.
* Study reports the phenotypic spectrum from GABBRA1 mutations
10. 	Kodera H, Ohba C, Kato M, Maeda T, Araki K, Tajima D, Matsuo M, Hino-Fukuyo N, Kohashi K, Ishiyama A, et al.: De novo GABRA1 mutations in Ohtahara and West syndromes. Epilepsia 2016, 57:566–573.
* Study reports de novo GABRA1 mutations in patients with infantile onset epilepsy.
11. 	Janve VS, Hernandez CC, Verdier KM, Hu N, Macdonald RL: Epileptic encephalopathy de novo GABRB mutations impair GABAA receptor function. [Internet]. Ann. Neurol. 2016, 79:806–825.
* Study reports de novo GABA B receptor mutations in epileptic encephalopathy. 
12. 	Papandreou A, Mctague A, Trump N, Ambegaonkar G, Ngoh A, Meyer E, Scott RH, Kurian MA: GABRB3 mutations: A new and emerging cause of early infantile epileptic encephalopathy. Dev. Med. Child Neurol. 2016, 58:416–420.
* GABRB3 mutations first observed in families with CAE are found in epileptic encephalopathy. 
13. 	Lien E, Våtevik AK, Østern R, Haukanes BI, Houge G: A second patient with a De Novo GABRB1 mutation and epileptic encephalopathy. [Internet]. Ann. Neurol. 2016, 80:311–2.
* Study reports de novo GABRB1 mutation in epileptic encephalopathy. 
14. 	Endele S, Rosenberger G, Geider K, Popp B, Tamer C, Stefanova I, Milh M, Kortum F, Fritsch A, Pientka FK, et al.: Mutations in GRIN2A and GRIN2B encoding regulatory subunits of NMDA receptors cause variable neurodevelopmental phenotypes [Internet]. Nat Genet 2010, 42:1021–1026.
15. 	Carvill GL, Regan BM, Yendle SC, O’Roak BJ, Lozovaya N, Bruneau N, Burnashev N, Khan A, Cook J, Geraghty E, et al.: GRIN2A mutations cause epilepsy-aphasia spectrum disorders. [Internet]. Nat. Genet. 2013, 45:1073–1076.
16. 	Lesca G, Rudolf G, Bruneau N, Lozovaya N, Labalme A, Boutry-Kryza N, Salmi M, Tsintsadze T, Addis L, Motte J, et al.: GRIN2A mutations in acquired epileptic aphasia and related childhood focal epilepsies and encephalopathies with speech and language dysfunction. [Internet]. Nat. Genet. 2013, 45:1061–6.
17. 	Lemke JR, Geider K, Helbig KL, Heyne HO, Schütz H, Hentschel J, Courage C, Depienne C, Nava C, Heron D, et al.: Delineating the GRIN1 phenotypic spectrum: A distinct genetic NMDA receptor encephalopathy. Neurology 2016, 86:2171–2178.
* Discovery of GRIN1 mutations as a cause of epilepsy with profound developmental delay associated with movement disorder and infantile hypotonia. 
18. 	Li D, Yuan H, Ortiz-Gonzalez XR, Marsh ED, Tian L, McCormick EM, Kosobucki GJ, Chen W, Schulien AJ, Chiavacci R, et al.: GRIN2D Recurrent De Novo Dominant Mutation Causes a Severe Epileptic Encephalopathy Treatable with NMDA Receptor Channel Blockers [Internet]. Am. J. Hum. Genet. 2016, doi:10.1016/j.ajhg.2016.07.013.
* Report of de novo GRIN2D mutation and example of precision medine with FDA approved NMDAR blocker.
19. 	Syrbe S, Hedrich UBS, Riesch E, Djémié T, Müller S, Møller RS, Maher B, Hernandez-Hernandez L, Synofzik M, Caglayan HS, et al.: De novo loss- or gain-of-function mutations in KCNA2 cause epileptic encephalopathy [Internet]. Nat. Genet. 2015, 47:393–399.
* New report of both gain and loss of function mutations in KCNA2 as a cause of epileptic encephalopathy. 
20. 	Allou L, Julia S, Amsallem D, El Chehadeh S, Lambert L, Thevenon J, Duffourd Y, Saunier A, Bouquet P, Pere S, et al.: Rett-like phenotypes: expanding the genetic heterogeneity to the KCNA2 gene and first familial case of CDKL5-related disease. [Internet]. Clin. Genet. 2016, doi:10.1111/cge.12784.
* Reports novel KCNA2 related epilepsy phenotypes.
21. 	Corbett MA, Bellows ST, Li M, Carroll R, Micallef S, Carvill GL, Myers CT, Howell KB, Gazina E V, Mefford HC, et al.: Dominant KCNA2 mutation causes episodic ataxia and pharmacoresponsive epilepsy. 2016, doi:10.1212/WNL.0000000000003309.
22. 	Ohba C, Kato M, Takahashi N, Osaka H, Shiihara T, Tohyama J, Nabatame S, Azuma J, Fujii Y, Hara M, et al.: De novo KCNT1 mutations in early-onset epileptic encephalopathy. Epilepsia 2015, 56:e121–e128.
* Expansion of the phenotypic spectrum of KCNT1 epilepsy. 
23. 	Nakamura K, Kodera H, Akita T, Shiina M, Kato M, Hoshino H, Terashima H, Osaka H, Nakamura S, Tohyama J, et al.: De novo mutations in GNAO1, encoding a g??o subunit of heterotrimeric g proteins, cause epileptic encephalopathy. Am. J. Hum. Genet. 2013, 93:496–505.
24. 	Saitsu H, Fukai R, Ben-Zeev B, Sakai Y, Mimaki M, Okamoto N, Suzuki Y, Monden Y, Saito H, Tziperman B, et al.: Phenotypic spectrum of GNAO1 variants: epileptic encephalopathy to involuntary movements with severe developmental delay. [Internet]. Eur. J. Hum. Genet. 2016, 24:129–34.
* Important expansion of the phenotype of GNAO1 related epilepsy.
25. 	Ananth AL, Robichaux-Viehoever A, Kim YM, Hanson-Kahn A, Cox R, Enns GM, Strober J, Willing M, Schlaggar BL, Wu YW, et al.: Clinical Course of Six Children with GNAO1 Mutations Causing a Severe and Distinctive Movement Disorder. Pediatr. Neurol. 2016, 59:81–84.
* Important expansion of the phenotype including disease course of GNAO1 epilepsy.
26. 	Petrovski S, Küry S, Myers CT, Anyane-Yeboa K, Cogné B, Bialer M, Xia F, Hemati P, Riviello J, Mehaffey M, et al.: Germline de Novo Mutations in GNB1 Cause Severe Neurodevelopmental Disability, Hypotonia, and Seizures. Am. J. Hum. Genet. 2016, 98:1001–1010.
27. 	Baldassari S, Licchetta L, Tinuper P, Bisulli F, Pippucci T: GATOR1 complex: the common genetic actor in focal epilepsies [Internet]. J. Med. Genet. 2016, doi:10.1136/jmedgenet-2016-103883.
28. 	Ricos MG, Hodgson BL, Pippucci T, Saidin A, Ong YS, Heron SE, Licchetta L, Bisulli F, Bayly MA, Hughes J, et al.: Mutations in the mammalian target of rapamycin pathway regulators NPRL2 and NPRL3 cause focal epilepsy. Ann. Neurol. 2016, 79:120–131.
29. 	Weckhuysen S, Marsan E, Lambrecq V, Marchal C, Morin-Brureau M, An-Gourfinkel I, Baulac M, Fohlen M, Kallay Zetchi C, Seeck M, et al.: Involvement of GATOR complex genes in familial focal epilepsies and focal cortical dysplasia. Epilepsia 2016, 57:994–1003.
30. 	Sim JC, Scerri T, Fanjul-Fernández M, Riseley JR, Gillies G, Pope K, van Roozendaal H, Heng JI, Mandelstam SA, McGillivray G, et al.: Familial cortical dysplasia caused by mutation in the mTOR regulator NPRL3 [Internet]. Ann. Neurol. 2015, doi:10.1002/ana.24502.
** References 27 to 30 report germline mutations in GATOR complex genesin association with familial focal epilepsy with or without focal cortical dysplasia.
31. 	Broix L, Jagline H, L Ivanova E, Schmucker S, Drouot N, Clayton-Smith J, Pagnamenta AT, Metcalfe KA, Isidor B, Louvier UW, et al.: Mutations in the HECT domain of NEDD4L lead to AKT-mTOR pathway deregulation and cause periventricular nodular heterotopia [Internet]. Nat Genet 2016, 48:1349–1358.
* Reports mutation in NEDD4L, a regulator of mTOR in asssociation with epilepsy and periventricular nodular heterotopia.
32. 	Nakashima M, Saitsu H, Takei N, Tohyama J, Kato M, Kitaura H, Shiina M, Shirozu H, Masuda H, Watanabe K, et al.: Somatic Mutations in the MTOR gene cause focal cortical dysplasia type IIb. Ann. Neurol. 2015, 78:375–386.
* Discovery of importance of somatic mutation in focal cortical dysplasia. 
33. 	Lim JS, Kim W, Kang H-C, Kim SH, Park AH, Park EK, Cho Y-W, Kim S, Kim HM, Kim JA, et al.: Brain somatic mutations in MTOR cause focal cortical dysplasia type II leading to intractable epilepsy. [Internet]. Nat. Med. 2015, 21:395–400.
34. 	Thomas RH, Zhang LM, Carvill GL, Archer JS, Heavin SB, Mandelstam SA, Craiu D, Berkovic SF, Gill DS, Mefford HC, et al.: CHD2 myoclonic encephalopathy is frequently associated with self-induced seizures. Neurology 2015, 84:951–958.
* Discovery of CHD2 mtuations in myoclonic encephalopathy. 
35. 	Galizia EC, Myers CT, Leu C, de Kovel CGF, Afrikanova T, Cordero-Maldonado ML orena, Martins TG, Jacmin M, Drury S, Krishna Chinthapalli V, et al.: CHD2 variants are a risk factor for photosensitivity in epilepsy. Brain 2015, 138:1198–1207.
* CHD2 implicated as a risk factor for common forms of photosensitive epilepsy.
36. 	Tang S, Hughes E, Lascelles K, Simpson MA, Pal DK: New SMARCA2 mutation in a patient with Nicolaides-Baraitser syndrome and myoclonic astatic epilepsy. [Internet]. Am. J. Med. Genet. A 2016, doi:10.1002/ajmg.a.37935.
* Report of a de novo SMARCA2 missense mutation discovered by exome sequencing. 
37. 	Goldstein JHR, Tim-aroon T, Shieh J, Merrill M, Deeb KK, Zhang S, Bass NE, Bedoyan JK: Novel SMC1A frameshift mutations in children with developmental delay and epilepsy. Eur. J. Med. Genet. 2015, 58:562–568.
38. 	Lebrun N, Lebon S, Jeannet P-Y, Jacquemont S, Billuart P, Bienvenu T: Early-onset encephalopathy with epilepsy associated with a novel splice site mutation in SMC1A. [Internet]. Am. J. Med. Genet. A 2015, doi:10.1002/ajmg.a.37364.
39. 	Jansen S, Kleefstra T, Willemsen MH, de Vries P, Pfundt R, Hehir-Kwa JY, Gilissen C, Veltman JA, de Vries BBA, Vissers LELM: De novo loss-of-function mutations in X-linked SMC1A cause severe ID and therapy-resistant epilepsy in females: expanding the phenotypic spectrum. [Internet]. Clin. Genet. 2016, 90:413–419.
* References 37-39 report of de novo mutations in SMC1A in epilepsy and expand the phenotypic spectrum.
40. 	Liu JC, Ferreira CG, Yusufzai T: Human CHD2 is a chromatin assembly ATPase regulated by its chromo- And DNA-binding domains. J. Biol. Chem. 2015, 290:25–34.
* Shows that the accessory domains of CHD2 play roles in regulating the ATPase domain and conferring selectivity to chromatin substrates.
41. 	Fjaer R, Brodtkorb E, Øye AM, Sheng Y, Vigeland MD, Kvistad KA, Backe PH, Selmer KK: Generalized epilepsy in a family with basal ganglia calcifications and mutations in SLC20A2 and CHRNB2. Eur. J. Med. Genet. 2015, 58:624–628.
* Example of a "blended phenotype". 
42. 	Gawlinski P, Posmyk R, Gambin T, Sielicka D, Chorazy M, Nowakowska B, Jhangiani SN, Muzny DM, Bekiesinska-Figatowska M, Bal J, et al.: PEHO syndrome may represent phenotypic expansion at the severe end of the early-onset encephalopathies. Pediatr. Neurol. 2016, 60:83–87.
* Example of a "blended phenotype. 
43. 	Rocha H, Sampaio M, Rocha R, Fernandes S, Leão M: MEF2C haploinsufficiency syndrome: Report of a new MEF2C mutation and review. Eur. J. Med. Genet. 2015, doi:10.1016/j.ejmg.2016.05.017.
* Example of a "blended phenotype. 
44. 	Popp B, Trollmann R, Büttner C, Caliebe A, Thiel CT, Hüffmeier U, Reis A, Zweier C: Do the exome: A case of Williams-Beuren syndrome with severe epilepsy due to a truncating de novo variant in GABRA1 [Internet]. Eur. J. Med. Genet. 2016, 59:549–553.
* Example of a "blended phenotype. 
45. 	Leu C, Balestrini S, Maher B, Hernández-Hernández L, Gormley P, Hämäläinen E, Heggeli K, Schoeler N, Novy J, Willis J, et al.: Genome-wide Polygenic Burden of Rare Deleterious Variants in Sudden Unexpected Death in Epilepsy [Internet]. EBioMedicine 2015, doi:10.1016/j.ebiom.2015.07.005.
* First study examing the role of rare variation in SUDEP using NGS.
46. 	Berg AT, Berkovic SF, Brodie MJ, Buchhalter J, Cross JH, Van Emde Boas W, Engel J, French J, Glauser TA, Mathern GW, et al.: Revised terminology and concepts for organization of seizures and epilepsies: Report of the ILAE Commission on Classification and Terminology, 2005-2009. Epilepsia 2010, 51:676–685.
47. 	Scheffer IE, French J, Hirsch E, Jain S, Mathern GW, Moshé SL, Perucca E, Tomson T, Wiebe S, Zhang Y-H, et al.: Classification of the epilepsies: New concepts for discussion and debate. Special Report of the ILAE Classification Task Force of the Commission for Classification and Terminology [Internet]. Epilepsia Open 2016, doi:10.1002/epi4.5.
Discussion document on epilepsy and seizure classification produced by the ILAE Task Force.
48. 	Vadlamudi L, Milne RL, Lawrence K, Heron SE, Eckhaus J, Keay D, Connellan M, Torn-Broers Y, Howell RA, Mulley JC, et al.: Genetics of epilepsy: the testimony of twins in the molecular era [Internet]. Neurology 2014, 83:1042–1048.
49. 	Larsen J, Carvill GL, Gardella E, Kluger G, Schmiedel G, Barisic N, Depienne C, Brilstra E, Mang Y, Nielsen JEK, et al.: The phenotypic spectrum of SCN8A encephalopathy. Neurology 2015, 84:480–489.
* Reports and expands and the phenotypic spectrum of SCN8A encephalopathy.
50. 	Korff CM, Brunklaus A, Zuberi SM: Epileptic activity is a surrogate for an underlying etiology and stopping the activity has a limited impact on developmental outcome. Epilepsia 2015, 56:1477–1481.
* Re-examines the concept of "epileptic encephalopathy". 
51. 	Lek M, Tewksbury J, Services H: Analysis of protein-coding genetic variation in 60,706 humans [Internet]. Nat. Publ. Gr. 2014, 536:1–26.
52. 	Consortium E: A roadmap for precision medicine in the epilepsies [Internet]. Lancet Neurol. 2015, 4422:1–10.
* Review discussing prospects and roadmap for precision medicine in epilepsy.
53. 	Kass HR, Winesett SP, Bessone SK, Turner Z, Kossoff EH: Use of dietary therapies amongst patients with GLUT1 deficiency syndrome. Seizure 2016, 35:83–87.
* Review of dietry therapies including ketogenic diet in GLUT1 deficiency syndrome.
54. 	Wilmshurst JM, Gaillard WD, Vinayan KP, Tsuchida TN, Plouin P, Van Bogaert P, Carrizosa J, Elia M, Craiu D, Jovic NJ, et al.: Summary of recommendations for the management of infantile seizures: Task Force Report for the ILAE Commission of Pediatrics. Epilepsia 2015, 56:1185–1197.
* Review of treatment and management recommendations in infantile seizures.
55. 	Bearden D, Strong A, Ehnot J, Digiovine M, Dlugos D, Goldberg EM: Targeted Treatment of Migrating Partial Seizures of Infancy with Quinidine. 2014, doi:10.1002/ana.24229.
56. 	Mikati M a, Jiang Y, Carboni M, Shashi V, Petrovski S, Spillmann R, Milligan CJ, Li M, Grefe A, McConkie A, et al.: Quinidine in the treatment of KCNT1 positive epilepsies [Internet]. Ann. Neurol. 2015, doi:10.1002/ana.24520.
* Two patients with gain of function KCNT1 related epilepsy with discordant clinical response to quinidine as a precsion therapy.  
57. 	Pierson TM, Yuan H, Marsh ED, Fuentes-Fajardo K, Adams DR, Markello T, Golas G, Simeonov DR, Holloman C, Tankovic A, et al.: GRIN2A mutation and early-onset epileptic encephalopathy: personalized therapy with memantine. [Internet]. Ann. Clin. Transl. Neurol. 2014, 1:190–198.
58. 	Boerma RS, Braun KP, van de Broek MPH, van Berkestijn FMC, Swinkels ME, Hagebeuk EO, Lindhout D, van Kempen M, Boon M, Nicolai J, et al.: Remarkable Phenytoin Sensitivity in 4 Children with SCN8A-related Epilepsy: A Molecular Neuropharmacological Approach. Neurotherapeutics 2016, 13:192–197.
* Exemplers of precision medicine in SCN8A related epilepsy.
59. 	Millichap JJ, Park KL, Tsuchida T, Ben-Zeev B, Carmant L, Flamini R, Joshi N, Levisohn PM, Marsh E, Nangia S, et al.: KCNQ2 encephalopathy: Features, mutational hot spots, and ezogabine treatment of 11 patients [Internet]. Neurol. Genet. 2016, 2:e96.
* To date, the only report of precision medicine in epilepsy occurring as a result of a loss-of-function mutation.
60. 	French JA, Lawson JA, Yapici Z, Ikeda H, Polster T, Nabbout R, Curatolo P, de Vries PJ, Dlugos DJ, Berkowitz N, et al.: Adjunctive everolimus therapy for treatment-resistant focal-onset seizures associated with tuberous sclerosis (EXIST-3): a phase 3, randomised, double-blind, placebo-controlled study. Lancet 2016, 388:2153–2163.
** Landmark phase 3 randomised controlled trial.
61. 	Civelek M, Lusis AJ: Systems genetics approaches to understand complex traits. [Internet]. Nat. Rev. Genet. 2014, 15:34–48.
62. 	Johnson MR, Shkura K, Langley SR, Delahaye-Duriez A, Srivastava P, Hill WD, Rackham OJL, Davies G, Harris SE, Moreno-Moral A, et al.: Systems genetics identifies a convergent gene network for cognition and neurodevelopmental disease. [Internet]. Nat. Neurosci. 2016, 19:223–32.
** Reports a convergent gene network for neurodevelopmental disease (including epilepsy) and healthy human cognition. 
63. 	Delahaye-Duriez A, Srivastava P, Shkura K, Langley SR, Laaniste L, Moreno-Moral A, Danis B, Mazzuferi M, Foerch P, Gazina E, et al.: Rare and common epilepsies converge on a shared gene regulatory network providing opportunities for novel antiepileptic drug discovery. Genome Biol. 2016, In Press.
* Reports a convergent gene network for monogenic and complex epilepsy and outlines a network-based framework for new drug discovery in epilepsy.
64. 	Johnson MR, Behmoaras J, Bottolo L, Krishnan ML, Pernhorst K, Santoscoy PLM, Rossetti T, Speed D, Srivastava PK, Chadeau-Hyam M, et al.: Systems genetics identifies Sestrin 3 as a regulator of a proconvulsant gene network in human epileptic hippocampus [Internet]. Nat. Commun. 2015, 6:6031.
* Describes the network-based discovery of a new drug target for epilepsy based on mapping the master regulator of an epilepsy gene network. 



9

