

  genes-14-01860




genes-14-01860







Genes 2023, 14(10), 1860; doi:10.3390/genes14101860




Article



Novel Genetic and Phenotypic Expansion in GOSR2-Related Progressive Myoclonus Epilepsy



Lea Hentrich 1,2,3, Mered Parnes 4, Timothy Edward Lotze 4, Rohini Coorg 4, Tom J. de Koning 5,6, Kha M. Nguyen 7, Calvin K. Yip 7, Heinz Jungbluth 8,9, Anne Koy 1,10 and Hormos Salimi Dafsari 1,2,3,8,9,10,*





1



Department of Pediatrics, Faculty of Medicine and University Hospital Cologne, University of Cologne, 50937 Cologne, Germany;






2



Max-Planck-Institute for Biology of Ageing, 50931 Cologne, Germany






3



Cologne Excellence Cluster on Cellular Stress Responses in Aging Associated Diseases (CECAD), 50931 Cologne, Germany






4



Division of Pediatric Neurology and Developmental Neuroscience, Department of Pediatrics, Baylor College of Medicine, Houston, TX 77030, USA;






5



Department of Genetics, University Medical Center Groningen, University of Groningen, 9713 GZ Groningen, The Netherlands






6



Pediatrics, Department of Clinical Sciences, Lund University, 221 00 Lund, Sweden






7



Department of Biochemistry and Molecular Biology, The University of British Columbia, Vancouver, BC V6T 1Z4, Canada






8



Department of Paediatric Neurology, Evelina’s Children Hospital, Guy’s & St. Thomas’ Hospital NHS Foundation Trust, London SE1 7EH, UK






9



Randall Division of Cell and Molecular Biophysics, Muscle Signaling Section, King’s College London, London WC2R 2LS, UK






10



Center for Rare Diseases, Faculty of Medicine and University Hospital Cologne, University of Cologne, 50937 Cologne, Germany









*



Correspondence: hormos.dafsari@uk-koeln.de







Citation: Hentrich, L.; Parnes, M.; Lotze, T.E.; Coorg, R.; de Koning, T.J.; Nguyen, K.M.; Yip, C.K.; Jungbluth, H.; Koy, A.; Dafsari, H.S. Novel Genetic and Phenotypic Expansion in GOSR2-Related Progressive Myoclonus Epilepsy. Genes 2023, 14, 1860. https://doi.org/10.3390/genes14101860



Academic Editor: Claudia Ricci



Received: 3 September 2023 / Revised: 18 September 2023 / Accepted: 19 September 2023 / Published: 25 September 2023



Abstract

:

Biallelic variants in the Golgi SNAP receptor complex member 2 gene (GOSR2) have been reported in progressive myoclonus epilepsy with neurodegeneration. Typical clinical features include ataxia and areflexia during early childhood, followed by seizures, scoliosis, dysarthria, and myoclonus. Here, we report two novel patients from unrelated families with a GOSR2-related disorder and novel genetic and clinical findings. The first patient, a male compound heterozygous for the GOSR2 splice site variant c.336+1G>A and the novel c.364G>A,p.Glu122Lys missense variant showed global developmental delay and seizures at the age of 2 years, followed by myoclonus at the age of 8 years with partial response to clonazepam. The second patient, a female homozygous for the GOSR2 founder variant p.Gly144Trp, showed only mild fine motor developmental delay and generalized tonic–clonic seizures triggered by infections during adolescence, with seizure remission on levetiracetam. The associated movement disorder progressed atypically slowly during adolescence compared to its usual speed, from initial intention tremor and myoclonus to ataxia, hyporeflexia, dysmetria, and dystonia. These findings expand the genotype–phenotype spectrum of GOSR2-related disorders and suggest that GOSR2 should be included in the consideration of monogenetic causes of dystonia, global developmental delay, and seizures.






Keywords:


GOSR2; North Sea progressive myoclonus epilepsy; vesicular trafficking; dystonia; clonazepam












1. Introduction


Biallelic variants in the Golgi SNAP receptor complex member 2 gene (GOSR2) have been reported in progressive myoclonus epilepsy (PME, OMIM#614018). Patients usually present with ataxia and areflexia during early childhood, typically followed by seizures and myoclonus of upper limbs during the first decade of life [1]. Dysarthria, creatine kinase elevation, and scoliosis suggestive of a neuromuscular component are also common. Due to common ancestry of patients with a homozygous variant in NM_001012511.3:c.430G>T,p.Gly144Trp in countries in northwestern Europe, the condition was previously termed ‘North Sea’ PME (NS-PME). Cognitive function is typically spared at disease onset and may be followed by cognitive decline in adulthood. Fever and illness appear to irreversibly worsen NS-PME-associated symptoms, with limited recovery [2]. There are only supportive therapeutic options. GOSR2 encodes the protein GOSR2/membrin that is involved in intracellular trafficking of COPII vesicles from the endoplasmic reticulum to cis-Golgi [3]. GOSR2 loss-of-function variants prevent the membrane protein from localizing to cis-Golgi [4], as demonstrated in relevant animal models that demonstrate putative membrin loss of function in neurons and glia [5]. These animal models show similar phenotypes with seizures, particularly if the loss of function affects glial cell localization. In neurons, phenotype alignments are not observed, hinting at an involvement of glia in the pathophysiology of NSPME. However, the precise pathomechanisms and metabolic dysregulation of GOSR2-associated disorders remain largely elusive. Here, we report two novel patients with GOSR2-related myoclonus epilepsy with an expansion in genotype and phenotype in this ultra-rare disorder.




2. Materials and Methods


2.1. Patient Recruitment


The study was approved by local institutional review boards [6]. All patients and/or their legal guardians gave informed consent, including consent to the anonymous publication of their clinical information. Additional written informed consent was obtained from all participants (and/or their legal guardian) with identifiable photographs.




2.2. Molecular Genetic Investigations


We performed massively parallel sequencing with sequence alignment and variant calling as previously published [7,8]. We performed filtering for rare pathogenic variants below an allele frequency of <0.1% following recessive and dominant inheritance models. In a first step, we filtered for dystonia-associated genes (GCH1, GCE, TH, SPR, ATP1A3, FTL, PRKRA, TUBB4A, BCAP31, COX20, KIF1C, SLC30A10, ANO3) [7,9,10].



We performed further in silico and genomic analysis for all variants [11,12], including allele frequency in healthy population databases (gnomAD [13]), and pathogenicity prediction tools such as SpliceAI, GERP++, CADD-Phred, and MutPred2 [14,15,16,17]. Investigation of evolutionary conservation was based on NCBI HomoloGene sequences (Supplementary Table S2). All variants were scored on the basis of classification by the standards and guidelines of the American College of Medical Genetics and Genomics—American College of Molecular Pathology (ACMG) for the interpretation of variants [18].



To generate the structural model of the GOSR2/syntaxin-5/Bet1/Sec22b trans-SNARE complex, we used ColabFold and more specifically the AlphaFold-Multimer algorithm with the following protein sequences as input: GOSR2 (107–212), Syntaxin-5 (251–355), Bet1 (1–118), and Sec22b (105–215) [19]. The top-ranked model was subject to energy minimization using PHENIX [20]. The models of the mutants were generated using Pymol mutagenesis function. Figures of the trans-SNARE complex were prepared using Pymol.





3. Results


3.1. Phenotype Expansion


Patient 1 is a male from non-consanguineous Hispanic parents without any notable pregnancy or perinatal history. He showed a mild resting tremor in his hands shortly after falling while running at 18 months of age. On neurological examination at the age of two years his global development was delayed and he presented atypical absence epilepsy with myoclonic jerks exacerbated during a febrile illness. Initial neuroimaging was normal. EEG recordings showed bursts of generalized spike and slow wave activity of 2.5–3.5 Hz lasting up to 5 s. 76 seizures could be recorded within 24 h by EEG monitoring. He developed recurrent atonic seizures with falls at six years of age, and a movement disorder comprising multifocal myoclonus at eight years of age. At 12 years of age, the movement disorder progressed with ataxia after a generalized tonic-clonic status epilepticus. Anti-epileptic trials with lamotrigine, zonisamide, clobazam, ethosuximide, and topiramate were ineffective. Valproic acid led to remarkable improvements with seizure reduction to 1–2 per day, lasting 5–10 s, without falls. However, the family reported weakness after long walks in the context of valproic acid. The treatment was ultimately changed to levetiracetam which provided some clinical benefit. Clonazepam led to a partial improvement of the non-epileptic myoclonus. Laboratory investigations revealed an elevated creatine kinase (CK) level of 2900 IU/L. Muscle biopsy showed a mild increase in the number of mitochondria. At the most recent clinical assessment at 15 years of age, he showed mild intellectual disability, walked independently but was unsteady due to a broad based gait, and required assistance due to risk of falling. Current comorbidities include an attention deficit disorder, asthma, obstructive and central sleep apnea, and dysphagia.



Patient 2 is female patient, who was born to non-consanguineous parents of German origin without any notable pregnancy or perinatal history. She presented with fine motor developmental delay with difficulties in handwriting at school age. At 12 years, she developed a generalized tonic–clonic seizure with photosensitivity after a viral infection triggered by flickering light, followed by permanent symptoms of intention tremor and shooting multifocal myoclonus. The movement disorder progressed gradually with increasing ataxia, dysmetria, and dystonia in the hands (Video S1). Hyporeflexia in the upper and lower limbs and scoliosis were noted on examination (Figure 1a). Each generalized tonic-–clonic seizure, three in total, led to a further deterioration of the movement disorder. After a urinary tract infection at the age of 17 years, the patient had a focal-onset atonic seizure affecting the lower limb. Interictal EEG recordings revealed multifocal generalized spike and sharp waves with bilateral frontal and occipital accentuation with secondary generalization without any clinical seizure correlations. Brain MRI studies showed left frontal FLAIR hyperintensities and a periventricular cyst (Figure 1b). Serum laboratory analyses revealed a persistent moderate CK elevation (500–1200 IU/L). Tandem mass spectrometry investigations for a range of metabolic diseases were unremarkable. Nerve conduction studies showed reduced sensory conduction velocity of the tibial nerve. An anti-epileptic trial with topiramate was unsuccessful but levetiracetam led to complete seizure remission. Trials with pyrimidone and propranolol did not have any effect on myoclonus and tremor, while carbamazepine only led to a brief improvement in myoclonus. At last follow-up at 20 years of age, the patient was seizure-free but wheelchair-bound. She did not show any signs of cognitive deterioration. The myoclonus of the limbs persisted on voluntary movements. She was unable to write and used a voice-guided computer. The family declined deep brain stimulation.




3.2. Molecular Genetic Investigations


In patient 1, massively parallel sequencing revealed two novel compound heterozygous variants in GOSR2: NM_001012511.3:c.336+1G>A and c.364G>A,p.Glu122Lys. Analyses with SpliceAI showed a delta score at 0.99 for donor loss, predicting deficient protein expression. For the missense variant at p.Glu122Lys, the pathogenicity prediction tools showed a GERP score of 4.87, CADD-Phred score of 23.2, and allele count of 1/152204 in the gnomAD healthy population database [21]. MutPred2 analyses showed a score of 0.951 (loss of N-terminal acetylation p < 0.01, altered transmembrane protein p < 0.05). The p.Glu122Lys variant has previously been reported as a variant of unclear significance (VUS) with four submissions in ClinVar (ID 589948). On the basis of our clinical, genetic and bioinformatic analyses, we reclassified the variant as likely pathogenic (PM2, PM3, PP3, PP4). Protein models suggest that the p.Glu122Lys mutation would have minimal impact on the SNARE assembly because different rotamers of Lys can be accommodated in this location (Figure 2b,c).



In patient 2, karyotyping revealed 47,XXX without any relevance to the movement disorder. Array CGH did not detect pathogenic copy number alterations. Molecular genetic analysis via panel-based sequencing identified the pathogenic homozygous founder variant in GOSR2 NM_001012511.3:c.430G>T,p.Gly144Trp, which was confirmed by Sanger sequencing. Pathogenicity prediction tools showed a CADD-Phred score of 32 and a MutPred2 score of 0.766 (altered disordered interface p < 0.05, altered transmembrane protein p < 0.01). Protein models showed that the p.Gly144Trp mutation introduces steric hindrance with neighboring side chains and potentially destabilizes the SNARE complex assembly (Figure 2b,d).





4. Discussion


PME is mainly characterized by seizures, movement disorders, and progressive neurological decline. The comprehensive genotype–phenotype spectrum in this disorder remains elusive due to limited reports. In GOSR2-associated disorders, previous attempts at genotype–phenotype analyses suggested a correlation between residual protein expression and disease severity, ultimately proposing a disease spectrum between PME with missense variants at the milder end and congenital muscular dystrophy with splice site variants at the more severe end [22].



A recent review of 21 patients with GOSR2-associated disorders showed the phenotype in the frequently observed p.Gly144Trp founder variant [2], while milder phenotypes with compound heterozygous variants (c.430G>T,c.491_493delAGA) [23] and three patients with α-dystroglycan muscular dystrophy showed a combination of the founder variant and splice site or missense variant that led to an effect in the N-terminal part of the protein (c.430G>T,c.336+1G>A; c.430G>T,c.2T>G; c.430G>T,c.82C>T) [22,24]. Table 1 demonstrates an overview of the core clinical features of GOSR2-related disorders in patients from our study and previously published literature. Supplementary Table S1 illustrates additional detailed reports of orthopedic findings and anti-epileptic trials in patients.



GOSR2/membrin is a member of the SNARE (soluble NSF (N-ethylmaleimide-sensitive factor) attachment protein receptor) family of proteins that mediate membrane fusion processes involving the ER, the ER–Golgi intermediate compartment, and the Golgi by forming a complex with three other SNAREs (Syntaxin-5, Bet1, and Sec22b) [3,30]. COPII-coated vesicles form on the endoplasmic reticulum (ER) from three subunits (Sar1-GTP, Sec23/24, Sec13/31) to bud vesicles for transport to the Golgi complex [31]. Interaction between the IxM motif in GOSR2 and the subunit Sec24c/d was reported to serve as the primary mechanism for packaging GOSR2/membrin and syntaxin-5 into COPII-coated vesicles for vesicular trafficking under healthy conditions [32].



Through analyses of the variants in our two patients and all published patients, we noted that all of the variants are found in the cytoplasmic part of the protein, some of which are essential for interacting with the SNARE complex (Figure 2a). All of the patient missense and truncating variants are located in regions that are highly conserved throughout evolution (Supplementary Table S2). Inspection of the AlphaFold2-predicted structural model of GOSR2 showed that the two mutation sites map to solvent-accessible regions and do not appear to alter the overall structure of this protein. To assess the effects of the disease mutations in the context of the assembled SNARE complex, we first generated a structural model of this complex composed of only the SNARE domains of GOSR2, syntaxin-5, Bet1, and Sec22b using AlphaFold2, followed by energy minimization refinement, and then constructed the models of the mutant complexes (Figure 2b) [19,20]. According to these models, the variant p.Gly144Trp introduces a large hydrophobic side chain that would sterically repel other side chain residues engaged in the interior of the coiled coil and potentially destabilize the assembly (Figure 2d). On the other hand, multiple lysine rotamers can be accommodated at position 122, which is located in the more solvent-accessible region near the tip of assembly (Figure 2c). Both variants in patient 1, the novel missense variant p.Glu122Lys and splice site variant c.336+1G>A, are located adjacent to the IxM motif. The essential splice variant is predicted to result into donor loss potentially disrupting the IxM motif for packaging GOSR2/membrin and syntaxin-5 into COPII-coated vesicles.



While the splice site variant was previously reported in a patient with muscular dystrophy, our patient 1 presented with a PME phenotype and no muscular hypotonia as in patients with p.Gly144Trp variants without infantile muscular hypotonia. The elevated CK levels with a peak of 2900 IU/L are similar to reports of PME patients in the literature. While this does not automatically preclude the patient from having muscular dystrophy, the muscle biopsy showed only mild increase of mitochondria and there were no other phenotypic signs indicative of muscular dystrophy in this patient, e.g., ocular structural changes, progressive loss of muscle mass, or Gower’s sign [7,33]. Indeed, while elevated CK levels may prompt further investigations on future clinical presentation, any CK elevation here was interpreted as likely arising from myoclonus.



Our patient 2 with the founder variant p.Gly144Trp illustrates a milder and later onset of NS-PME with gradual progression of the movement disorder and without cognitive decline. The phenotype expansion included dystonia that may present in other patients with later onsets of movement disorders. While this is not the oldest reported patient to date, the movement disorders began with myoclonus at 13 years and ataxia at 16 years of age. The latest onsets of movement disorders from published reports were at 13 years for ataxia and eight years for myoclonus. Complete seizure remission on levetiracetam monotherapy as in our patient 2 was previously reported in a patient with biallelic TRAPPC11 variants and congenital muscular dystrophy. TRAPPC11 and GOSR2 are both involved in COPII-related trafficking [34]. Recent work indicated that TRAPPC11 recruits ATG2B–WDR45 to pre-autophagosomal membranes and its Atg9-mediated autophagosome closure during macroautophagy [35], while WDR45 facilitates autophagolysosomal fusion by interacting with the tethering factor EPG5 in neural cells [36]. Monogenic disorders in this pathway include WDR45 deficiency with a bi-phasic disorder from developmental and epileptic–dyskinetic encephalopathy to adult dystonia–Parkinsonism [37]. EPG5 deficiency is associated with a wide spectrum from neurodevelopmental disorders and seizures to Vici syndrome with multi-system features including neurodevelopmental disorders, movement disorders, epilepsy, and immunodeficiency [38,39]. Several anti-epileptic drugs have been included in the management of these disorders of autophagy and intracellular trafficking that may modulate exocytosis or synaptic trafficking, e.g., gabapentin, carbamazepine, or clonazepam [40]. Recent reports of spatial proteomics in TECPR2-related hereditary sensory and autonomic neuropathy indeed also implicated these vesicular trafficking pathways, specifically ER-to-Golgi transport via coated vesicles [41].



Notably, phenotype progression in patient 2 occurred on repeated viral infections. It remains elusive how viral infections trigger the disease progression. Recent findings have implicated a viral hijacking of COPII-coated vesicles including flaviviruses and SARS-CoV-2 [42,43]. These viral hijacking routes may be of specific interest as they show a pathomechanism related to COPII vesicle trafficking. For instance, the hepatitis C virus is budded in the endoplasmic reticulum lumen and exits via COPII vesicles by modulating the protein milieu and reorganization at organellar sites such as ER–Golgi intermediate compartments [44]. Future studies may address how viral infection potentially adds on to disorders in COPII-related trafficking or autophagosome biogenesis on the background of biallelic GOSR2 deficiency.



Another important factor in the consideration of viral infections as triggers for disease progression is heat insensitivity itself as it has been reported that patients with GOSR2 deficiency are sensitive to all forms of heat-inducing stressors [5], perhaps indicating a more general mechanism of protein misfolding and ER stress in GOSR2-related disorders. Indeed, a Drosophila melanogaster model with knockdown of GOSR2 ortholog membrin indicated seizure-like behavior with hyperthermia. Reduced membrin expression in glia rendered the flies particularly prone to age-dependent seizures. Of note, there was a partial response to treatment with sodium barbital in flies. However, this was not trialed in our patients due to its adverse effects.



It remains unclear which viral pathogens led to the progression in our patient. The additional report of a generalized tonic–clonic seizure after a urinary tract infection in our patient may also suggest a role of bacterial pathogens in disease progression. Recent reports implicated Legionella pneumophila in subverting functions of Rab1 and Sec22b for its replication in cells [45]. As Sec24 phosphorylation regulates autophagosome abundance during nutrient deprivation by interacting with Atg9, COPII-related trafficking serves an important mechanism for autophagosome formation [46]. Recently, biallelic variants in ATG9A were reported in immune dysregulation with diplopia and inflammatory lesions in brain MRI studies after EBV infection [47]. Other innate errors of autophagy and intracellular trafficking with neurological symptoms after recurrent infections include disorders in phosphatidylinositol 4-kinases which are recruited by the membrin–Arf1 complex in vesicular trafficking [6,48]. Further work is needed to elucidate the role of viral and bacterial infections in the disease progression in patients with GOSR2 deficiency and how pathogen-induced perturbation of vesicular trafficking may eventually trigger neurodegeneration.




5. Conclusions


In conclusion, we report a genotypic and phenotypic expansion of GOSR2-associated NS-PME in a patient with early-onset disease and refractory epilepsy likely due to disrupted interaction with the COPII-coated vesicle machinery, and another patient with disease onset during adolescence, seizure remission on levetiracetam, and retained cognitive function during the third decade of life. The presentation with juvenile-onset dystonia suggests that GOSR2 may also be included in the differential diagnoses of monogenetic dystonia.
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Figure 1. (a) X-ray showing scoliosis in patient 2 at the age of 17 years. (b) Brain MRI in patient 2 at the age of 17 years with left frontal FLAIR hyperintensity (upper left axial and lower left sagittal images), periventricular cyst (upper right axial) but no other abnormalities (lower right sagittal). 
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Figure 2. (a) Protein overview with all published variants including the p.Gly144Trp variant identified in patient 2 and the novel variants from patient 1 in c.336+1G>A and p.Glu122Lys. (b) Energy-minimized AlphaFold model of the SNARE complex composed of SEC22b (105–215), BET1 (1–118), Syntaxin-5 (251–355), and GOSR2 (107–212) colored in orange, pink, lavender, and blue, respectively. The locations of Glu122 and Gly144 are highlighted in orange. (c) Zoomed-in view of the structural models of wildtype complex and (left) complex containing GOSR2 p.Glu122Lys mutant (right) with the Glu122 residue colored in orange and Lys122 variant colored in red. These models suggest that the p.Glu122Lys mutation would have minimal impact on the SNARE assembly because different rotamers of Lys can be accommodated in this location. (d) Zoomed-in view of the structural models of wildtype complex and (left) complex containing GOSR2 p.Gly144Trp mutant (right) with the Gly144 residue colored in orange and Trp144 variant colored in red. These models show that the p.Gly144Trp mutation introduces steric hindrance with neighboring side chains and potentially destabilizes the SNARE complex assembly. 
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Table 1. Overview on core features of patients from this study and the published literature. Abbreviations: y = years; m = months; w = weeks; hom = homozygous; comp het = compound heterozygous; + = present; − = not present; ND = not defined; GTCS = generalized tonic–clonic seizures; ID = intellectual disability; CD = cognitive decline; LD = learning disability; DBS = deep brain stimulation.
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Study

	
Case No. (Age Last Reported)

	
Genotype—Inheritance Mode, cDNA NM_001012511.3

(Protein NP_004278.2)

	
Ataxia (Age at Onset)

	
Myoclonus (Age at Onset)

	
Seizures (Age at Onset)

	
Others






	
Corbett et al., 2011 [1]; Boissé Lomax et al., 2013 [25]

	
#01 (32 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (8 y)

	
+ (absence 7y, GTCS with 13 y, drop attacks 13 y)

	
CD (25 y); pneumonia




	
#02 (17 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (1 y)

	
+ (6 y)

	
+ (drop attacks 13 y)

	
ID




	
#03 (32 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (6 y)

	
+ (GTCS 14 y)

	




	
#04 (30 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (10 y)

	
+ (absence 6 y, GTCS 12 y, drop attacks 14 y)

	
CD (25 y)




	
#05 (24 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (6 y)

	
+ (GTCS 21 y)

	
CD (30 y)




	
#06 (29 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (5 y)

	
+ (GTCS 24 y, absence 24 y)

	




	
Boissé Lomax et al., 2013 [25]

	
#07 (10 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (1 y)

	
+ (4.5 y)

	
+ (focal seizures 14 m, GTCS 8.5 y)

	




	
#08 (29 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (5 y)

	
+ (drop attacks 2 y, absence 2 y, GTCS 21 y)

	
LD; febrile seizures




	
#09 (27 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3.5 y)

	
+ (4 y)

	
+ (absence 5 y, GTCS 8 y)

	




	
#10 (18 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (6 y)

	
+ (GTCS 10 y, absence)

	




	
#11 (37 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (12 y)

	
+ (absence 3 y, GTCS 3 y)

	




	
#12 (13 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2.3 y)

	
+ (6 y)

	
+ (GTCS 12 y)

	




	
Tsai et al., 2013 [22]

	
#13 (36 w)

	
comp het, c.430G>T (p.Gly144Trp), c.336+1G>A

	
−

	
−

	
−

	
Muscular dystrophy




	
van Egmond et al., 2014 [26]

	
#14 (19 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (5 y)

	
+ (tonic seizures 9 y)

	




	
#15 (26 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (6 y)

	
+ (GTCS 11 y)

	
Mild LD




	
#16 (20 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (6 y)

	
+ (GTCS 6 y)

	
Mild LD




	
#17 (12 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (5 y)

	
+ (8 y)

	
+ (clonic seizures 3 y)

	




	
#18 (7 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (6 y)

	
NA

	




	
Praschberger et al., 2015 [23]

	
#19 (61 y)

	
comp het, c.430G>T (p.Gly144Trp), c.491_493delAGA (p.Lys164del)

	
+ (2 y)

	
+ (14 y)

	
+ (14 y)

	
Mild CD




	
Anderson et al., 2016 [27]

	
#20 (10 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (ND)

	
+ (5 y)

	
+ (GTCS 6 y)

	
DBS




	
#21 (30 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (ND)

	
+ (ND)

	
+ (GTCS 8 y)

	
DBS




	
#22 (27 y)

	
ND

	
+ (ND)

	
+ (3 y)

	
+ (GTCS 5 y)

	
DBS




	
Larson et al., 2018 [28]

	
#23 (died at 5 y)

	
ND

	
−

	
−

	
+ (absence 2 y)

	
Muscular dystrophy




	
#24 (6 y)

	
comp het, c.430G>T (p.Gly144Trp), c.2T>G (p.Met1Arg)

	
−

	
−

	
+ (2.5 y)

	
Muscular dystrophy




	
Polet et al., 2020 [2]

	
#25 (5 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (4 y)

	
+ (4 y)

	
NA

	




	
#26 (8 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (5 y)

	
+ (7 y)

	




	
#27 (8 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (3 y)

	
+ (7 y)

	




	
#28 (13 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (6 y)

	
NA

	




	
#29 (18 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (5 y)

	
+ (7 y)

	
+ (3 y)

	
DBS




	
#30 (19 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (4 y)

	
+ (7 y)

	
+ (9 y)

	
DBS




	
#31 (20 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (5 y)

	
+ (5 y)

	
+ (13 y)

	




	
#32 (26 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (5 y)

	
+ (9 y)

	




	
#33 (26 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (2 y)

	
+ (6 y)

	
+ (8 y)

	




	
#34 (31 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (5 y)

	
+ (8 y)

	
+ (8 y)

	




	
#35 (31 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (8 y)

	
+ (9 y)

	
+ (8 y)

	




	
#36 (32 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (6 y)

	
+ (11 y)

	




	
#37 (35 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (5 y)

	
+ (ND)

	
+ (ND)

	
DBS




	
#38 (36 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (ND)

	
+ (ND)

	
+ (6 y)

	




	
#39 (37 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (5 y)

	
+ (ND)

	
+ (8 y)

	
DBS




	
#40 (41 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (ND)

	
+ (5 y)

	
+ (8 y)

	




	
#41 (46 y)

	
hom, c.430G>T (p.Gly144Trp)

	
+ (3 y)

	
+ (4 y)

	
+ (6 y)

	




	
Stemmerik et al., 2021 [29]

	
#42 (48 y)

	
comp het, c.