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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 muta-

tions in genes mediating synaptic transmission, including GABAA receptor subunit genes. Recently, we performed next generation

sequencing on patients with a spectrum of epileptic encephalopathy phenotypes, 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 a1b2g2L GABAA receptors transiently expressed in HEK293T cells. Using a com-

bination of patch clamp recording, immunoblotting, confocal imaging and structural modelling, we characterized the effects of

these GABRG2 mutations on GABAA receptor biogenesis and channel function. Compared with wild-type a1b2g2L receptors,

GABAA receptors containing a mutant g2 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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Introduction
Epileptic encephalopathies are a devastating group of

severe infantile and childhood onset epilepsies, which are

clinically and aetiologically heterogeneous and character-

ized by intractable seizures, neurodevelopmental impair-

ment, and poor prognosis (Berg et al., 2010). Because of

the severity of the seizures and the associated intellectual

and behavioural disabilities, the children and their families

often suffer from substantial economic, social, and emo-

tional burdens (Katsnelson et al., 2014).

Due to developments in massively parallel sequencing

technologies, a significant proportion of epileptic encephal-

opathy patients’ aetiologies have been shown to be genetic

in nature. Patients with epileptic encephalopathy usually

have limited or no family history of epilepsy and patho-

genic variants typically arise de novo (Thomas and

Berkovic, 2014). Trio whole exome sequencing, in which

the genomes of the individual with epilepsy and both par-

ents are sequenced, is a powerful tool for dissecting the

genetic basis of epileptic encephalopathies (Epi PMC,

2015). Use of targeted epilepsy-related gene panels for

next generation sequencing is an alternative approach for

identifying candidate de novo variants in sporadic cases of

epileptic encephalopathy (Carvill et al., 2013). Increased

efficiency and reduced cost of these technologies have

enabled discovery of numerous new epileptic encephalop-

athy genes with unprecedented success (McTague et al.,

2016). The majority of the genes identified, to date, are

involved in regulating synaptic transmission (Euro et al.,

2014), which is not surprising given the importance of syn-

aptic function in regulating excitability in the brain.

GABAA receptors mediate the majority of fast inhibitory

neurotransmission and control network excitability in the

brain. They are heteropentameric GABA-gated chloride ion

channels, and the a1b2g2 receptor is the most abundant

GABAA receptor subtype in the CNS (Farrant and Nusser,

2005). The g2 subunits are abundantly expressed and play

important roles in receptor trafficking, clustering, synaptic

maintenance (Essrich et al., 1998; Schweizer et al., 2003)

and current kinetic properties (Haas and Macdonald,

1999). Hence, dysfunctions of GABAA receptor g2 subunits

have been postulated to be involved in the aetiology of

epilepsy. In fact, among currently known epilepsy-asso-

ciated mutations identified in GABAA receptor subunits,

over half of them are found in the GABAA receptor g2

subunit gene, GABRG2 (Macdonald and Kang, 2009).

A substantial number of GABRG2 mutations have been

associated with autosomal dominant genetic epilepsies,

ranging from relatively benign febrile seizures and child-

hood absence epilepsy to more severe genetic epilepsy

with febrile seizures plus (GEFS + ) and Dravet syndrome

(Kang et al., 2015). In vitro studies have demonstrated that

these GABRG2 mutations exhibited a wide array of func-

tional deficits, including alternation of RNA processing or

protein stability, channel kinetic defects, and dominant

negative effects (Macdonald and Kang, 2012). Moreover,

heterozygous knock-in mice bearing human GABRG2 epi-

lepsy mutations had reduced cortical inhibition and dis-

played epilepsy phenotypes (Tan et al., 2007; Reid et al.,

2013; Kang et al., 2015).

Given the critical role of g2 subunits and the reported

GABRG2 mutations in a broad spectrum of epilepsy syn-

dromes, we wondered whether rare pathogenic GABRG2

variants might also contribute to the aetiology of epileptic

encephalopathy. To test this hypothesis, we carried out

next-generation sequencing in parent-offspring trios with

a wide range of intractable epileptic encephalopathy pheno-

types and searched for de novo GABRG2 mutations. Six de

novo missense GABRG2 mutations (A106T, I107T, P282S,

R323Q, R323W and F343L) were discovered in eight iso-

lated patients. We obtained the patients’ clinical history

and investigated functional effects of these de novo

GABRG2 mutations on GABAA receptor biogenesis, traf-

ficking and function in vitro. GABAA receptor a1 and b2

subunits were co-expressed with wild-type or mutant g2

subunits in HEK293T cells. Using this heterologous expres-

sion system, we found that all of these de novo GABRG2

mutations impaired GABAA receptor biogenesis and/or

channel function, but to different extents. Furthermore,

we characterized mutation-induced alternations of second-

ary and tertiary structures of GABAA receptors based on

structural modelling. Our genetic and functional findings

provide strong evidence that GABRG2 mutations are a

genetic risk factor for the development of epileptic

encephalopathy.

Material and methods

Patient phenotypes

Seven patients (six female/one male) were selected for

sequencing due to having an intractable early onset epi-

lepsy. The eighth patient (female) was tested for severe in-

tellectual disability, movement disorder and early onset

seizures. The patients were collected from multiple sites,

four European clinical programs (University of Basel,
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University of Leipzig, Clinic for Children and Adolescents

Munich, Clinic for Children and Adolescents Halle), and

three American paediatrics programs (Children’s Hospital

of Philadelphia, Boston Children’s Hospital, and Center for

Rare Childhood Disorders, TGen). De-identified clinical in-

formation was collected and compared across all patients

as part of a case series. Five patients were identified on

comprehensive epilepsy panels as clinical testing, one by

clinical whole exome sequencing, and two by research

exome sequencing.

Whole exome sequencing
and analysis

Whole exome sequencing was performed for one patient at

the Duke University Sequencing core (Duke CHGV) using

the Illumina Genome Analyzer IIx massively parallel

sequencing system (Illumina, Inc.) as previously published

(Poduri et al., 2013). Alignment to the human genome (ref-

erence build hg18) was conducted with BWA version 0.5.5.

Consensus and variant calls were performed using

SAMtools version 0.1.7. Annotation, filtering for quality

and removal of potential variants present in dbSNP129

or in 220 individuals from a group non-enriched for neuro-

psychiatric phenotypes, and prediction of functional effects

of potential mutations were performed using Sequent

Variant Analyzer (SVA) (http://people.genome.duke.edu).

The research laboratory believed the variant was

pathogenic.

Whole exome sequencing was performed at the TGen

research laboratory in another patient using the following

protocol. Libraries were prepared using the Illumina’s

TruSeq DNA sample preparation kit and the TruSeq

exome enrichment kit following the manufacturer’s proto-

col. Sequencing was done by 100-bp paired-end sequencing

on a Illumina HiSeq2000 instrument. Reads were aligned

to the Human Genome (Hg19/GRC37) using Burrows-

Wheeler transform alignment (BWA v.0.7.5)1. PCR dupli-

cates were removed using Picard v.1.922, and base quality

recalibration, indel realignment and single nucleotide poly-

morphism (SNP) and indel discovery were performed using

the Genome Analysis Toolkit (GATK v.2.5-2)3. Variants

were annotated with SnpEff 3.2a and selected (SnpSift)

for protein-coding events. Prediction scores were loaded

from dbNSFP and used for filtering. This variant was con-

sidered probably pathogenic and was validated by GeneDx.

In one patient the GABRG2 variant was found on clin-

ical exome sequencing through GeneDx (XomeDX, Gene

DX, Gaithersburg MD) as per their clinical protocol (for

details see http://www.genedx.com/test-catalog/xomedx/).

GeneDx reported the mutation (c.1027T4C) as variant,

likely mutation.

Epilepsy panels

One patient was identified on the GeneDx comprehensive

epilepsy panel (Infantile Epilepsy Panel, Gene DX) and

reported as a variant of uncertain significance. Subsequent

parental testing revealed the mutation to be de novo. The

panel was performed as per GeneDx available methodology

(http://www.genedx.com/test-catalog/available-tests/infant-

ile-epilepsy-panel/).

Four European patients were identified through the

CeGaT epilepsy panel (CeGaT GmbH). All were called

pathogenic or likely pathogenic based on the recent guide-

line from the ACMG (Richards et al., 2015). The panel

targeted 119 genes (www.cegat.de/diagnostik/panel-diag-

nostik/epilepsie-und-migraene/) and was performed as pre-

viously described (Lemke et al., 2012). In brief, the

sequencing was performed by enriching for coding regions

and exon-intron boundaries using Agilent SureSelect tech-

nology (Agilent Technologies) and sequencing on an

Illumina HiSeq2500 platform (Illumina). Annotation was

performed using SAMtools (v0.1.18) and VarScan (v2.3).

Variants were selected with a minor allele frequency below

5% (according to 1000 Genomes, dbSNP, EVS and in-

house database). More than 98% of targets had at least

30� coverage. Validation of suspicious variants as well as

segregation analysis in both parents were performed by

post hoc standard Sanger sequencing.

Complementary DNA constructs

The coding sequences of human a1, b2 and g2L GABAA

receptor subunits and EGFP were cloned into

pcDNA3.1( + ) expression vectors (Invitrogen). Mutant

g2L subunit constructs were generated using the

QuikChange site-directed mutagenesis kit (Agilent) and

confirmed by DNA sequencing. Due to the lack of a

highly specific antibody against the extracellular domain

of the g2 subunit, N-terminal haemagluttinin (HA)-tagged

(g2LHA) subunits were used. The HA epitope was inserted

between the fourth and fifth residue of the mature g2L

subunit, a functionally silent position (Connolly et al.,

1996). Note that all subunit residues were numbered

based on the immature peptide that includes the signal

peptide.

Cell culture and transfection

HEK293T cells (ATCC, CRL-11268) were cultured at

37�C in humidified 5% CO2 incubator and maintained in

Dulbecco’s modified Eagle medium (Invitrogen) supple-

mented with 10% foetal bovine serum (Life technologies),

and 100 IU/ml penicillin streptomycin (Life Technologies).

Cells were transfected using polyethylenimine (PEI) reagent

(40 kD, Polysciences) at a DNA:transfection reagent ratio

of 1:2.5, and harvested 36 h after transfection. To express

wild-type and mutant a1b2g2 receptors, a total of 3 mg of

subunit cDNAs were transfected at a ratio of 1:1:1 into

6 cm dishes for most experiments except for whole-cell re-

cording. For the mock-transfected condition, empty

pcDNA3.1 vector was added to make a final cDNA trans-

fection amount to 3 mg.
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Western blot and surface
biotinylation

Transfected HEK293T cells were collected in modified RIPA

buffer [50 mM Tris (pH = 7.4), 150 mM NaCl, 1% NP-40,

0.2% sodium deoxycholate, 1 mM EDTA] and 1% protease

inhibitor cocktail (Sigma). Collected samples were subjected to

gel electrophoresis using 4–12% BisTris NuPAGE precast gels

(Invitrogen) and transferred to PVDF-FL membranes

(Millipore). Polyclonal anti-g2 antibodies (Alomone or

Millipore) were used to detect GABAA receptor g2 subunits.

Anti-Na+/K+ ATPase antibody (Abcam) was used as a load-

ing control. IRDye� (LI-COR Biosciences) conjugated second-

ary antibody was used at a 1:10 000 dilution in all cases.

Membranes were scanned using the Odyssey Infrared Imaging

System (LI-COR Biosciences). The integrated intensity value

of bands was determined using the Odyssey Image Studio

software (LI-COR Biosciences).

Biotinylation protocols have been described previously

(Huang et al., 2014). Briefly, transfected cells were incu-

bated in membrane-impermeable reagent sulf-HNS-SS-

biotin (1 mg/ml, Thermo Scientific) at 4�C for 40 min.

Cells were lysed after being quenched with 0.1 M glycine.

Lysates were cleared by after centrifugation and then incu-

bated overnight with High Binding Capacity

NeutrAvidinTM beads (Thermo Scientific Pierce). After in-

cubation, protein was eluted in sampling buffer (Invitrogen)

containing 10% beta-mercaptoethanol and subjected to

immunoblotting.

Immunocytochemistry and confocal
microscopy

For immunofluorescence, coverslip-grown HEK293T cells

were washed with phosphate-buffered saline (PBS) and

fixed with Prefer (Anatech) to stain surface proteins or

permeabilized with 0.5% TritonTM X-100 to stain total

proteins. The fixed/permeabilized cells were blocked for

2 h with 5% bovine serum albumin in PBS, and then

stained with primary antibodies overnight, followed by in-

cubation in Alexa 488-conjugated donkey anti-rabbit IgG

antibodies and Cy3-conjugated donkey anti-mouse IgG

antibodies. Primary antibodies used were as the follows:

rabbit monoclonal HA antibody (Cell Signaling), mouse

monoclonal a1 subunit antibody (Millipore), mouse mono-

clonal anti-calnexin antibody (Abcam). Coverslips were

mounted with ProLong Gold� anti-fade reagent (Thermo

Fisher Scientific Inc.).

Confocal images were obtained from HEK293T cells

using a Zeiss LSM 710 Meta inverted confocal microscope.

Stained HEK293T cells were excited with the 488 nm laser

for the Alexa 488 fluorophore signal and the 543 nm laser

for the Cy3 fluorophore signal. Images were taken with

8 bit, 1024 � 1024 pixel resolution. Pinholes were adjusted

so that the sample thickness was 0.9 mm. An average of

four scans was taken to decrease the background noise.

Confocal experiments were performed in part using the

VUMC Cell Imaging Shared Resource.

Co-localization analysis was performed using the

Coloc2 plugin in the open source image processing pro-

gram Fiji (Schindelin et al., 2012). Microscopic image

files were imported, and the two channels (green and

red) were separated. The two channels being compared

were assigned to Channel 1 (green) and Channel 2 (red)

in a manner consistent across all samples. A region of

interest surrounding individual cells was selected in

the green channel, and its location was set in the

Coloc2 panel. Both Pearson’s correlation coefficient (R)

and Manders’ co-localization coefficient (MCC) were

calculated.

Electrophysiology

Whole-cell recordings of wild-type and mutant GABAA re-

ceptor currents were obtained at room temperature from

lifted HEK293T cells (Hernandez et al., 2011). The exter-

nal solution was composed of (in mM): 142 NaCl, 8 KCl,

10 D( + )-glucose, 10 HEPES, 6 MgCl2.6H2O, and 1 CaCl2
(pH 7.4, �326 mOsm). The internal solution consisted of

(in mM): 153 KCl, 10 HEPES, 5 EGTA 2 Mg-ATP, and 1

MgCl2.6H2O (pH 7.3, �300 mOsm). The Cl� reversal po-

tential was near 0 mV, and cells were voltage clamped at

�20 mV. GABA (1 mM) was applied for 4 s for measure-

ments of current amplitude and zinc inhibition. Zinc

(10 mM) was pre-applied for 10 s followed by co-applica-

tion with GABA. GABAA receptor current concentration–

response curves were fitted using GraphPad Prism version

6.07 for Windows (GraphPad Software, La Jolla, CA).

GABA was applied using a four-barrel square glass pipette

connected to a SF-77B Perfusion Fast-Step system (Warner

Instruments Corporations). The solution exchange time

across the open electrode tip was �200–400 ms, and the

exchange around lifted cells (�8–10 pF) occurred within

800 ms, which was sufficiently fast for these experiments

(Bianchi and Macdonald, 2002) and guaranteed rapid so-

lution exchanges and accurate measure of the kinetic prop-

erties of the receptor. All experiments were performed at

room temperature (22–23�C). Whole cell currents were

amplified and low-pass filtered at 2 kHz using an

Axopatch 200B amplifier, digitized at 10 kHz using

Digidata 1550, and saved using pCLAMP 10.4 (Axon

Instruments). Data were analysed offline using Clampfit

10.4 (Axon Instruments). Activation onset and deactivation

weight time constants (t) were measured from currents ob-

tained by application of 1 mM GABA for 10 ms, while peak

current amplitude was measured from currents obtained by

application of 1 mM GABA for 4 s. Activation and deacti-

vation time constants (t) were fitted using the Levenberg–

Marquardt least squares method with up to four compo-

nent exponential functions of the form
P

anexp(–t/tn) + C,

where n is the number of the exponential components, t is

time, a is the relative amplitude, tn is the time constant, and
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C is the residual current at the end of GABA application.

Additional components were accepted only if they signifi-

cantly improved the fit, as determined by an F test on the

sum of squared residuals. The multi-exponential

time course of deactivation was presented as a weighted

time constant, defined by the following expression:
P

antn/
P

an

Structural modelling and simulation

GABAA receptor a1, b2 and g2 subunit raw sequences in

FASTA format were individually loaded into Swiss-

PdbViewer 4.10 for template search against the ExPDB

database. The structure of the Caenorhabditis elegans glu-

tamate-gated chloride channel (GluCl; PDB: 3RHW) was

identified as a template using DeepView/Swiss-PdbViewer

4.02 (Schwede et al., 2003). The long cytoplasmic regions

of GABAA receptor subunits were excluded from modelling

as they were absent in the solved GluCl structure and sep-

arate alignments were generated for the TM4 domains.

Full-length multiple alignments were submitted for auto-

mated comparative protein modelling incorporated in

SWISS-MODEL program suite. The resulting subunit

models were energy-optimized using GROMOS96 of the

Swiss-PdbViewer. To generate pentameric GABAA receptor

3D models, a1, b2 and g2 subunit structural models were

assembled in a counter-clockwise b2-a1-b2-a1-g2 order by

superposition onto the C. elegans GluCl channel.

Neighbourhood structural variability on the 3D GABAA

receptor predicted by the g2 subunit mutations were imple-

mented using Rosetta 3.1 (Smith and Kortemme, 2008)

(https://kortemmelab.ucsf.edu/backrub/cgi-bin/rosettaweb.

py). Up to 20 of the best-scoring structures were generated

for each mutation by choosing parameters recommended

by the application. We measured mutation-induced struc-

tural differences by analysing the root mean squared (RMS)

deviation between the initial (wild-type) structures and

superimposed simulated (mutated) structures. RMS devi-

ation provides carbon-a/carbon-a comparisons between

two structurally aligned models; the larger the RMS devi-

ation, the more the mutant structure deviates from the

wild-type structure. For each mutation, the average RMS

deviation over 10 lowest energy structures was computed.

We prepared the figures using Chimera 1.7 (Pettersen et al.,

2004).

Statistical analysis

Numerical data were reported as mean � standard error of

the mean (SEM). Statistical analysis was performed using

GraphPad Prism version 6.07 for Windows (GraphPad

Software, La Jolla, CA). Statistically significant differences

were taken as P5 0.05 using one-way ANOVA followed

by Dunnett’s multiple comparison test.

Results

Mutation screening and de novo
GABRG2 variants

All eight patients (seven female/one male) were selected for

sequencing due to having an intractable early onset epilepsy.

The testing was done at a mean age of 6.4 years (range 3 years

to 10 years old). For six patients, sequencing was done as part

of clinical evaluation using either epilepsy panels (n = 5) or

whole exome sequencing (n = 1) at GeneDx or CeGaT. For

the others, research whole exome sequencing was performed.

In all eight patients, the variant was found to occur de novo in

the child after testing the parental DNA (Fig. 1A).

Patient phenotypes

The clinical features of the eight patients with GABRG2

variants were summarized in Table 1, and their representative

EEG and brain MRI images were shown in Fig. 1. The age of

onset of epilepsy was within the first year of life in all eight

patients (range Day of life 1 to 1 year of age). Seizure semi-

ology at onset was described as tonic-clonic seizures in two

patients, tonic seizures in three patients, partial seizures with

secondary generalization in one patient, and febrile seizures

in combination with myoclonic seizures in two patients. The

epilepsy in these patients progressed in all except one patient

(Patient 8) with development of additional seizure types,

which included atonic, generalized tonic clonic, absence and

focal seizures. As epileptic encephalopathies are a spectrum of

disorders that include a number of named syndromes, we

asked if any patient fit criteria for a specific electroclinical

syndrome diagnosis (i.e. infantile spasms syndrome). No pa-

tients were given a diagnosis early, but three patients even-

tually had features of Lennox-Gastaut syndrome. Epilepsy

outcome was variable, with two patients eventually becoming

seizure-free (Patients 1 and 7), whereas the six other patients’

seizures remained intractable as of last follow-up despite

combination therapy with antiepileptic drugs. Physical and

neurological examinations were remarkable for the presence

of hypotonia in six patients, abnormal eye movements in four

patients, and choreiform movements in four patients. There

were no dysmorphic or other pathognomonic features on

exam, and two patients (Patients 5 and 7) were described

as having normal physical and neurological examinations.

Developmentally, all eight individuals had severe intellectual

disability, were non-verbal, and had severe motor disabilities.

Additional studies of EEG and MRI in this cohort were

also variable with no consistent findings. The initial EEG

was normal in three patients (Patients 1, 2 and 5), but

over time all became abnormal. A variety of EEG

abnormalities was found in patients with GABRG2 vari-

ants (Fig. 1B) including seven of eight with either focal

(n = 3) or generalized (n = 4) interictal epileptiform dis-

charges. Brain MRIs were normal in five patients and
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Figure 1 De novo GABRG2 variants were identified in eight individuals with epileptic encephalopathy. (A) Pedigrees and segre-

gation analysis of the six GABRG2 missense variants identified in eight patients. Arrows indicate probands. (B) Three representative EEGs are

presented. The top EEG demonstrates excessive beta activity and focal discharges over the vertex head region. The lower two EEG traces show

more diffuse background slowing and irregularly generalized (middle) and generalized (bottom) epileptiform discharges. (C) Most of the brain MRIs

were normal (not shown), but three patients had non-specific findings and are presented (top MRI: delayed myelination of the frontal lobes; middle

MRI: hypoplasia of the falx; bottom MRI: enlarged ventricles and extra-axial CSF spaces for age). All MRIs are presented at level of head of caudate.
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showed mild non-specific findings in three patients

(delayed myelination, volume loss, and falx hypoplasia

in one patient each) (Fig. 1C). These data suggest that

GABRG2 can lead to variable neurodevelopmental out-

comes, including epileptic encephalopathy and abnormal

motor development.

De novo GABRG2 variants were located
in different structural domains of
GABAA receptor g2 subunits

Individual GABAA receptor g2 subunits are composed of a

large extracellular N-terminal domain, followed by four

transmembrane domains (M1-M4) as well as extracellular

(M2-M3) and two intracellular (M1-M2; M3-M4) loops

(Macdonald and Olsen, 1994; Miller and Aricescu, 2014),

and the six variants identified here were located in function-

ally important regions of the receptor channel (Fig. 2A). By

analysing the sequence alignment among the GABRs, we

found that P282 and R323 were invariant residues across

all GABAA receptor subunits, and F343 was a highly con-

served residue (Fig. 2B). Consistently, in silico analysis using

PolyPhen-2 (Adzhubei et al., 2010) and SIFT (Kumar et al.,

2009) predicted that the substitutions P282S, R323Q,

R323W and F343L would not be tolerated and might

damage protein structure. In contrast, the variants A106T

and I107T, which were located in the non-conserved residue

(Fig. 2B), were predicted to be tolerated.

GABAA receptors are hetero-pentameric proteins

assembled with g-b-a-b-a stoichiometry (Fig. 2C).

Remarkably, g2 subunit variants were mapped to locations

that were closely connected among structural domains

between the interface of the N-terminal (b1-b2 loop) and

transmembrane domains (M1, M2 and M3). In the N-

terminal domain, g2(A106T) and g2(I107T) variants

occurred in the b1-b2 loop, whereas g2(P282S),

g2(R323W), g2(R323Q) and g2(F343L) variants occurred

in the transmembrane domains M1, M2 and M3 delineat-

ing the pore region of the receptor (Fig. 2B and C).

Figure 2 De novo g2 subunit variants were located between the interface of the N-terminal and transmembrane domains of

the GABAA receptor. (A) A cartoon representation of the linearized secondary structure of a g2 subunit was made displaying putative

locations of the substitutions identified in this study. b-strands were represented as black arrows and a-helices as grey rectangles. (B) Alignment

of human g(1-3), a(1-6), and b(1-3) subunits from the GABAA receptor subunit family were performed. Sites of de novo variants in the g2 subunit

are shown in red. A106 and I107 residues were not conserved (shown in red in g2 subunit only). Across all sequences, P282 and R323 residues

were identical (highlighted in dark grey), and the residue F343 was conserved (highlighted in light grey). Secondary structures such as b-strands

(b1 and b2) or transmembrane domains (M1, M2 and M3) are also represented across subunits above the alignments. (C) A 3D structural model

of the GABAA receptor was constructed. GABRG2 de novo variants were mapped onto the g2 subunit in orange. The dashed box highlights the

observation that the variants were closely connected with the structural domains between the interface of the N-terminal (b1 -b2 loop, Cys-loop,

loop F) and transmembrane domains (M2-M3 loop, M1, M2, M3). See extended details in Fig. 7.
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De novo GABRG2 variants decreased
GABA-evoked currents to different
extents and altered their Zn2 +

sensitivity

We determined the functional consequences of epileptic en-

cephalopathy-associated g2 subunit variants by measuring

macroscopic GABA-evoked currents in transfected

HEK293T cells (Fig. 3). All g2 subunit variants decreased

GABAA currents, but to different extents. While

g2L(A106T), g2L(I107T), g2L(P282S), and g2L(F343L) vari-

ants located at the N-terminal and M1 and M3 domains,

decreased currents by �30% (Supplementary Table 1),

g2L(R323W) and g2L(R323Q) variants located in the pore

forming M2 domain decreased channel current �50%, rela-

tive to wild-type currents (Supplementary Table 1 and Fig.

3A and B). In addition, GABAA receptors containing

g2L(I107T), g2L(P282S), g2L(R323W) and g2L(R323Q)

variants increased by �25% the fractional Zn2 + inhibition

of currents (Supplementary Table 1) of the wild-type receptor

(10 � 1%, n = 51) (Fig. 3C). No changes in Zn2 + sensitivity

were found for GABAA receptors containing g2L(A106T)

and g2L(F343L) variants (Supplementary Table 1).

Decrease of current amplitudes can be produced by im-

paired biogenesis of receptors leading to decreased or

altered expression of surface receptors or to mutation-

induced alteration of surface receptor channel gating.

Increased sensitivity of GABAA receptors to Zn2 + inhib-

ition may be the result of the variant itself or of alterations

in the subunit composition of receptors expressed on the

cell surface such as formation of surface ab receptors.

Mutant g2 subunits were stable in
transfected HEK293T cells, but
with different total levels

The GABRG2 epileptic encephalopathy-associated variants all

decreased GABAA receptor currents due to impaired biogen-

esis or channel gating. To determine if these variants affected

biogenesis of g2 subunits, we expressed wild-type and mutant

g2L subunits with a1 and b2 subunits in HEK293T cells.

Whole-cell lysates were analysed by western blot and immu-

noblotted using polyclonal g2 subunit antibodies (Fig. 4).

Wild-type g2L and mutant g2L(A106T), g2L(P282S),

g2L(R323Q), g2L(R323W), and g2L(F343L) subunits all

migrated at the same molecular mass, predicted to be �45

kD (Fig. 4A). The variant g2L(I107T) introduced a new

amino acid threonine two amino acids after asparagine 105

(N105), thus creating a new fourth potential glycosylation

motif (NXS/T) in the extracellular domain. Unsurprisingly,

in cells co-transfected with mutant g2L(I107T) subunits, a

main band with a shift in molecular mass compared with

wild-type g2L was detected, consistent with the increased

glycosylation of the mutant protein (Fig. 4A). Interestingly

and unexpectedly, mutant g2L(P282S) and g2L(I107T) sub-

units also formed substantial amounts of protein complexes

that migrated at a high molecular mass (�75–150 kD). It is

possible that these high molecular mass protein complexes

are oligomers formed by mutant g2 subunits as observed in

g2(Q390X) subunits (Kang et al., 2010, 2015).

We then quantified the g2 subunit band intensity of each

lane, normalized to the ATPase band intensity of the same

lane, and compared the normalized g2/ATPase ratio among

Figure 3 Mutant a1b2g2L receptors showed decreased GABA-evoked whole-cell currents and increased zinc sensitivity. (A)

Representative GABA current traces are shown that were obtained following rapid application of 1 mM GABA for 4 s to lifted HEK293T cells voltage

clamped at �20 mV. (B and C) Bar graphs showing average peak current and zinc inhibition from cells co-expressing a1b2 subunits with wild-type

(wt) or mutant g2 subunits. Values are expressed as mean � SEM (Supplementary Table 1). One-way ANOVA with Dunnett’s post-test was used to

determine significance compared to the wild-type condition. ****P5 0.0001, ***P5 0.001, and nsP4 0.05, respectively.
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wild-type and mutant subunits (Fig. 4B). Total levels of mutant

g2L(A106T), g2L(R323Q), g2L(R323W), and g2L(F343L)

subunits did not differ from those of wild-type g2L subunits

(1.00, n = 4). In contrast, the total amount of mutant

g2L(I107T) and g2L(P282S) subunits were increased to

1.62 � 0.22 (P50.05, n = 4) and 1.76 � 0.23 (P5 0.05,

n = 4), respectively, suggesting that mutant g2L(I107T) and

g2L(P282S) subunits were more stable than wild-type subunits

and/or were retained in the endoplasmic reticulum (Fig. 4B).

The variants all decreased surface
levels of g2 subunits, but to
different extents

We asked if mutant g2 subunits could assemble with a1 and

b2 subunits and traffic to cell membranes as functional

receptors. To assess surface trafficking of mutant g2 sub-

units, we co-transfected HEK293T cells with a1, b2, and

wild-type or mutant g2L subunits at a 1:1:1 a1:b2:g2 sub-

unit ratio and evaluated surface levels of wild-type and

mutant g2L subunits by surface biotinylation (Fig. 4C).

Compared to co-expressed wild-type g2L subunits (1.00,

n = 6), surface levels of co-expressed mutant g2L subunits

were reduced to 0.74 � 0.03 (P5 0.05, n = 6) for A106T,

0.76 � 0.06 (P50.05, n = 6) for I107T, 0.65 � 0.02

(P5 0.05, n = 4) for P282S, 0.73 � 0.07 (P50.05, n = 5)

for R323Q, 0.46 � 0.09 (P5 0.05, n = 6) for R323W and

0.53 � 0.05 (P5 0.05, n = 6) for F343L, respectively. These

results demonstrated that A106T, I107T, P282S, R323Q,

R323W and F343L substitutions all reduced surface levels

of g2L subunits, but to different extents (24–54%). The re-

ductions in surface levels of g2 subunits (Fig. 4D) were simi-

lar to the reductions in whole cell currents produced by

Figure 4 Immunoblotting studies obtained for mutant g2L subunits. Wild-type or mutant g2L subunits were cotransfected with a1b2

subunits into HEK293T cells. (A) Total cell lysates were collected, analysed by SDS-PAGE and blotted by anti-g2 and anti-ATPase antibodies. In this

representative western blot, NS = non-specific control. (B) Band intensity of g2L subunits was normalized to the ATPase signal (n = 4, mean � SEM).

Both the lower and higher molecular mass bands were included. (C) Surface protein samples were collected through biotinylation and probed by anti-

g2 and anti-ATPase antibodies. A representative western blot is presented. (D) Band intensities of g2L subunits were normalized to the ATPase signal

(n5 4, mean � SEM). One-way ANOVA followed by Dunnett’s multiple comparison test were used to determine significance. *P5 0.05, compared

with wild-type condition. (E) Surface proteins of HEK293T cells co-expressing a1b2g2L, a1b2g2L(N105Q), a1b2g2L(I107T) or a1b2g2L(N105Q/

I107T) subunits were collected and probed with anti-g2 and anti-ATPase antibodies. A representative western blot is presented. WT = wild-type.
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these g2 subunit variants (Fig. 3), suggesting that the vari-

ants may reduce biogenesis of GABAA receptors. All of these

GABRG2 variants were de novo and their pathogenicity

was confirmed by our functional characterization. Thus,

we will refer to them as mutations instead of variants.

The g2(I107T) subunit mutation
introduced a novel glycosylation site

To this point, we observed two principle effects of the

g2(I107T) mutation. First, it added a fourth glycosylation

site to g2(I107T) subunits, and second, there was decreased

g2(I107T) subunit surface expression. However, it re-

mained unclear whether there was a causal relationship

between these two phenomena. We therefore mutated the

N-glycosylation site N105 to glutamine in wild-type g2 and

mutant g2(I107T) subunits, thereby creating glycosylation-

defective subunits. The double mutant construct

g2(N105Q/I107T) disrupted the novel glycosylation se-

quence, although it retained the I107T mutation. We then

co-expressed a1 and b2 subunits with wild-type g2LHA,

wild-type/glycosylation-deficient g2L(N105Q)HA, mutant

g2L(I107T)HA and mutant/glycosylation-deficient

g2L(N105Q/I107T)HA subunits, and measured surface

levels of g2LHA subunits in each condition using flow cyto-

metry (Supplementary Fig. 1). With a1b2g2L(N105Q)HA,

a1b2g2L(I107T)HA, and a1b2g2L(N105Q/I107T)HA sub-

unit co-expression, surface HA levels were significantly

reduced to 0.60 � 0.06 (P5 0.001, n = 3), 0.48 � 0.03

(P50.001, n = 11), and 0.69 � 0.05 (P50.001, n = 4),

respectively, compared with the wild-type condition.

Immunoblotting for g2 subunit surface protein yielded similar

results (Fig. 4E). The molecular mass of the double mutant

protein g2(N105Q/I107T) returned to the size of wild-type

level, as would be expected as the added glycosylation site

was eliminated. Importantly, g2L(N105Q), g2L(I107T) and

g2L(N105Q/I107T) subunits all had lower surface expression

level relative to wild-type g2L subunit. Taken together, these

results suggested that the I107T mutation itself and not the

new glycosylation site at N105 was the mechanism by which

the I107T mutation impaired g2L subunit surface incorpor-

ation and, GABAA receptor function.

Mutant g2 subunits had different sur-
face and intracellular distribution

We next extended our study to determine and compare the

cellular locations of mutant and wild-type g2 subunits in

HEK293T cells using confocal microscopy (Fig. 5 and

Supplementary Fig. 2). Wild-type and mutant g2LHA sub-

units were co-expressed in HEK293T cells with a1 and b2

subunits at a 1:1:1 cDNA ratio. We co-labelled cells with

anti-a1 subunit (red) and anti-HA (green) antibodies.

Without cell permeabilization, wild-type g2LHA subunit sig-

nals were present on the surface and were co-localized well

with a1 subunit signals, consistent with co-assembly with

a1 and b2 subunits into receptors that were trafficked to

the cell surface (Fig 5A, yellow florescence is co-localiza-

tion). In contrast, g2L(A106T)HA, g2L(I107T)HA,

g2L(P282S)HA, g2L(R323Q)HA, g2L(R323W)HA and

g2L(F343L)HA subunits all had reduced surface HA signals

(lack or reduction of yellow fluorescence in Fig. 5A and

Supplementary Fig. 2A).

With cell permeabilization and co-expression with a1

and b2 subunits, wild-type g2LHA subunits were well dis-

tributed intracellularly (Fig. 5B). Co-expressed

g2L(I107T)HA and g2L(P282S)HA subunits had more prom-

inent intracellular HA signalling than wild-type g2LHA sub-

units. This was consistent with the higher total amount of

mutant g2L(I107T) and g2L(P282S) subunits in whole-cell

lysates. However, the total expression of g2L(A106T)HA,

g2L(R323Q)HA, g2L(R323W)HA and g2L(F343L)HA sub-

units was indistinguishable from that of wild-type g2LHA

subunits (Supplementary Fig. 2B).

We observed that wild-type g2LHA subunits were loca-

lized primarily to the plasma membrane. In contrast,

mutant g2L(I107T)HA and g2L(P282S)HA subunits accumu-

lated in cells and had impaired trafficking to the cell surface

when co-expressed with a1 and b2 subunits. Given the

previous results, we hypothesized that I107T and P282S

mutations resulted in the retention of the mutated g2LHA

subunits in the endoplasmic reticulum. This was confirmed

by co-labelling permeabilized cells with anti-HA and anti-

calnexin antibodies (Fig. 5C). Calnexin, a well-established

endoplasmic reticulum marker, exhibits a typical peri-

nuclear and reticular distribution suggestive of its endoplas-

mic reticulum distribution. Wild-type g2LHA subunits

spread outside the endoplasmic reticulum, which presum-

ably represented the newly synthesized subunits that were

in transit to the cell surface. In contrast, mutant

g2L(I107T)HA and g2L(P282S)HA subunits were found to

be predominantly localized to the endoplasmic reticulum as

evidenced by their co-localization with calnexin.

Quantification of the co-localization of mutant

g2L(I107T)HA and g2L(P282S)HA subunits with the endo-

plasmic reticulum in HEK293T cells was shown in Fig. 5D.

Correlation between the signal intensities of g2LHA sub-

units and the endoplasmic reticulum was significantly

stronger for both I107T (R = 0.70 � 0.02) and P282S

(R = 0.63 � 0.02) mutations relative to the wild-type con-

dition (R = 0.33 � 0.06), as measured by Pearson’s correl-

ation analysis. We also determined the interaction between

g2L subunits and the endoplasmic reticulum by quantifying

the Manders’ co-localization coefficient (MCC), which

measures co-occurrence of two proteins independent of

signal proportionality (Manders et al., 1993; Costes

et al., 2004). The Manders’ coefficient M1 indicated the

fraction of g2L subunits that co-localized with the endo-

plasmic reticulum, whereas the Manders’ coefficient M2

indicated the fraction of endoplasmic reticulum that co-

localized with the g2L subunits. In both cases, we observed

that mutant g2L(I107T)HA and g2L(P282S)HA subunits had

significantly increased co-localization with the endoplasmic
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reticulum (M1 of 0.71 � 0.03 and 0.65 � 0.02 in I107T

and P282S, respectively, M2 of 0.75 � 0.02 and

0.72 � 0.01 in I107T and P282S, respectively), in compari-

son with wild-type g2L subunits (M1 of 0.37 � 0.02 and

M2 of 0.46 � 0.02).

De novo GABRG2 mutations altered
the kinetic properties of GABAA

receptor currents

Assembly of mutant subunits into surface GABAA receptors

may impair channel gating by causing macroscopic kinetic

changes of GABA-evoked currents. To address this possibil-

ity, we determined whether the epileptic encephalopathy-

associated mutations altered the kinetic properties of func-

tional GABAA receptors. Thus, we measured current

desensitization, activation and deactivation rates of wild-

type and mutant receptor currents. GABAA receptor desen-

sitization during 4 s GABA (1 mM) application was variably

affected by g2 subunit mutations (Fig. 6A). Thus, only the

g2L(R323Q) mutation significantly increased the extent of

current desensitization (Supplementary Table 1), whereas

g2L(A106T) and g2L(R323W) mutations slowed desensitiza-

tion (Fig. 6B and C). It is noteworthy that all of these mu-

tations occur at the interface between the N-terminal domain

and the pore region of the receptor (Figs 2C and 6A and B).

We determined current activation and deactivation by

measuring the current time constant (t) at current onset

(Fig. 6D) and at current offset (Fig. 6E) during and follow-

ing the 10 ms GABA (1 mM) application. While most of

the g2 subunit mutations accelerated (A106T, F343L) or

did not affect (I107T, P282S, R323W) receptor activation,

Figure 5 g2L(I107T)HA and g2L(P282S)HA subunits are retained intracellularly. Wild-type or mutant g2L(I107T)HA and g2L(P282S)HA

subunits were co-expressed with a1 and b2 subunits in HEK293T cells. Surface (A) and total (B) staining patterns were revealed by confocal

microscopy. Both permeabilized and unpermeablized cells were stained with antibodies against the a1 subunit (red) and the HA tag (green). Also

shown is DAPI nuclear counterstaining (blue), and a merged image. Scale bars = 10mm. (C) The transfected cells were permeabilized, and g2LHA

subunits were labelled with anti-HA antibody (green). The endoplasmic reticulum was visualized with anti-calnexin antibody (red). White boxes on

the merged images depict the enlarged area shown in the images to the right. Scale bars = 20mm. (D) Statistical analyses of wild-type or mutant

g2LHA subunits and endoplasmic reticulum co-localization was performed using Pearson’s correlation coefficient (R) and Manders’ co-occurrence

coefficient (M1 and M2). Results shown are the mean � SEM of 15 cells in three independent experiments. (***P5 0.001). WT = wild-type.
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the g2L(R323Q) mutation significantly slowed it

(Supplementary Table 1) (Fig. 6F). The deactivation of

the receptor was also affected but in opposite directions.

Most of the g2 subunit mutations slowed deactivation

(A106T, I107T, P282S, F343L) (Fig. 6G). The

g2L(F343L) subunit mutation caused the greatest effect

about five times the value of the wild-type condition

(Supplementary Table 1). Only g2L(R323W) and

g2L(R323Q) subunit mutations accelerated deactivation

(Fig. 6G).

Figure 6 Mutant g2 subunits altered the kinetic properties of GABAA receptor currents. (A) Superimposed representative traces

show the desensitization of GABA-evoked currents produced by 4-s applications of 1 mM GABA to wild-type (wt) and mutant receptors. Traces

were normalized to wild-type currents for clarity. (B) Bar graphs show average extent of desensitization measured at the end of the application of

GABA, and (C) the weighted desensitization time constant during 4-s applications of GABA were determined. Representative current traces

show activation (D) and deactivation (E) of currents produced by 10 ms GABA (1 mM) applications to wild-type and mutant receptors containing

the g2(R323Q) and g2(F343L) subunits. Traces are normalized for clarity. Bar graphs show (F) average activation time constant and (G) weighted

deactivation time constant from the cells co-expressing a1b2 subunits with mutant or wild-type g2L subunits. Values are expressed as

mean � SEM (Supplementary Table 1). One-way ANOVA with Dunnett’s post-test was used to determine significance. ****P5 0.0001,

***P5 0.001, **P5 0.01, *P5 0.05, and nsP4 0.05, respectively, relative to wild-type condition.
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Taken together, these results demonstrate that the pri-

mary effect of the g2 subunit mutations was to reduce re-

ceptor biogenesis but the mutations also have variable,

subunit-dependent effects on the kinetic properties that ap-

peared to be correlated with the structural domain of the

receptor where the mutation occurs. As a result, g2 subunit

mutations located near the interface between N-terminal

domain and channel pore (A106T, I107T, P282S, and

F343L) mainly accelerated activation and prolonged deacti-

vation, and those in the pore (R323W and R323Q) accel-

erated deactivation of the receptor and decreased channel

function by �50%.

De novo g2 subunit mutations
decreased GABA potency by dis-
rupting structural domains important
for GABAA receptor function

Changes in GABAA receptor potency appeared to be corre-

lated with well-defined structural domains, which have

been described as essential to receptor function

(Klausberger et al., 2000; Bianchi et al., 2001; Bianchi

and Macdonald, 2002; Sarto et al., 2002; Venkatachalan

and Czajkowski, 2012; Althoff et al., 2014; Lo et al.,

2014). To determine whether predicted changes in channel

structure caused by the g2 subunit mutations are related to

changes in the GABAA receptor potency, we first generated

wild-type and mutant pentameric abg GABAA receptor

simulations (Fig. 7) using solved structures of the C. elegans

GluCl channel as template (Althoff et al., 2014). We com-

puted rearrangements of the subunit’s secondary structure

by computing the RMS deviation between the wild-type

and mutant structural simulations (Janve et al., 2016)

(Fig. 7A, C and E). When the perturbations of the second-

ary structure and side chain residues had RMS deviation

values 50.5 Å, they were shown in rainbow colours on the

simulation. Our simulations revealed that more than one

subunit was affected. Structural changes were propagated

through the entire structure, perturbing the Cys-loop, b1 -

b2 loop, pre-M1 region, and M2-M3 loop at the extracel-

lular junction between the N-terminal domain and trans-

membrane domain, which participate in the activation of

the receptor. Subsequently, we measured the effects of the

g2 subunit mutations on GABA concentration-response

curves (Fig. 7B, D and F). Peak GABAA receptor peak cur-

rents were obtained by applying various concentrations of

GABA for 4 s to wild-type a1b2g2L and mutant GABAA

receptors. For wild-type a1b2g2L GABAA receptors, the

EC50 for current stimulation was 8.27 � 1.16 mM, and

the maximal current was 8922 � 216 pA (n = 5–6).

Therefore, we clustered the mutations by their structural

location when assessing the disturbances that the mutation

caused on the receptor structure and the measurable func-

tional changes in GABAA receptor potency (see below).

g2(A106T) and g2(I107T) subunit mutations

These mutations are located in the b1-b2 inner loop in the

N-terminal domain, at the interface between the principal

( + ) side of the g2 subunit and the complementary (�) side

of the b2 subunit, which delimits the g+ /b� interface (Fig.

7A). Mainly the structural perturbations were restricted to

the g2 subunit in the Cys-loop, b1–b2 loop and the M2–

M3 loop on the mutant g2(A106T) subunit model and

were propagated to loop F of the neighbouring b2 subunit

on the mutant g2(I107T) subunit model. It is noteworthy

that when g2L(A106T) and g2L(I107T) subunits were co-

expressed with wild-type a1 and g2L subunits (Fig. 7B), the

EC50 was shifted 6- to 2-fold to the right, respectively

(46.3 � 1.22mM; 14.3 � 1.19 mM), with a reduction of

80–85% in the maximal response to GABA (7117 � 296

pA and 7585 � 233 pA, respectively, n = 5–6).

g2(R323W) and g2(R323Q) subunit mutations

These mutations are located at the extracellular interface of

the transmembrane a-helices M2 of the g2 subunit, in the

outermost portion of the pore of the receptor at the g+ /b�
subunit interface (Fig. 7C). These mutations caused mainly

rearrangements at a-helices M2, M3 and M2-M3 loop of

the g2 subunit towards the g+ /b� subunit interface of the

receptor, and propagated to the a-helix pre-M1 of the

neighbouring b2 subunit at the extracellular junction be-

tween the N-terminal and the transmembrane domains of

the receptor. In contrast to wild-type receptors (Fig. 7D),

the GABA concentration-response curves of g2L(R323W)

and g2L(R323Q) subunits was shifted considerably, with

EC50 right-shifted 13- to 3-fold (108 � 1.13 mM;

20.2 � 1.13mM, respectively) and had substantial reduc-

tion of 58–69% in the maximal response to GABA

(5154 � 165 pA and 6187 � 129 pA, respectively, n = 5–6).

g2(P282S) and g2(F343L) subunit mutations

These mutations are located at the deeper portion of the

transmembrane a-helices M1 and M3 of the g2 subunit,

towards the a + /g� and g + /b� subunit interfaces, respect-

ively (Fig. 7E). While on the g2(P282S) subunit simulation,

structural perturbations occurred mainly at the a-helix M1

of the g2 subunit, on the g2(F343L) subunit simulation,

structural perturbations occurred in the a-helices M2 and

M3 of the g2 subunit, and in the deeper region of the a-

helix M1 of the neighbouring b2 subunit. Distinct from the

aforementioned g2 subunit mutations that are located at

the at the extracellular junction of the receptor, GABAA

receptors expressing g2L(R323W) and g2L(R323Q) sub-

units had EC50s similar to those of wild-type a1b2g2L

GABAA receptors (5.35 � 1.33 mM and 7.82 � 1.23 mM,

respectively). In contrast, receptors with these mutant sub-

units displayed a similar reduction of 51–78% in the

maximal response to GABA (4538 � 198 pA and

6950 � 220 pA, respectively, n = 5–6) (Fig. 7F).

Remarkably, these findings clearly demonstrated that
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mutations that disrupt the structure of the coupling inter-

face of GABAA receptors decreased GABA potency.

Discussion
Mutations in GABRG2 have been most frequently asso-

ciated with genetic epilepsies among all the GABRs

(Kang and Macdonald, 2016). However, clinical evidence

implicating GABRG2 mutations in epileptic encephalopa-

thies is still lacking. Here we present both genetic

information and functional analysis that for the first time

provides strong evidence that mutations in GABRG2 may

contribute to early onset epileptic encephalopathy.

GABRG2 mutations are associated
with early onset epileptic
encephalopathy

There were a few consistent clinical features of this cohort,

including infantile onset seizures (51 year) and severe

Figure 7 De novo g2 subunit mutations decreased GABA potency by disrupting structural domains important for GABAA

receptor function. (A, C and E) On the right are represented two neighbouring subunits where the mutations are located in relation to the

g+ /b� and a+ /g� interfaces. Enlarged views of structural domains showing structural rearrangements caused by the g2(A106T) and g2(I107T)

(A), g2(R323W) and g2(R323Q) (C), and g2(P282S) and g2(F343L) (E) mutations are shown in black boxes. The structural perturbations in the

secondary structure and side chain residues that differed among the wild-type (in grey) and the mutant simulation (RMS deviation 50.5 Å) are

indicated in a different colour from the wild-type simulation. The principal ( + ) and complementary (�) interfaces of each subunit are shown, and

structural domains along the interface of the N-terminal (C loop, b1-b2 loop, Cys-loop, loop F) and transmembrane domains (M2-M3 loop, M1,

M2, M3) are indicated. (B, D and F) GABA concentration-response curves for receptors containing g2(A106T) and g2(I107T) (B), g2(R323W)

and g2(R323Q) (D), and g2(P282S) and g2(F343L) (F) mutant subunits (dashed lines) and for wild-type (wt) receptors (solid lines) were obtained.

Inside the panels, representative peak currents evoked by a 4-s application of GABA (100 mM) are shown. The colour of the traces indicate the

experimental condition as represented in the GABA-concentration response curves. The peak current traces obtained from receptors containing

mutant g2 subunits were normalized with respect to wild-type receptors for comparison. Values are expressed as mean � SEM (n = 5–6 cells for

each experimental condition). The data represents the summary of 37 cells with comparable capacitances (8–12 pF) recorded from three

independent transfections.
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intellectual disability without prominent brain MRI find-

ings. None of these patients were originally diagnosed

with a named infantile epilepsy syndrome [Ohtahara syn-

drome or infantile spasms syndrome (West syndrome)], but

three patients did progress to be diagnosed with the elec-

troclinical pattern of Lennox-Gastaut syndrome. From this

cohort, there was no distinguishing pathognomonic clinical

feature associated with GABRG2 mutations. This level of

phenotypic pleiotropy is increasingly recognized across

many epilepsy syndromes, and using the broader diagnosis

of early onset epileptic encephalopathy is appropriate.

While the clinical features may not point to a specific pat-

tern of disease, the genetic data, all patients carrying de

novo changes with two recurrent variants, provides

strong genetic evidence for the importance of GABRG2

as an epileptic encephalopathy gene.

Pathophysiological mechanisms of
epileptic encephalopathy-associated
GABRG2 mutations

Our electrophysiological experiments showed significant re-

ductions in current amplitudes for all of these mutations,

thus demonstrating directly a clear impairment of GABAA

receptor function. Disease severity might be related to the

extent of mutation-induced functional channel impairment,

but this cannot be definitively established with this small

cohort of patients. In addition, we demonstrated that these

mutations reduced channel function to different extents and

by diverse mechanisms including impaired surface expres-

sion, endoplasmic reticulum retention, and gating defects

(overview in Supplementary Table 2).

All of these g2 subunit mutations produced significant, but

variable, impairment of g2 subunit surface expression, which

is a common abnormality for GABRG2 missense mutations

(Huang et al., 2014; Todd et al., 2014). A106T, R323Q,

R323W and F343L mutations did not affect the total ex-

pression levels of g2 subunits. In contrast, mutant g2(I107T)

and g2(P282S) subunits were more stable than wild-type

subunits and were retained predominantly within the endo-

plasmic reticulum, which is the location where immature

GABAA receptor subunits reside once synthesized. The pres-

ence of endoplasmic reticulum-retained trafficking-deficient

g2 subunits has been demonstrated to produce endoplasmic

reticulum stress (Kang et al., 2013). The sustained endoplas-

mic reticulum stress could lead to neurodegeneration, as evi-

denced by increased caspase 3 activation in older Gabrg2 + /

Q390X mice (Kang et al., 2015). Thus, it is possible that the

misfolded mutant g2(I107T) and g2(P282S) subunit proteins

could progressively accumulate and form aggregates inside

neurons, which could affect function and survival of neurons

in vivo.

Our finding that surface expression of g2 subunits was

reduced by the R323Q substitution was contrary to a pre-

vious study that reported that surface expression of

g2(R323Q) subunits was at the wild-type level (Reinthaler

et al., 2015). This conflict may have been due to the different

g2 subunit cDNAs used for transfection. In contrast to the

pHluorin-tagged mouse g2 subunit construct used in their

study, we used HA-tagged or untagged human g2 subunits.

Epileptic encephalopathy-associated
GABRG2 mutations altered structural
domains that decreased GABA
potency

Our results demonstrated a structure-dysfunction correl-

ation with the location of the mutation in the receptor.

The substitutions A106T and I107T were located next to

each other in the b1 -b2 inner loop of the N-terminal extra-

cellular domain that contributes to the g+ /b� subunit

interface at the junction of the transmembrane domain

that couples the opening of the receptor. The occurrence

of these mutations demonstrates the importance of this

domain in transducing GABA-binding-coupling once they

caused a significant decrease in GABA sensitivity. In add-

ition, the occurrence of the R323W and R323Q mutations

in the outermost region of the transmembrane M2 facing

the extracellular junction, also substantially decreased the

sensitivity for GABA. Thus, the epileptic encephalopathy-

associated GABRG2 mutations located in the outermost

region of the pore-forming domain of the receptor, which

is the outer ring region between the N-terminal extracellu-

lar domain and the pore, directly altered GABAA receptor

activation (Bianchi et al., 2001; Bianchi and Macdonald,

2002; Althoff et al., 2014), and may contribute to the

pathophysiological mechanism of the disease. In contrast,

the P282S and F343L mutations, located in the transmem-

brane M1 and M3 of the g2 subunit, respectively, seemed

not to contribute directly to the activation of the receptor

due to lack of altered sensitivity to GABA. Nevertheless,

they produced a significant decrease in the maximum re-

sponse to GABA that might be accounted for by the altered

expression and receptor kinetics. Similar decreases in the

maximal response to GABA were found for mutations

located in the transmembrane M2 with decreased surface

expression. No mutations in transmembrane domains M1

and M3 of the g2 subunit have ever been reported in epi-

lepsy patients. Recently, three de novo mutations in the M1

domain of GABRA1 were identified in patients with

Ohtahara and West syndromes (Kodera et al., 2016), one

of those in a homologous position of the g2 subunit, sup-

porting the important role of the M1 domain in GABAA

receptor function (Bianchi et al., 2001).

GABRG2 mutations in genetic epilep-
sies and phenotype/genotype
correlations

The first two genetic epilepsy-associated GABRG2 muta-

tions (K328M and R82Q) were reported in a family with
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GEFS + (Baulac et al., 2001) and a family with childhood

absence epilepsy and febrile seizures (Wallace et al., 2001).

Up to now, 19 GABRG2 epilepsy mutations have been

identified in patients with simple febrile seizures and several

different epilepsy syndromes (Boillot et al., 2015). Before

the present study, it has been generally accepted that mis-

sense GABRG2 mutations are associated with mild pheno-

types including childhood absence epilepsy and febrile

seizures (Baulac et al., 2001; Wallace et al., 2001;

Audenaert et al., 2006; Shi et al., 2010), while nonsense

GABRG2 mutations lead to more severe phenotypes ran-

ging from GEFS + to Dravet syndromes (Harkin et al.,

2002; Huang et al., 2012; Kang et al., 2013; Johnston

et al., 2014).

The current data demonstrated that missense GABRG2

mutations could also lead to severe epilepsy phenotypes.

Patients in our cohort showed a broad epilepsy phenotypic

spectrum including Lennox-Gastaut syndrome and unclas-

sified epileptic encephalopathies. There were loose correl-

ations between mutation type and disease severity. For

example, among these GABRG2 mutations, the I107T mu-

tation had the most striking effect on GABAA receptor

macroscopic current properties and cellular localization

(Supplementary Table 2). With respect to age of onset,

motor development and epilepsy outcomes, the most

severe disease course was also seen in Patient 3 with the

I107T mutation. However, as there are only a small

number of patients with GABRG2 mutations and only

the cohort in this report with epileptic encephalopathy,

we cannot make a definitive statement about effect of mu-

tation on channel function and epileptic encephalopathy

severity. What is likely is that the clinical and biophysical

effects of GABRG2 mutations can be modified by the gen-

etic background of the individual as evidenced by the dif-

ference in epilepsy phenotypes of knock-in mice with

different genetic backgrounds (Reid et al., 2013) and that

variants can be found in both an inherited and de novo

pattern.

Conclusions
Collectively, our study used a combination of massively

parallel sequencing and in vitro functional assays and es-

tablished that mutations of the GABRG2 gene are genetic

risk factors for epileptic encephalopathies. This comple-

mented the prevailing GABAergic channelopathy paradigm

in epilepsy and broadened the phenotype of epileptic ence-

phalopathies associated with GABRG2. Our findings are of

clinical significance, as GABAA receptors are known to be

targets for epilepsy treatment (Braat and Kooy, 2015).

Identification of additional GABRG2 mutations will no

doubt guide further studies of the precise role of g2 sub-

units in epileptogenesis and provide new insights into the

targeted treatment for epileptic encephalopathies. Our pre-

sent results do not cover the full spectrum of possible mu-

tation-induced channel dysfunction, and the precise

mechanisms by which mutations cause epileptic encephal-

opathy in humans remain to be clarified. Future studies in

cultured neurons or in animal models will be required to

study the downstream effects of these mutations in detail

and solidify genotype-phenotype relationships in GABRG2-

epileptic encephalopathy.
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