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Background: Hemizygous mutations in GRIA3 encoding the GluA3 subunit of the 

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor are known to be associated with 

neurodevelopmental disorders, including intellectual disability, hypotonia, an autism spectrum 

disorder, sleep disturbances, and epilepsy in males.

Objective: To describe a new and consistent phenotype in 4 affected male patients associated 

with an undescribed deleterious variant in GRIA3.

Methods: We evaluated a large French family in which segregate a singular phenotype according 

to an apparent X-linked mode of inheritance. Molecular analyses using next generation sequencing 

and in vitro functional studies using 2-electrode voltage clamp recordings on Xenopus laevis 
oocytes and a β-lactamase reporter assay in transfected human embryonic kidney (HEK293) cells 

were performed.

Results: In addition to mild intellectual disability and dysarthria, affected patients presented 

a tightly consistent early-onset movement disorder combining an exaggerated startle reflex with 

generalized chorea and multifocal myoclonus. The unreported GRIA3 missense variant c.2477G 

> A; p.(Gly826Asp) affecting the fourth transmembrane domain of the protein was identified 

in index patients and their unaffected mothers. Functional studies revealed that variant receptors 

show decreased current response evoked by agonist (ie, kainic acid and glutamate) and reduced 

expression on the cell surface in favor of pathogenicity by a loss-of-function mechanism.

Conclusions: Taken together, our results suggest that apart from known GRIA3-related 

disorders, an undescribed mutation-specific singular movement disorder does exist. We thus 

advocate considering GRIA3 mutations in the differential diagnosis of hyperekplexia and 

generalized chorea with myoclonus.
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Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR), that are ligand-

gated ionotropic glutamate receptors, mediate the fast component of excitatory synaptic 

transmission in the central nervous system. They are essential actors during brain 

development and subsequently play a major role in activity dependent synaptic plasticity.1 

They result from tetrameric assemblies of GluA1-GluA4 subunits encoded by GRIA1 to 

GRIA4 genes.2,3 AMPAR interact with scaffolding and multiple other proteins and are 

localized to the postsynaptic density. Each subunit is composed of an extracellular amino-

terminal domain, an agonist binding domain with 2 segments, 4 transmembrane domains, 

and a cytoplasmic C-terminal tail.1

A large number of genetic variations, including missense, frameshift, fusion transcript, 

partial tandem duplication, and interstitial deletion of chromosome scattered across all 

AMPAR subunits, have been identified in patients with autism spectrum disorders, epilepsy, 

developmental delay, and intellectual disability (ID).4–9 GRIA3 is located on the X 

chromosome and encodes the GluA3 subunit of AMPAR. It is highly expressed in the 

central nervous system. GRIA3 hemizygous mutations, either genomic rearrangements or 

deleterious missense point mutations, have been associated in male patients to a phenotype 
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that includes moderate to severe ID, hypotonia, poor muscle bulk, an autism spectrum 

disorder, sleep disturbances, and epilepsy of various degree.10–18

In this article, we describe a singular and atypical phenotype in 4 related male patients 

segregating the unreported GRIA3 missense variant NM_000828.4:c.2477G > A; p.

(Gly826Asp) and study its functional influence on AMPAR.

Materials and Methods

Participants

Written informed consent was obtained from all participants. All in vitro studies were 

conducted according to the guidelines of Emory University.

Methods

ID Gene Panel (ID286 Panel)—Targeted exons and 6 base pairs (bp) of flanking 

intronic sequence of 286 ID genes were analyzed by next-generation sequencing on a 

Miseq Platform (Illumina, San Diego, CA) and analyzed with the use of the Sophia DDM 

(SOPHiA GENETICS, Saint Sulpice, Switzerland) analytical platform.

Whole-Exome Sequencing—An exome capture kit (SeqCap EZ Exome probes; 

Roche-NimbleGen, Madison, WI) was used to target all exons. Exons capture was 

followed by massive parallel 150 bp paired-end sequencing (Illumina). Read mapping 

and variant calling were performed following standard bioinformatics procedures.19 

Filtering and prioritization of the variants were conducted using an in-house interactive 

Paris-Descartes bioinformatics platform pipeline based on the Ensembl database 

(release 67).20 Variants were filtered according to their frequency (1%) against 

the single nucleotide polymorphism database (dbSNP) (https://www.ncbi.nlm.nih.gov/

projects/SNP/), 1000 Genome Project (http://www.internationalgenome.org/), ExAC (http://

exac.broadinstitute.org/), and GnomAD (http://gnomad.broadinstitute.org/about) databases. 

In silico prediction of variant pathogenicity was performed using SIFT, Poly-Phen, and 

Mutation Taster. Cadd score was also integrated to the prioritization criteria, and a cutoff of 

20 was used to determine whether a variant was likely deleterious.

Sanger Sequencing—Specific primers were used for polymerase chain reaction 

amplification of exon 15 of GRIA3. Polymerase chain reaction products were purified 

with NucleoFast 96 (Macherey-Nagel, Düren, Germany) polymerase chain reaction and 

sequenced on an automated capillary sequencer (ABI 3130xl; Applied Biosystems, Foster 

City, CA) with the dye terminator method.

Molecular Biology and Voltage-Clamp Current Recordings From Xenopus Oocytes

Variants were introduced into human cDNAs encoding human GluA3 receptors 

(NM_007325) in pCI Neo vector by the QuikChange protocol.21 cRNA were synthesized 

from cDNA and injected into Xenopus laevis oocytes (defolliculated stages V–VI),21 

prepared from commercially available ovaries (Xenopus One Inc, Dexter, MI).22 AMPAR-

mediated currents were recorded under two-electrode voltage-clamp (TEVC) from Xenopus 
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laevis oocytes.21 The recording solution contained 90 mM NaCl, 1 mM KCl, 10 mM 

HEPES, 0.5 mM BaCl2, 0.01 mM EDTA (pH 7.4). Unless stated otherwise, the membrane 

potential was held at −40 mV and temperature was 23°C. Glutamate concentration-

response curves were recorded by varying the agonist concentrations. The current response 

amplitudes at each concentration were fitted by

Response( % ) = 100/ 1 + EC50/[agonist] N

where EC50 is the concentration that produces a half maximal response, [agonist] is the 

concentration of agonist, and N is the Hill slope.

Assessment of Surface Expression in Mammalian Cells

Cell surface and total protein levels were measured using a β-lactamase reporter assay 

in transfected HEK293 (cells in 96-well plates expressing AMPAR tagged extracellularly 

with β-lactamase (β-lactamase–GluA3, hereafter b-lac-GluA3) using Fugene6 (Promega, 

Madison, WI) to evaluate the influence of the variant on cell surface expression.23 

AMPAR competitive antagonists (100 μM 7-CKA, 7-Chlorokynurenic acid) were included 

in Dulbecco’s modified Eagle’s medium to block cell death mediated by AMPAR over 

activation. The background absorbance was determined in wells that only received Fugene6 

treatment for surface β-lactamase activity. Eight wells were transfected for each test 

condition, and the surface and total β-lactamase activity were measured. Surface and total 

activities were measured in 4 wells each at 24 hours after transfection. To determine total 

activity, the cells were lysed in 50 μL dH2O for 30 minutes prior to the addition of 200 μM 

nitrocefin (50 μL). The absorbance was read at 468 nm every minute for 30 minutes at 30°C 

using a microplate reader. The rate of increase in absorbance was determined from the slope 

of a linear fit of the data.

Results

Clinical Manifestations

Clinical data are summarized in Table 1.

Patients 1, 2, 3, and 4 were, respectively, evaluated at ages 14, 15, 15, and 24 years. They 

had normal growth parameters including occipito-frontal circumference. Language delay, 

dysarthria, learning difficulties requiring a specialized education, and early-onset movement 

disorders were observed in all. Neurological assessment at the time of diagnosis was similar 

in the 4 affected males. An exaggerated startle reflex (ie, flexor spasms of the trunk) to 

unexpected auditory stimuli, which started from birth on was a paramount feature. The 

startle response did not habituate. During the first years of life, they developed multifocal 

myoclonus of the face, trunk, and the 4 limbs combined with generalized chorea. Myoclonus 

were present at rest, on keeping posture, and to a lesser extent during action. They were also 

elicited by auditory stimuli. All patients had generalized chorea with motor impersistence. 

None of them had neither ataxia nor dystonia. Deep tendon reflexes were brisk without 

Babinski sign. An inexhaustible eye blinking was also observed. Muscular tone was normal 

without spasticity. Walking was unaltered. Patients 2 and 3 are mountain bikers (Videos 1, 
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2, 3, 4). Fine motor skills were impaired resulting in clumsiness and dysgraphia. During 

their medical work-ups, the diagnosis of hyperekplexia was suggested in patients 1 and 4, 

whereas hereditary benign chorea has been evoked in patients 2 and 3. According to their 

relatives and the old traced-back medical records, exaggerated startle reflex, chorea, and 

myoclonus have had a stable course during the years, and their topographical distribution did 

not change. None of the patients experienced any epileptic manifestation.

Patient 5 was not examined. He was described as having dysarthria, ID, and movement 

disorders similar to those of his maternal cousins. He is now 38 years old and works in a 

sheltered employment.

Patients 2 and 3 were placed under levetiracetam, clonazepam, and tetrabenazine therapy 

with mild improvement of myoclonic jerks and chorea. Patient 4 was on sodium valproate 

for several years without any improvement.

Genetic Studies

Array-comparative genomic hybridization did not show any pathogenic copy number variant 

(in patients 1, 2, 3). Sequencing and multiplex ligation-dependent probe amplification 

analysis of GLRA1, GLRB, and SLC6A5 did not identify any deleterious variant in 

patient 1. Sequencing of NKX2 did not show any abnormality in patients 2 and 3. 

Targeted sequencing for 127 genes associated with movement disorders did not identify 

any pathogenic variations in patients 2 and 3.

Using 2 different screening molecular approaches (ID gene panel in patient 1 and whole-

exome sequencing in patients 2 and 3), the missense GRIA3 variant chrX: 122616687 G > 

A, ENST00000371256_X; c.2477G > A; p.Gly826Asp was identified in all affected male 

patients. Sanger sequencing in the 4 probands and their 3 unaffected mothers confirmed the 

presence of the variant in all (Fig. 1). No other pathogenic or likely pathogenic variation was 

identified by whole-exome sequencing or with the ID286 panel. The nucleotide substitution 

affects a conserved amino-acid position of the protein. It is predicted pathogenic by all in 

silico tools tested. It is not found in gnomAD (https://gnomad.broadinstitute.org/) with a 

good coverage of the nucleotide position.

Electrophysiological Study

Combined electroencephalography/electromyography recording in patient 1 showed a 

myoclonic pattern with repetitive spontaneous bursts of muscular activity and isolated 

synchronous myoclonic burst of 55 milliseconds elicited by auditory stimuli. Moreover, 

electroencephalography recording showed a physiological posterior alpha-band activity 

without any epileptiform discharges notably during intermittent photic stimulation 

(supplemental online material). It should be noted that we were unable to perform jerk 

locked back averaging and are accordingly unable to define the origin (cortical vs. 

noncortical) of the myoclonus.
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Neuropsychological Assessment

A detailed assessment of patients 1, 2, and 3 was performed. Cognitive abilities were 

evaluated according to the Wechsler Intelligence Scale for Children (5th edition). Scores 

indicated a heterogeneous profile. The discrepancy renders calculation and interpretation of 

full-scale IQ score inappropriate.

The results for the indexes for patient 1 were Verbal Comprehension Index (VCI) = 68, 

Visual Spatial Index (VSI) = 84, Fluid Reasoning Index (FRI) = 85, Working Memory Index 

(WMI) = 62, and Processing Speed Index (PSI) = 66. Difficulties in language affecting 

both receptive and expressive language were particularly striking with a low vocabulary 

level. Working memory and fine motor skills were also impaired. Additional subtests from 

Children Memory Scale and NEPSY-II indicated performances in the range of the general 

population of his age for memory, visuo-spatial, and visuoconstructive abilities. However, 

attentional processes and executive functions were delayed. Adaptive skills (VINELAND-II) 

fell in the average to very low range for 3 domains (communication, day living skills, 

socialization).

The assessments of patients 2 and 3 revealed mild ID. The results for patient 2 were VCI 

= 59, VSI = 75, FRI= 69, WMI = 65, and PSI = 66. The results of patient 3 showed 

the same intellectual profile: VCI = 50, VSI = 78, FRI = 61, WMI = 62, and PSI = 75. 

A language disorder mainly affecting word production and orofacial praxis was prominent 

in both patients. The assessment of attentional processes and executive functions revealed 

differences concerning inhibition process and sustained attention. Scores of adaptive skills 

were very low for the 3 main domains.

In Vitro Functional Evaluation

The variant is located in transmembrane domain M4 (Fig. 2A,B), a critical region that 

controls channel gating.1,21,24,25 The glycine residue in position 826 is conserved not only 

across the vertebral species but also through other GRIA/GluA genes/subunits (Fig. 2A), 

suggesting a potential important role in channel function. To investigate the influence of the 

variant on AMPAR function, we first assessed the effects of the variant on agonist potency 

by TEVC current recordings from Xenopus oocytes expressing wild-type (WT) GluA3 or 

the GluA3-G826D variant. The EC50 of kainic acid for the variant cannot be determined 

because of its small current response to a maximal concentration (3000 μM) of kainic acid 

(11 ± 2.0 nA compared with 126 ± 18 nA of WT at a holding potential of −40 mV, P 
< 0.001, unpaired Student t test compared to WT; Fig. 3A,B; Table 2). We subsequently 

evaluated the glutamate concentration-effect relationship on human WT or GluA3 variant 

non-desensitizing L513Y constructs (hereafter GluA3-LY and GluA3-LY-G826D). The 

receptors hosting the G826D variant showed a comparable glutamate EC50 values (32 μM 

for GluA3-LY-G826D vs. 30 μM for GluA3-LY, P = 0.45; Table 2). However, the amplitude 

of the current responses to 3000 μM glutamate for the variant was significantly smaller than 

the control (574 ± 94 nA for GluA3-LY-G826D vs. 3020 ± 379 nA for GluA3-LY, P < 0.01; 

Fig. 3B; Table 2).
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To test if the variant influenced AMPAR surface expression, the cell surface protein level 

and total protein level were determined using a reporter assay in which β-lactamase was 

fused to the extracellular amino-terminal domain of WT or the GluA3 variant (β-lac–GluA3 

or β-lac–GluA3–G826D). The surface receptor expression was measured by the β-lactamase 

cleavage of the cell-impermeable chromogenic substrate nitrocefin in the extracellular 

solution.23,26,27 AMPARs that contained the GluA3-G826D variant showed a significant 

reduction of surface-to-total protein level (19 ± 5% of WT, P < 0.001) as well as the total 

protein level (39 ± 6% of WT, P < 0.001; Fig. 3C,D; Table 2). These data suggest that the 

GluA3-G826D variant showed a strong reduction of receptor expression on the cell surface.

Taken together, the combined effects of decreased current responses and reduced receptor 

cell surface expression suggest that the GluA3-G826D variant is a loss-of-function mutation.

Discussion

The distinctive phenotype of the 4 affected males hereby described delineate a novel clinical 

syndrome with an X-linked pattern of inheritance. The main features include mild ID, 

dysarthria, and a tightly consistent movement disorder starting from birth on and combining 

an exaggerated startle reflex with multifocal myoclonus and generalized chorea. Although 

the co-occurrence of language disorders and ID is frequent, the association of ID with 

early-onset movement disorders is an uncommon combination, apart from brain damage 

resulting from fetal or neonatal suffering.

Exaggerated startle reflex is reminiscing of hyperekplexia, a rare genetic condition 

characterized by regressive generalized congenital stiffness, excessive startle reflex, and 

mostly the absence of cognitive impairment. This sequence differs significantly from 

our patients. Pathogenic variants in GLRA1 encoding the glycine receptor subunit α1 

are known to cause hyperekplexia, which is less frequently associated with deleterious 

variants in SLC6A5, GLRB, GPHN, and ARHGEF9.28 Sanger sequencing of GLRA1, 
GLRB, and SLC6A5 was indeed first performed in patient 1 and did not disclose 

any mutation. Movement disorders of our patients were also reminiscent of other 

neurological diseases combining chorea with myoclonus, such as the so-called NKX2-1-

related “benign” hereditary chorea,29 ADCY5-related dyskinesia,30 or juvenile Huntington’s 

disease. Importantly, exaggerated startle reflex does not belong to the spectrum of these 

diseases. Finally, the combination of movement disorders tightly superimposable in the 4 

index cases is unique and makes the phenotype recognizable. Our clinical, molecular, and 

functional studies were able to correlate this new syndrome with an undescribed GRIA3 
mutation allowing one to extend the clinical spectrum of GRIA3-related conditions.

According to the nomenclature recommended by the Movement Disorder Society,31 we 

suggest to name the genetically determined movement disorder we described MYC/CHOR-
GRIA3 and to include it in the second group of the classification in addition to the 9 genes 

already involved in combined myoclonus syndromes.31 In our cases, accompanying signs 

were mild ID and dysarthria without ataxia, dystonia, epilepsy, or cognitive decline.

Piard et al. Page 7

Mov Disord. Author manuscript; available in PMC 2022 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our functional studies indicated almost no current response to kainic acid detected and a 

significant reduction of receptor expression on cell surface, suggesting that the missense 

GluA3-G826D variant, located in a highly conserved residue in a key functional domain 

of the protein (TM4), acts through a loss-of-function mechanism. Interestingly, another 

missense variant (G833R) located in the TM4 domain of GluA3 reported by Wu and 

colleagues12 in 2007 was also associated with moderate ID and a movement disorder 

resembling myoclonic jerks in the 2 affected male relatives described. Expression studies 

demonstrated that this variant results in a substantially reduced amount of iGluR3 attributed 

to the rapid degradation of an abnormally folded receptor protein involving proteasome. 

Because the only reported patient carrying a proven loss-of-function mutation in TM4 was 

also experiencing myoclonus, it is tempting to consider that the movement disorder could be 

the result of a locus-specific effect. With a very limited number of GRIA3 variants described 

and functional studies performed, it is yet not possible to connect the specific phenotype to 

the TM4 location of the variant.

Taken together, our results suggest that apart from known GRIA3-related disorders, a new 

syndrome including ID, dysarthria, and a specific complex movement disorder is associated 

with the missense loss-of-function GluA3-G826D variant. We thus advocate considering 

GRIA3 mutations in the differential diagnosis of hyperekplexia and generalized chorea with 

myoclonus, especially in cases where dysarthria and ID are also present. Although the 

current observation delineates convincingly a novel clinical entity and its molecular basis, 

further reports are warranted to confirm evidence for a GluA3-TM4–related phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Identification of a GRIA3 missense variant in 4 affected male patients. A: Family pedigree 

showing the inheritance of the GRIA3 variant. B: GRIA3 electropherograms confirming 

the c.2477G > A hemizygous variant in index patients, absent in the father and present at 

the heterozygous state in the carrier mother. P1, patient 1; P2, patient 2; P3, patient 3; P4, 

patient 4. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 2. 
GRIA3_c.2477G > A, p.Gly826Asp variant information. A: Amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors architecture and sequence alignment. B: 
Tetrameric AMPA receptor model built from GluA2 structure (5WEO 32 [left panel] and 

cartoon for a single GluA3 subunit [right panel]) indicate the location of the residue hosting 

the variant. ABD, agonist binding domain; ATD, amino-terminal domain; CTD, cytoplasmic 

C-terminal tail; TMD, 3 transmembrane domain (M1, M3, and M4) and 1 re-entrant pore-

forming loop M2; S1, segment 1; S2, segment 2; TMD, 4 transmembrane domain. [Color 

figure can be viewed at wileyonlinelibrary.com]
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FIG. 3. 
GRIA3_p.Gly826Asp variant influences current response and receptor expression on cell. 

A: Representative traces of current response to 3000 mM kainic acid. B: Summary of 

current amplitudes. C: Representative plots of nitrocefin absorbance. D: The slopes of O.D. 

versus time course. O.D., optical density; WT, wild type.
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TABLE 2.

Summary of pharmacological data and receptor surface expression

Parameters WT GluA3 GluA3-G826D

Current amplitude_KA, nA
a b 126 ± 18 (22) 11 ± 2.0 (23)

e

Current amplitude_glutamate, nA
a c 3020 ± 379 (23) 574 ± 94 (21)

e f

EC50glutamate, μM
a c 30 ± 2.8 (23) 32 ± 2.4 (21)

f

Surface/total ratio (β-lac)
d 1.0 ± 0.11 (4) 0.19 ± 0.05 (4)

e

Total level (β-lac)
d 1.0 (4) 0.39 ± 0.06 (4)

e

a
Data were generated by 2 electrode voltage clamp recordings from Xenopus oocytes with −40 mV of holding potential and are expressed as mean 

± standard error of the mean (n).

b
Current responses to 3000 μM KA were generated from human WT or GluA3 variant constructs.

c
Glutamate concentration response curves and current responses to 3000 μM glutamate were generated from human WT or GluA3 variant 

non-desensitizing L-Y construct.

d
Data were generated from transiently transfected HEK293 cells.

e
P < 0.01 unpaired Student t test.

f
Controlled family-wise error rate was adjusted.

WT, wild type; KA, kainic acid; EC50, half-maximally effective concentration.
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