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Epileptic encephalopathies (EEs) are a group of devastating 
epilepsy syndromes characterized by severe seizures in early 
infancy and childhood. In general, they are associated with 
very poor prognoses, intellectual disabilities, and frequent, 
drug-resistant seizures. A number of particularly devastat-
ing infantile EEs exist, including Dravet syndrome, West 
syndrome, Ohtahara syndrome, Lennox-Gastaut syndrome, 
and myoclonic-astatic epilepsy. EEs, however, are often not 
easily categorized due to diverse EEG signatures, age of onset, 
seizure phenotype, and etiology. Through advances in applied 
genomics, including large-scale studies like Epi4K (1), the field 
has made great strides in identifying genes associated with EE. 
This has helped identify novel potential disease mechanisms 
and helped stratify patients into specific EE sub-syndromes. 
Identified human EE risk genes are linked to broad cellu-
lar functions, but the majority are related to neuronal and 
synaptic function (2). These include SCN1A, a sodium channel 
involved in inhibitory interneuron function (Dravet syndrome 
[3]); ARX, a transcription factor that is important to inhibitory 
interneuron maturation and migration (Ohtahara syndrome 

[4]); CDKL5, a gene important to neuronal signaling (Rett-like 
EEs [5]); and multiple GABA receptor subunits (6).

In an exciting recent study, Shen and colleagues identify a 
number of pathological missense mutations in the γ2 subunit 
of the GABAA receptor that appear to contribute to early onset 
EE (A106T, I107T, P282S, R323Q, R323W, and F343L). Interest-
ingly, these mutations all come from patients with otherwise 
unclassified EEs (although a subset were eventually diagnosed 
with Lennox-Gastaut syndrome) who have epilepsy pheno-
types diverse in their seizure semiology, EEG signatures, and 
antiepileptic drug responsiveness. The fact that mutations in 
the same gene manifest in a wide array of epilepsy pheno-
types suggests that there may be functional differences in 
how each mutation affects GABAA receptor function. Using a 
beautiful combination of molecular modeling, biochemistry, 
and electrophysiology, this study identifies meaningful func-
tional changes in all the γ2 mutations identified in this cohort 
of patients. Interestingly, the mutations cluster between the 
interface of the N-terminal and transmembrane domain of the 
receptor, an area important for the chloride channel function 
of the GABAA receptor. This suggests that these mutations may 
affect the GABAA receptor’s affinity for GABA, its conductance, 
and its biophysical properties. Indeed, the authors report that 
in a recombinant expression system, all mutations reduce peak 
GABA-evoked currents and decrease GABA potency. A subset 
of γ2 mutations also resulted in increased zinc inhibition and 
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Epileptic encephalopathies are a devastating group of severe childhood onset epilepsies with medication-resistant 
seizures and poor developmental outcomes. Many epileptic encephalopathies have a genetic aetiology and are often 
associated with de novo mutations in genes mediating synaptic transmission, including GABAA receptor subunit genes. 
Recently, we performed next generation sequencing on patients with a spectrum of epileptic encephalopathy pheno-
types, and we identified five novel (A106T, I107T, P282S, R323W and F343L) and one known (R323Q) de novo GABRG2 
pathogenic variants (mutations) in eight patients. To gain insight into the molecular basis for how these mutations 
contribute to epileptic encephalopathies, we compared the effects of the mutations on the properties of recombinant 
α1β2γ2L GABAA receptors transiently expressed in HEK293T cells. Using a combination of patch clamp recording, im-
munoblotting, confocal imaging and structural modelling, we characterized the effects of these GABRG2 mutations 
on GABAA receptor biogenesis and channel function. Compared with wild-type α1β2γ2L receptors, GABAA receptors 
containing a mutant γ2 subunit had reduced cell surface expression with altered subunit stoichiometry or decreased 
GABA-evoked whole-cell current amplitudes, but with different levels of reduction. While a causal role of these muta-
tions cannot be established directly from these results, the functional analysis together with the genetic information 
suggests that these GABRG2 variants may be major contributors to the epileptic encephalopathy phenotypes. Our 
study further expands the GABRG2 phenotypic spectrum and supports growing evidence that defects in GABAergic 
neurotransmission participate in the pathogenesis of genetic epilepsies including epileptic encephalopathies.
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altered activation and decay kinetics. The vast majority of the 
reported changes are consistent with decreased inhibitory 
function, linking reduced inhibitory drive and EE. The report 
includes a fascinating depth of analysis of variant-specific 
changes in GABA receptor function, which the reader is 
encouraged to pursue. It should also be noted that the genet-
ics of epilepsy are far from simple, and it is not unusual for 
damaging mutations to result in a gamut of epilepsy pheno-
types or no epilepsy phenotype at all (7). With that in mind, 
there may be more complexity to the phenotypic variation in 
patients with γ2 mutations beyond variant-specific changes 
in GABAA receptor function. For example, patient-specific 
genomic variation may have significant impact on how γ2 
mutations manifest.

To fully consider the scope of the functional changes asso-
ciated with each variant, the authors also examined the effects 
of γ2 variants on GABA receptor trafficking and surface expres-
sion. They found that γ2 missense mutations led to increased 
intracellular retention and decreased surface expression of the 
GABAA receptor. Previous studies by this group have shown 
that a nonsense mutation in the γ2 receptor (Q390X) causes 
significant retention in the endoplasmic reticulum, failure of 
GABA receptors to reach the cell surface, and even protein-
accumulation induced cell death (8). This mutation is also 
associated with EE, further linking γ2 dysfunction with severe, 
early onset epilepsy. Previous studies have linked γ2 missense 
mutations to altered protein trafficking (9, 10) but had not yet 
established the link to EE. Showing that EE-associated mis-
sense mutations also affect trafficking and surface expression 
of the GABA receptor sheds new light on how subtle changes 
in protein structure and function can cause functional deficits. 
This may not be entirely surprising to the reader, as the intra-
cellular trafficking of the GABA receptor is highly regulated by 
receptor phosphorylation and multiple intracellular signaling 
cascades (11). Any perturbation of this system likely has mul-
tiple downstream effects.

The current study by Shen et al. is especially noteworthy 
because they identify missense mutations associated with EE. 
Previous studies linking γ2 variants to EE have largely focused 
on nonsense variants (Q390X and Q40X, Dravet syndrome 
[12]), which lead to truncated protein products or no protein 
expression at all. The γ2 missense variants have previously 
been linked to less severe epilepsy syndromes, such as febrile 
seizures and childhood absence epilepsy (R82Q, R117G), as 
well as the more severe GEFS+ (K328M) (13). The current study 
sets in place a new understanding of how more subtle genetic 
variants can link to very severe epilepsies.

The next step in understanding how these γ2 variants lead 
to EE is attempting to place their functional changes within 
the developing brain. The subunit composition of the GABA 
receptor contributes to its function, localization, and pharma-
cologic sensitivity. We know that the γ2 subunit is part of the 
most common isoform of the GABA receptor, α1β2γ2, indicat-
ing a broad importance of the γ2 subunit. The γ2 subunit 
is also predominantly found in synapses rather than being 
extrasynaptic. This underscores its importance in maintaining 
network-level inhibition and suggests that mutation-induced 
changes in GABA receptor kinetics may play a role in in dis-
ease pathology. Molecular modeling presented in this study 

demonstrates that these mutations likely affect how other 
subunits function in the GABA pentamer function, broadening 
the potential disease mechanisms beyond γ2. Because of the 
developmental nature of EE, an interesting question is raised 
about the role of GABAergic inhibition. We know that GAB-
Aergic neurotransmission, while inhibitory in the adult brain, 
is excitatory in the immature brain. Disrupting this develop-
mental GABAergic excitation can disrupt network maturation 
and later inhibitory network maturation (14, 15). Therefore, 
mutations in γ2 may contribute to EE phenotypes due to dis-
rupted developmental GABAergic excitation (and subsequent 
network reorganization) and dysfunction GABAergic inhibition 
in the more mature brain. As massively parallel sequencing be-
comes more common and economical, the epilepsy research 
community will continue to identify novel variants linked to 
epilepsy. Studies similar to that of Shen et al. will be essential 
to understanding how variants link to changes in protein 
function and subsequently lead to disease. In addition, new 
information about the structural and functional characteriza-
tion of mutant ion channels and receptors may allow for more 
selective drug targeting to create improved and more specific 
epilepsy therapies.
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