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Abstract  

Objective:  To foster trial-readiness of COQ8A-ataxia, we map the clinico-genetic, molecular 

and neuroimaging spectrum of COQ8A-ataxia in a large worldwide cohort, and provide first 

progression data, including treatment response to coenzyme Q10 (CoQ10). 

Methods: Cross-modal analysis of a multicenter cohort of 59 COQ8A patients, including 

genotype-phenotype correlations, 3D-protein modelling, in vitro mutation analyses, MRI 

markers, disease progression and CoQ10 response data. 

Results: 59 patients (39 novel) with 44 pathogenic COQ8A variants (18 novel) were identified. 

Missense variants demonstrated a pleiotropic range of detrimental effects upon protein 

modelling and in vitro analysis of purified variants. COQ8A-ataxia presented as variable 

multisystemic, early-onset cerebellar ataxia, with complicating features ranging from epilepsy 

(32%) and cognitive impairment (49%) to exercise intolerance (25%) and hyperkinetic 

movement disorders (41%), including dystonia and myoclonus as presenting symptoms. 

Multisystemic involvement was more prevalent in missense than biallelic loss-of-function 

variants (82-93% vs. 53%, p = 0.029). Cerebellar atrophy was universal on MRI (100%), with 

cerebral atrophy or dentate and pontine T2 hyperintensities observed in 28%. Cross-sectional 

(n = 34) and longitudinal (n = 7) assessments consistently indicated mild-to-moderate 

progression of ataxia (SARA: 0.45/year). CoQ10 treatment led to improvement by clinical report 

in 14/30 patients, and by quantitative longitudinal assessments in 8/11 patients (SARA: -

0.81/year). Explorative sample size calculations indicate that ≥48 patients per arm may suffice 

to demonstrate efficacy for interventions that reduce progression by 50%.  
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Interpretation: This study provides a deeper understanding of  the disease, and paves the way 

towards large-scale natural history studies and treatment trials in COQ8A-ataxia. 

 

 

Keywords:  ataxia, genetics, treatment, coenzyme Q10, mitochondria 
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Introduction 

Next-generation sequencing techniques have recently unraveled a large number of novel 

autosomal-recessive cerebellar ataxia (ARCA) genes, providing an increasing share of 

previously undiagnosed ataxia patients with a molecular diagnosis.1 This genetic progress now 

needs to be translated into preparation of  first treatment trials, prioritizing in particular those 

genetically stratified ARCAs where targeted treatment options might be within reach.1 ARCA 

due to mutations in COQ8A (formerly: ADCK3; now also referred to as ATX-COQ8A2) might 

serve as a particularly promising candidate disease, as its underlying molecular pathogenesis 

includes aberrant coenzyme Q10 (CoQ10) synthesis, which might be susceptible to drug 

treatments, e.g. CoQ10 supplementation.3 While smaller case series described first experiences 

with CoQ10 in COQ8A-ataxia4-7, the design and conduction of treatment trials in COQ8A-ataxia 

is - as paradigmatic for almost all ARCAs - hampered by lack of systematic knowledge on the 

full phenotypic spectrum, effects of different gene variants, and disease progression data.  

To overcome these limitations and to take the first steps towards trial-readiness, we here 

leverage a worldwide multicenter cohort of 59 patients with biallelic COQ8A variants to 

characterize the phenotypic, molecular and neuroimaging spectrum of the disease. This includes 

structural modelling and molecular in vitro analysis of COQ8A variants, MRI biomarker 

candidates, diffusion tensor imaging, and first quantitative progression data, including response 

to CoQ10 treatment and preliminary sample size calculations for future treatment trials.   

 

Methods 
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Patients and deep-phenotyping assessment 

Patients with rare biallelic variants in COQ8A were compiled from ataxia centers from 15 

different sites in Europe and North America. Patients or records were systematically assessed 

by the local physician according to a common comprehensive data sheet, including prespecified 

queries about genetics, demographics, history, phenotype, disease severity and treatment 

experience as well as muscle histology, laboratory, electrophysiology and MRI findings 

(Supplement 1). Twenty previously published patients5, 6, 8, 9 were systematically re-assessed 

in-depth for this study. All patients had at least one neurological examination; 25 patients had 

≥2 prospective examinations. Disease severity was assessed by the Scale for the Assessment 

and Rating of Ataxia (SARA)10, and the Spinocerebellar Degeneration Functional Score 

(SDFS).11 All patients or legal representatives provided informed consent according to local 

regulations.  

 

Variant selection 

COQ8A variants were identified by different sequencing methods, depending on local facilities 

and year of sampling, either by high throughput panel or exome sequencing or - more rarely- 

by direct sequencing of COQ8A. All COQ8A variants were annotated according to the Ensembl 

Variant effect predictor (VEP) in January 2019.12 Loss of function (LOF) variants (frameshift, 

stop, splice) were included if minor allele frequency (MAF) was <1% in the Genome 

Aggregation Database (gnomAD). Frameshift variants, stop variants, and splice variants at 

canonical splice sites were considered likely pathogenic; splice variants outside canonical splice 
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sites as variants of unknown significance (VUS). Missense variants were considered to be likely 

pathogenic if they met all of the following criteria: (i) MAF <1%, (ii) CADD score (combined 

annotation dependent depletion, phred-like, v1.4) >20 13, and (iii) at least 2 of 3 in silico 

prediction scores predicted pathogenicity, specifically SIFT < 0.05, PolyPhen 2 > 0.5 or 

fathmm/MKL > 0.5.14-16 Missense variants were included as VUS if they met all of the 

following criteria: (i) MAF <1%, (ii) CADD score 10-20, and (iii) at least 1 of 3 in silico 

prediction scores (see above) predicted pathogenicity. Segregation of the variants with disease 

was assessed in family members, whenever DNA was available. 

 

Structural modelling and in vitro analyses of COQ8A variants 

Structural modelling predictions were built on in silico mutagenesis tools PyMOL and Coot, 

based on the published COQ8A crystal structures (PDB ID: 4ped and 5i35).17, 18 In addition, 

five representative recurrent COQ8A variants with different clinical phenotypes and in different 

protein domains were selected for further comparative in-depth molecular analysis: three 

variants at motifs of the COQ8A active site (R271C near the KxGQ motif, A338T in A-rich 

loop, and T487R at catalytic loop), one variant at a site not presumed to participate in catalysis 

(R301W in GQα3), and one VUS (D326N). Recombinant wildtype (WT) and selected mutant 

COQ8AN∆250 protein (truncated N-terminal targeting sequence and transmembrane domain) 

were expressed in E. coli and purified for in vitro analysis of ATPase activity, protein stability 

and nucleotide binding capacity as described before.17-19 A catalytically inactive D507N mutant 

(COQ8A activation loop) and a catalytically hyperactive A339G mutant (A-rich loop) served 
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as controls. A malachite green based ATPase activity assay is based on the activation of 

COQ8AN∆250 by 2-propylphenol (2-PP).19 Protein stability was determined by differential 

scanning fluorimetry.20 Stabilization of COQ8AN∆250 by the addition of ADP in this assay 

indicates nucleotide binding capacity.  

 

MRI imaging 

Findings from routine brain MRI were systematically aggregated from all patients where such 

MRI results were available. In addition, digital routine brain MRI images including T1-, T2-, 

diffusion-weighted images and fluid attenuated inversion recovery T2 (FLAIR) images were 

systematically assessed by two central independent raters (B.B., A.T.), where such images 

where available and digitally transferable for centralized review. For in-depth analysis of fibre 

tracts, diffusion tensor imaging (DTI, 32 directions, b = 1000 mm²/sec, 2 mm³ isotropic 

resolution) was performed in three patients and 12 matched healthy controls (4 male, 8 female, 

mean age 22 years, 19 - 24 years) with a SE-EPI sequence on a 3 T scanner (Skyra, Siemens 

Erlangen, Germany). After standard pre-processing with FSL and normalization with FNIRT, 

z-Maps were generated by subtracting the mean FA image of all controls from each patient and 

afterwards a division by the standard deviation of the FA of all controls. 

 

Statistical analysis 
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All statistics were calculated using GraphPad Prism 5 (GraphPad Software, USA) and SPSS 25 

(IBM Corp., USA). Data-driven clusters of phenotypic features within the spectrum of COQ8A-

ataxia were searched by a statistical two-step cluster analysis, taking the most prevalent features 

(ataxia, cognitive impairment, epilepsy, myoclonus/dystonia, and exercise intolerance) as input. 

For analyzing clinico-genetic associations, genotype was stratified (i) by the number of LOF 

alleles (two vs. one vs. zero), and (ii) by the presence of missense variants in specific target 

motifs (at least one missense variant in target motif vs. all other patients with at least one 

missense variant). Clinico-genetic associations were then analyzed by testing for significant 

associations between these genotypic groups and (i) a phenotype of “ataxia simplex” (patient 

cluster with ataxia without evidence of the other four most prevalent features), or (ii) recurrent 

non-ataxia features (>10% prevalence to reliably assume an intrinsic feature of COQ8A rather 

than unrelated coincidence). To obtain robust results, we restricted our comparisons only to 

subgroups which comprise more than 5 patients per group (thus including only AAAS, GQa1 

and GQa3), combined with use of the Fisher’s exact test as a robust and conservative test for 

small sample sizes to avoid accumulation of alpha errors. 

Kaplan-Meier estimation was used to assess occurrence of ataxia and dependence on walking 

aids and wheelchair. Cross-sectional annual disease progression was estimated by the ratio of 

each subject’s ataxia severity (last SARA score) and ataxia duration, as established 

previously.21, 22 Longitudinal annualized disease progression was determined by the slope of a 

linear regression through SARA scores across all available assessment intervals within each 

individual, after normalization to baseline age and score, assuming a linear progression of the 

SARA score in the course of ataxia.23 Based on these intraindividual disease progression slopes, 
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we then calculated the mean progression across the whole group. Sample size calculations (two-

tailed t-test, alpha = 0.05, power = 0.8) were based on the mean and the variability (standard 

deviation) of the annualized change in SARA score during specified assessment intervals, and 

performed using G*Power 3.1.9.224 after confirming normality distribution by the Shapiro-

Wilk test. 

 

Results 

Mutational landscape of COQ8A  

We identified 64 patients from 51 families with biallelic variants in COQ8A. Based on our 

genetic curation criteria, 59 patients, 39 of whom never reported before, carried two likely 

pathogenic variants, while 5 patients carried variants of unknown significance (VUS) on one or 

both alleles. Patients originated from 16 different countries (Supplement 1). 26 patients came 

from multiplex families with two affected siblings. 21 patients from 14 families had known 

consanguineous parents. We identified 44 different likely pathogenic variants (including 18 

novel), comprising of 26 missense and 18 LOF (10 frameshift, 4 stop, 3 canonical splice, 1 in-

frame deletion) variants (Table 1). Though spread across almost the entire COQ8A gene (Fig. 

1A), many missense variants clustered at functionally defined motifs: 1 at mitochondrial target 

sequence (MTS), 3 at transmembrane domain (TM), 4 at KxGQ motif, 5 at AAAS motif of A-

rich loop, 1 at ExD motif, 1 at the catalytic loop, and 3 at the Mg-binding DFG motif of the 

activation loop (Fig. 1B). Except for the AAAS motif, these key motifs were invariably hit 

near, but not directly within these motifs. Recurrent missense variants were also found as 
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clusters in two regions not presumed to participate in catalysis (4 between amino acids 299 and 

304 in GQα3, 3 between 549 and 555) (Fig. 1B). 

In an additional 4 patients (family #48-50), we identified 3 COQ8A variants meeting our criteria 

for VUS. This includes the variant c.993C>T (F331=), which has previously been published as 

pathogenic  based on moderate skipping of exon 8 and reduced CoQ10 levels in lymphoblasts 3, 

but which is likely benign given a MAF of 1.6%.  

  

Variant effects on COQ8A protein structure  

We next assessed the predicted effects of all 48 variants on COQ8A protein structure, 

leveraging 3D structural modelling (Supplement 2; illustration of 11 selected variants in Fig. 

2A). All frameshift and stop variants led to termination of the protein, each eliminating essential 

regions of COQ8A. Missense variants predominantly grouped around the active site of COQ8A, 

except for variants clustering at position 549-555. The missense variants identified in our study 

were mainly predicted to cause (i) steric and/or (ii) electrostatic clashes, (iii) transmembrane or 

GQα helix disruption, (iv) loss of amino acid interactions, or (iv) mitochondrial targeting 

impairments. Variants at position 268-272 and 299-304 reciprocally disrupt interaction between 

GQα1 and GQα3, suggesting a common functional cluster. For the VUS D326 and Y607 as 

well as the likely benign variant F331=, no detrimental effects were predicted, although Y607 

may lead to truncation of COQ8A by a cryptic splice site. VUS H80Y might impact 

mitochondrial targeting.  
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In vitro analyses of selected COQ8A variants 

Five  selected COQ8A variants of different phenotypes, protein positions, and assumed 

pathogenicity were further analyzed in vitro in an E. coli expression model, including effects 

on ATPase activity, protein stability and nucleotide binding. All variants could be purified, 

except R271C, which only co-purified with a likely chaperone contaminant, thus indicating its 

detrimental effect on protein stability and folding (Fig 2B). This exceptional in vitro finding, 

which predicts this variant to be highly disruptive, corresponds to the severe phenotype of the 

patient with this homozygous variant (P31): he presented with an extraordinarily severe, early-

onset multisystemic phenotype with severe developmental delay, and never learned to walk. 

Out of the other variants, ATPase activity was impaired in COQ8A mutants A338T (P1, 13) 

and T487R (P5, 18) affecting the active site of the protein, but also in R301W (P2, 21, 22, 24, 

41) at a site not presumed to participate in catalysis (Fig. 2C), thus adding further functional 

support for the pathogenicity of these variants. In contrast, the VUS D326N (P22) exhibited 

WT-like ATPase activation, adding support that it is likely not pathogenic. This corresponds 

with the atypical clinical phenotype of the patient carrying this variant in a homozygous state 

(P51): the phenotype included - in contrast to all 59 patients with likely pathogenic COQ8A 

variants - optic atrophy and predominant sensory ataxia. COQ8A variants R301W and T487R 

also exhibited moderate protein destabilization (Fig. 2D). Finally, nucleotide binding capacity 

was impaired for the disruption of the COQ8A active site by variants A338T and T487R, but 

not by R301W (Fig. 2E).  
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Phenotypic features of COQ8A-ataxia 

Clinical data were systematically analyzed across all the 59 patients with two likely pathogenic 

COQ8A variants (last examination: median 23 years after disease onset, range 3-68). Cerebellar 

ataxia, present in all patients (100%) (see Fig. 3A for the prevalence of all signs and symptoms), 

was the initial feature of the disease in 68% of patients (Fig. 3B, C), with a median onset of 7 

years (IQR 4-15 years). Hyperkinetic movement disorders were observed in 41% of patients, 

including myoclonus (30%), dystonia (28%), head tremor (22%), and postural/action tremor 

(20%) (Fig. 3A). Notably, myoclonus, dystonia, and prominent tremor were the initial 

presenting disease features in 2, 4, and 8 patients, respectively, including two patients with pure 

dystonia at onset (P1 and P8). Dystonia manifested as cervical dystonia or focal dystonia of the 

upper limb in all patients. Other prevalent features were: cognitive impairment in 49% of 

patients (associated with intellectual disability in about 48% of these cases), epilepsy in 32%, 

and myopathic features (exercise intolerance or muscle weakness) as well as neuropsychiatric 

symptoms (depression, anxiety, psychotic symptoms, impulsive-aggressive behavior), each in 

about 25% of patients (Fig. 3A). Epilepsy and myopathic symptoms commonly started at 

juvenile age, while neuropsychiatric symptoms mostly evolved in later disease stages. Hearing 

loss (n=6), stroke-like episodes (n=4), cataract (n=3), diabetes (n=2), or optic atrophy (n=1), 

which are often considered as “classical” clinical signs of mitochondrial disease, occurred in a 

minority of patients (Fig. 3A). 

 

Genotype-phenotype associations in COQ8A-ataxia 
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To identify possible phenotypic clusters within this pleiotropy of COQ8A-associated 

phenotypic features, a cluster analysis was performed using the most prevalent phenotypic 

features - epilepsy, myoclonus/dystonia, cognitive impairment, and exercise intolerance - as 

input variables. A two-step cluster analysis revealed five phenotypic clusters with good 

cohesion and separation (silhouette coefficient: 0.7), including the existence of a cluster of 14 

patients (24%) with cerebellar ataxia but none of the other four most prevalent features (= 

“ataxia simplex” cluster), and a cluster of 12 patients (20%) with ataxia and only myoclonus or 

dystonia (Fig. 3D; see Supplement 3 for comparison of the subject subcohorts constituting 

each cluster). 

In an exploratory analysis, we next analyzed whether the “ataxia simplex” cluster or individual 

non-ataxia clinical features, which have been found to be prevalent (i.e. at least 10%) in our 

COQ8A cohort, might be associated with certain COQ8A mutation types or affected protein 

domains (Supplements 4 and 5). The ataxia simplex cluster was more frequent in patients with 

biallelic LOF variants than in patients with missense variants (biallelic LOF: 47%, biallelic 

missense: 18%, Fisher’s exact test, p = 0.029). This indicates, in turn, that missense variants are 

more associated with multisystemic damage beyond ataxia (LOF: 53%, missense: 82-93%) 

(Fig. 3E). Correspondingly, epilepsy (biallelic missense: 46%, biallelic LOF: 12%, p = 0.046) 

and myoclonus (biallelic missense: 44%, biallelic LOF: 13%, p = 0.041) were more prevalent 

in patients with biallelic missense mutations than in patients with LOF variants. The pattern of 

more prevalent ataxia simplex (43% vs. 9%, p = 0.048) and absent epilepsy (49% vs. 0%, p = 

0.030) was just found for missense variants in the AAAS motif, suggesting that these mutations 

- the only ones to hit a functional COQ8A motif directly - may be functionally equivalent to 
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LOF mutations (Fig. 3F). Compared to all other missense variants, variants affecting helix 

GQα1 in the KxGQ domain were more frequently associated with developmental delay (50% 

vs. 16%, p = 0.040), epilepsy (80% vs 28%, p = 0.008), and pyramidal signs (40% vs. 0%, p = 

0.002).   

 

Routine and DTI MRI brain imaging 

MRI analyses were based on (i) reported findings (available for 54/59 patients) (Fig. 4A), 

complemented by a (ii) centralized in-depth re-assessment of digital brain MRI images 

(available for 18/59 patients, mean disease duration at MRI: 15.9 years, range: 1-64) by two 

independent raters (Fig. 4B; see Supplement 6 for comparison of  subcohorts available for 

imaging analyses). The reported findings described cerebellar atrophy as an almost universal 

finding (94% of patients; except for three patients between 9 and 25 years of age) and less 

frequently cerebral atrophy (8%), stroke-like abnormalities (8%), infratentorial signal 

abnormalities (4%), and brainstem atrophy (2%) (Fig. 4D-F). The centralized in-depth rating 

of the images revealed vermal atrophy in 100% (18/18), atrophy of the cerebellar hemispheres 

in 94% (17/18) (Fig. 4C), and cerebral atrophy in 28% (5/18), with a parietal and fronto-insular 

predominance in 3 of them (3/5). Infratentorial signal abnormalities were also re-identified in 

28% (5/18) (visible across 3 different scanners), consisting of hyperintense dentate nuclei and 

a hyperintensity of the dorsal pons on T2 images (Fig. 4F). In contrast to the relatively high 

prevalence of hyperkinetic movement disorders observed in our cohort, no structural basal 

ganglia abnormalities were observed in these routine MRI images. Standardized DTI in 3 
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patients (P36, P35, P38) unraveled changes of infratentorial fibre tractsin all 3 patients, 

specifically reduced FA values in the periphery of the anterior and posterior cerebellar lobe as 

well as in the superior cerebellar peduncle and pontine crossing tracts, accompanied by mild 

and disseminated FA changes across supratentorial fibre tracts (Fig. 4G). 

 

Evolution and progression of COQ8A-ataxia 

Disease onset occurred before 6 years of age in 50% of patients, and all patients (100%) 

developed disease symptoms before 45 years of age (Fig. 5A). Dependence on a walking aid 

or wheelchair were estimated to occur in about 55% (95% CI: 26-88%) and 35% (13-76%) of 

patients, respectively, but not before 40 and 50-60 years of age, respectively (Kaplan-Meier 

estimate, Fig. 5B), indicating an on average relatively mild to moderate overall disease 

progression. This was also reflected by the cross-sectional SDFS  scores, indicating mild (SDFS 

2) to moderate (SDFS 3) ataxia in 82% (47/57) of patients, and dependence on two walking 

aids (SDFS 5) or a wheelchair (SDFS 6) only in 11% (6/57) of patients, most of them above 

50-60 years of age (Fig. 5C). However, observations from single subjects indicate that COQ8A-

ataxia can also follow a much worse disease trajectory in specific individuals, partly even 

including premature death at juvenile age (Fig. 5C): P31 (homozygous R271C mutation; age 5 

years at last examination) never learned to walk due to severe motor and cognitive retardation 

and eventually developed drug-resistant epilepsy and spastic tetraparesis, and P24 

(homozygous R301W mutation; age 16 years at last examination), who was bedridden due to 

intractable seizures and subsequently died at age 17 because of severe dilated cardiomyopathy. 
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Cross-sectional ataxia progression, estimated by the cross-sectional ratio of ataxia severity 

(SARA score; available for 34 patients) and disease duration, indicated a median ataxia 

progression rate of 0.47 SARA points per year (Fig. 5D; see Supplement 7 for comparison of 

subcohorts available for progression estimates). Prospective longitudinal disease progression 

data (available for 7 drug-naïve patients) revealed a mean annualized change of 0.45 SARA 

points per year (95% CI: 0.12-0.77), thus corroborating the cross-sectional estimate, yet also 

indicating some variation in the SARA scores appearing as “improvements” in the natural 

disease course (Fig. 5E). The annualized change in SARA score during the first assessment 

interval of each patient (n = 7, 0.59±0.51 per year) was used to calculate an exploratory estimate 

of the minimally required sample size to detect effects of a hypothetical intervention (Fig. 5F). 

With this preliminary approach, at least 48 patients per trial arm would be required to detect a 

50% reduction in annual SARA progression.  

 

Response to Coenzyme Q10 treatment 

Response to CoQ10 treatment by clinical reports.  Thirty patients (51%) were treated with 

coenzyme Q10 (CoQ10) supplementation, with a mean cumulative daily dose of 11 mg/kg/day 

(range: 2-40). Based on the clinical reports, 13/30 (43%) patients were classified as responders, 

15/30 (50%) as non-responders (Fig. 6A). Side effects (anorexia or diarrhea) were reported in 

2/30 patients (7%). Qualitative descriptions of treatment effect were illustrative in that not only 

improvement of ataxia, but also of tremor, dystonia, epilepsy, mental speed and/or muscle 

weakness were reported. Functional disease severity was lower in responders than non-
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responders (SDFS: 2.3 [range: 1-6] vs. 3.4 [2-7], Mann-Whitney U test, p = 0.012). No 

associations were observed between treatment response and age of disease onset, age and 

disease duration at treatment initiation, ataxia severity (SARA score), cumulative daily dose, 

mutation type, or selected clinical, imaging or laboratory feature (Supplement 8). Of note, 

improvement was also reported in two patients without CoQ10 deficiency in muscle tissue.  

Response to CoQ10 treatment by quantitative longitudinal assessment.  Quantitative 

longitudinal treatment assessment of ataxia with the SARA score was available in a subgroup 

of 11 patients. Annual change in SARA score across all assessment intervals showed an average 

improvement of -0.88 points per year (95%CI: -1.95-0.19) under CoQ10 treatment (Fig. 6B). In 

two patients (P6 and P7) with longitudinal assessments both with and without CoQ10 treatment, 

SARA scores deteriorated by about 1 point per year before treatment and after discontinuation 

of treatment, whereas it improved sequentially by about 1 point per year under CoQ10 treatment 

(Fig. 6C).  

 

Discussion 

This study leverages the largest worldwide cohort of COQ8A patients reported so far to 

facilitate first steps towards trial-readiness of COQ8A-ataxia. It provides a systematic 

characterization of the full phenotypic spectrum, the effects of a large range of COQ8A variants,  

and disease progression data, including response to CoQ10 treatment. 
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COQ8A-ataxia: a variable phenotypic spectrum, including dystonia onset  

Our  findings characterize COQ8A-disease as a variable multisystemic disease, with early-onset  

cerebellar ataxia as a common denominator - either as the initial presenting symptom or 

manifesting later during the disease course. Corroborating and extending previous smaller case 

series, we demonstrate that it is mostly complicated by cognitive deficits, hyperkinetic 

movement disorders, epilepsy, or myopathic symptoms.3, 4, 6, 8 However, also an “ataxia 

simplex” cluster exists in 25% patients who do not show any of these particular additional signs. 

Focal dystonia can be an initial feature of COQ8A-ataxia7, even preceding any cerebellar 

ataxia. With a prevalence of 30%, dystonia indeed appears to be a key feature in COQ8A-

disease, exceeding estimates from previous smaller case series.5, 6, 8 Ataxia with only dystonia 

or myoclonus even presents a partly distinct phenotypic cluster within the spectrum of CO8A-

disease. While cognitive deficits have been noted as mental retardation in some children with 

COQ8A-ataxia, but were not systematically noted in adults with COQ8A-ataxia 3, 8, our study 

revealed cognitive deficits in up to 50% of patients, including later cognitive decline 

independent of pre-existing intellectual disability in about half of them.  

 

Genotype-phenotype associations in COQ8A-ataxia 

Our findings provide preliminary indications that multisystemic phenotypes, and in particular 

epilepsy and myoclonus, in COQ8A-ataxia might be more frequently associated with missense 

variants than LOF variants, suggesting a possible gain-of-function or dominant-negative 

mechanism for missense variants.25 This hypothesis warrants further specific work-up in 
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experimental models of COQ8A missense variants. In addition, our findings indicate that 

missense variants in helix GQα1 in the UbiB protein-specific KxGQ domain might be 

associated with clinical signs reflecting cortical (developmental delay, epilepsy) and pyramidal 

tract dysfunction. With the exception of 3 missense variants in the AAAS motif (associated 

with “ataxia simplex” similar to LOF variants), no missense variant directly hit conserved 

amino acids of key functional motifs of the COQ8A active site, giving rise to the speculation 

that variants in these particular motifs might be associated with different phenotypes or even 

early lethal.  

However, beyond these preliminary associations, no specific genotype-phenotype associations 

seem to exist. This might be due to the fact that, as shown here by structural 3D protein 

modelling and in vitro analysis, different COQ8A missense variants act via a large diversity of 

mechanisms, including differential effects on ATPase activity, protein stability and/or 

nucleotide binding capacity. In addition, our observation that even the same COQ8A mutation 

can present with different phenotypic features (e.g. ataxia and hyperkinetic movement disorders 

in P20 vs. ataxia and epilepsy in P23, both carrying the homozygous R348Ter mutation) and 

disease course (e.g. disease onset age 11 years in P26.1 vs. 1 year in P26.2 and P40, all with the 

homozygous M555I mutation) might be explained by differences in heteroplasmic 

mitochondrial DNA pools and additional cis- and trans-acting genetic modifiers, which can 

differentially affect mitochondrial-nuclear genome interactions, CoQ synthesis, and 

mitochondrial functioning.26 Moreover, also environmental and lifestyle factors such as 

socioeconomic status, physical activity or other health behaviors might contribute to the 

different phenotypic expression. Given the pleiotropic phenotype and wide range of effects of 

This article is protected by copyright. All rights reserved.



COQ8A variants, a thorough functional work-up of newly identified variants is needed, as even 

ultra-rare and well-conserved COQ8A variants might not be pathogenic, as demonstrated here 

(e.g. D236N, Y607=). Such analyses prevent premature inferences on putative novel 

phenotypes (as tempting e.g. for patient P22) and erroneous inclusion in upcoming treatment 

trials. 

 

MRI imaging reveals widespread infra- and supratentorial brain  damage, including 

dentate and pontine hyperintensities 

The systematic analysis of the comprehensive MRI aggregation highlights cerebellar atrophy 

as the predominant MRI feature in COQ8A-ataxia, corroborating earlier small case series.3, 4, 6, 

8, 27 Cerebellar atrophy can be limited to the vermis, and thus be overlooked in particular in 

young patients at early stages of the disease (patients P2, P10.1 and P19). Cerebellar fibre 

changes include the periphery of the anterior and posterior cerebellar lobe, the superior 

cerebellar peduncle and pontine crossing tracts, thus indicating a widespread cerebellar damage 

in COQ8A-ataxia. Corresponding to the multisystemic clinical phenotype, underlying brain 

damage in COQ8A-disease is not limited to the cerebellum, but includes also the brainstem and 

supratentorial regions, with parietal und fronto-insular cerebral atrophy in > 25% of patients, 

as shown here for the first time. The identification of T2 hyperintensities of the dentate nuclei 

and the dorsal pons present novel recurrent imaging features of COQ8A-ataxia, possibly 

indicating underlying metabolic changes related to COQ8A-dysfunction. T2-hyperintense 

dentate nuclei have also recently been found in another nuclear-encoded mitochondrial 
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recessive ataxia, SPG7.28 As both SPG7 and COQ8A are transmembrane proteins in the inner 

mitochondrial membrane, this imaging feature might point to similar underlying 

mitochondrial/metabolic pathway mechanisms. 

 

Natural disease progression of COQA-ataxia and trial design 

Our cross-sectional data indicate that disease progression in COQ8A is overall mild to 

moderate, with ~0.5 SARA points per year, and thus milder than disease progression in many 

other ARCAs like e.g. Friedreich’s ataxia (0.8 points per year) or Autosomal Recessive Spastic 

Ataxia of Charlevoix-Saguenay (2.6 points per year).29, 30 This estimate from cross-sectional 

data, which bears several methodological limitations (e.g. recall bias of disease onset), was 

confirmed by preliminary prospective longitudinal data (SARA: 0.45/year). This progression 

estimate requires confirmation in future prospective natural history studies which should 

overcome the limitations of our current study by (i) strictly defined, inter-individually 

harmonized assessment intervals, (ii) larger patient cohorts, with sufficient statistical power to 

(iii) also assess the  possible effects of covariates like age of onset, disease duration, or genetic 

features, here (iv) leveraging the power of multivariate models. Nevertheless, this study already 

allows first preliminary sample size calculations for intervention trials in COQ8A disease. To 

detect a 50% reduction in annual SARA progression, at least 48 patients per trial arm may 

suffice. However, this preliminary estimate likely reflects the lowest limit of required subjects 

given that variability (i.e. the standard deviation) in the natural history cohort underlying this 

sample size calculation as well as the size of the cohort were relatively low. 

This article is protected by copyright. All rights reserved.



 

A substantial share of COQ8A patients seems to respond to CoQ10 treatment 

Treatment with CoQ10 or its derivatives (e.g. idebenone) has shown some beneficial effects in 

other recessive multisystemic ataxias (e.g. TXN2)31, with at least mixed effects in Friedreich 

ataxia32, primary CoQ10 deficiencies with neurological features (e.g. COQ2, COQ4, or 

COQ7)26, 33-35, and respiratory dysfunction in Duchenne muscular dystrophy36, and is already 

approved for Leber’s hereditary optic neuropathy.37 The efficacy of CoQ10 compounds is now 

even investigated in more common non-ataxia neurodegenerative diseases, like e.g.  

mitochondrial Parkinson’s disease38, thus highlighting the therapeutic potential of these 

compounds. Previous case series in COQ8A-ataxia, often based on 1-2 patients and anecdotal 

experiences, have observed varying and partly inconsistent response to CoQ10.4-6 We here 

present the first analysis of CoQ10 treatment response in a larger cohort of COQ8A patients, 

including also quantitative longitudinal treatment data. Although our findings are limited by the 

small sample sizes and lack of a controlled study design, the complementary observations of (i) 

43% responders by clinical report, (ii) improvement in quantitative longitudinal assessments, 

and (iii)  clear individual “on/off”-treatment effects  (Fig. 6C) provide the strongest evidence 

to date that CoQ10 may stabilize or even improve ataxia severity in COQ8A-ataxia. This 

prepares the rationale for a stringent randomized controlled trial required to confirm our 

preliminary observations. Such a well-controlled trial is in particular needed as some degree of 

variation masking as “improvements” can be seen in the natural disease course of a small share 

of patients. Our qualitative treatment reports (and the delineation of the COQ8A phenotypic  

spectrum above) indicate that such future trials should also include outcome measures other 
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than the SARA score for ataxia, allowing to capture possible effects of CoQ10 treatment beyond 

ataxia to include also tremor, dystonia, epilepsy, mental speed or muscle weakness. While a 

lower functional disease severity in responders suggests that treatment with CoQ10 may be more 

effective in less severe disease stages, no other clear predictor of treatment response was 

identified as of yet (e.g. CoQ10 dose, disease duration, mutation type). However, the patients 

reported here were treated with diverse (mostly over-the-counter) CoQ10 drugs, which might 

also in part explain the differences in treatment response. Since uptake of lipophilic CoQ10 in 

muscle and brain tissue is limited and requires high doses, future trials need to apply lipid-

soluble formulations to achieve relevant absorption and bioavailability of oral CoQ10.
39-41 In 

conclusion, our findings motivate the planning of a randomized controlled trial in COQ8A-

ataxia as one of the first targeted treatment trials in ARCAs and guide the design thereof.  
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Figure Legends  

Figure 1: COQ8A variants across protein domains. (A) Graphical overview of all variants 

in this study in relation to COQ8A protein structure and domains, including the mitochondrial 

targeting sequence (MTS), the transmembrane domain (TM), subdomains of the protein kinase-

like (PKL) superfamily (PKL I-IX) as well as the UbiB family-specific N-terminal extension 

(NTE), N lobe insert (NLI), and C lobe insert (CLI). Numbers indicate variant IDs specified in 

Table 1, missense variants of unknown significance are marked in grey. (B) Missense variants 

in relation to specific sequence motifs. Bold titles and letters indicate functional motifs and 

conserved amino acids of the COQ8A active site, respectively. Variants cluster predominantly 

near structural or functional motifs, except for one cluster affecting a yet undefined region.  

 

Figure 2: Molecular effects of representative COQ8A variants. (A) 3D modelling of protein 

structure and function, revealing steric and electrostatic clashes or lost interactions for 
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representative COQ8A variants. Missense variants cluster around the active size of COQ8A, 

except for 3 variants including E551K. (B) SDS-PAGE analysis of purified wildtype (WT) and 

mutant COQ8AN∆250. Protein stability and folding was severely impaired in R271C, leading to 

purification failure in two preparations. (C) Compared to wildtype (WT), ATPase activity was 

impaired in variants affecting presumed non-catalytic (R301W) and catalytic regions (A338T, 

T487R) of the active site. Positive control: A339G, negative control: D507N. (D) Decrease in 

melting temperature (Tm) of purified COQ8A indicating moderate protein destabilization in 

R301W and T487R. (E) ADP nucleotide binding, which increases Tm, is impaired in A338T 

and T487R, but not in R301W. Note that VUS D326N is not predicted to lead to detrimental 

structural effects (A) and consistently yields results similar to WT in all experiments (B-E). 

 

Figure 3: Phenotypic spectrum of COQ8A-ataxia. (A) Prevalence of signs and symptoms 

in patients with COQ8A mutations (n = 59). Numerator and denominator in brackets indicate 

the number of affected patients and the number of patients assessed for this feature, 

respectively. (B) Frequency of initial features at disease onset. 13/59 patients had more than 

one feature at onset. Note that cerebellar ataxia was only present in 68% at disease onset. (C) 

Age of onset of disease features. Number of affected patients in brackets. Box-whisker plots 

representing median, interquartile range and 95% confidence interval. (D) Frequency of the 

most prevalent features in five clusters identified by a two-step cluster analysis. Note 

cluster 1 comprising of 14 patients (24%) with a cerebellar ataxia phenotype, but none of the 

other four prevalent features (“ataxia simplex” cluster), and cluster 4 comprising of 12 patients 

(20%) with ataxia and only myoclonus or dystonia. (E, F) Genotype-phenotype associations. 
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Frequency of clinical features stratified by the number of loss of function (LOF) alleles (E), 

and by clusters of missense variants in specific COQ8A motifs (F). p values represent results 

from Fisher’s exact tests.  

 

Figure 4: MRI features of COQ8A-ataxia. (A) Reported MRI findings. Numerator and 

denominator in brackets indicate the number of patients with a feature and the number of 

patients assessed for this feature, respectively. (B) Centralized analysis of original MRI 

images of 18 patients by two independent raters. Vermal cerebellar atrophy was universally 

present. Representative images highlighting cerebellar atrophy (C), cerebral atrophy (D) and 

stroke-like abnormalities (E), and infratentorial T2 hyperintensities of the dorsal pons and 

dentate nuclei (F) as a novel imaging features of COQ8-ataxia. (G) DTI analysis. z-map of 3 

individual COQ8A patients (P36, P35, P38) superimposed on the mean FA map of all controls, 

depicting voxels with a z-score < -2.5 and a cluster size of 30. In all three patients, FA values 

are reduced in the periphery of the anterior and posterior lobe, the superior cerebellar peduncle 

and pontine crossing tracts, and diffusely in supratentorial clusters. 

 

Figure 5: Disease progression of COQ8A-ataxia. (A) Both overall disease and ataxia start 

early in life in COQ8A-ataxia, with 50% of patients affected before age 6 years. (B) Kaplan-

Meier analysis of disease milestones. Because of the limited number of subjects age >60 years, 

estimates above age 60 years should be interpreted with caution. (C) Cross-sectional functional 

disease progression as indicated by the Spinocerebellar Degeneration Functional Score (SDFS) 
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relative to age. SDFS 3 reflects moderate ataxia with the inability to run, SDFS 6 reflects 

wheelchair dependence. Mean and 95% confidence interval based on 10-year bins. (D) Cross-

sectional ataxia progression as indicated by the individual SARA score at the last assessment 

relative to disease duration. (E) Prospective longitudinal progression of ataxia. Relative 

progression of each patient quantified by the slope of a linear regression through all available 

SARA scores. Solid and dashed lines indicate mean and 95% confidence interval. Note that 

variation in disease course/SARA ratings can appear as “improvements” even in the natural 

course of COQ8A disease (F) Sample size estimation based on longitudinal progression of 

SARA scores during the first assessment interval (0.59±0.51 per year) for a trial to detect a 

treatment effect with a power of 0.8 and a significance level of 0.05. 

 

Figure 6:  Effect of coenzyme Q10 treatment. (A) Treatment response by clinical reports, 

suggesting improvements under CoQ10 in 43% of patients. (B) Treatment response by 

longitudinal assessment. Longitudinal changes in individual subjects’ SARA scores (slope of 

a linear regression through all available SARA scores) after initiation of CoQ10 treatment. Solid 

and dashed lines indicate mean and 95% confidence interval of annualized change in SARA. 

(C) Trajectory of ataxia severity in two exemplary individual patients with longitudinal SARA 

scores both on and off treatment with CoQ10. A similar rate of each deterioration and 

improvement can be seen in these two patients, with a possible rebound after discontinuation 

of treatment in patient P6. 
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Table 1: COQ8A variants identified in this study 

Var.
ID 

Family  
ID 

cDNA  
change 

Protein  
change 

Pred. 
effect 

MAF 
gnomAD 

CADD 
Score 

SIFT Poly 
Phen2 

fathmm 
MKL 

HGMD  
/publ. 

1 44 c.11T>A I4K mis 0.0001 22.70 0 0.02 0.94 yes 
2 8 c.124_125del A42PfsTer21 fs -  - - - no 
3 8 c.148C>T Q50Ter stop - 37.00 - - 0.98 yes 
4* 48 c.238C>T H80Y mis 0.0064 15.81 0.03 0.04 0.87 yes 
5 12,37 c.248dup H85AfsTer42 fs - - - - - no 
6 1 c.447del R150EfsTer59 fs - - - - - no 
7 16,35 c.500_521 

delinsTTG 
Q167LfsTer36 fs - - - - - yes 

8 19,21,32 c.589-3C>G - can 0.0001 13.75 - - 0.40 yes 
9 36 c.620C>T P207L mis - 26.90 0 1.00 0.97 no 
10 33 c.637C>T R213W mis 0.0001 32.00 0 1.00 0.83 yes 
11 43 c.637C>G R213G mis - 27.50 0 1.00 0.86 no 
12 38 c.798_823dup L275RfsTer16 fs - - - - - no 
13 39 c.802T>C C268R mis - 25.50 0 0.47 0.96 no 
14 5,14,18, 

31 
c.811C>T R271C mis 0.0001 27.20 0 1.00 0.93 yes 

15 34 c.815G>A G272D mis - 26.00 0 1.00 0.98 yes 
16 33 c.815G>T G272V mis - 25.90 0 1.00 0.99 yes 
17 6,17,29 c.895C>T R299W mis 0.0001 32.00 0 0.97 0.91 yes 
18 2,21,22, 

24,41 
c.901C>T R301W mis 0.0001 23.20 0 0.99 0.47 yes 

19 14 c.910G>A A304T mis 0.0001 25.10 0 0.97 0.97 yes 
20 4,7 c.911C>T A304V mis 0.0001 25.20 0 0.99 0.96 yes 
21* 49 c.976G>A D326N mis 0.0001 23.40 0.11 0.10 0.92 no 
22** 51 c.993C>T F331= crypt 0.0159 8.59 - - 0.09 yes 
23 10 c.1009G>A A337T mis 0.0001 27.00 0 1.00 0.97 no 
24 1,13 c.1012G>A A338T mis 0.0001 25.30 0 1.00 0.97 no 
25 11 c.1013C>T A338V mis 0.0001 25.00 0 1.00 0.96 no 
26 9 c.1015G>A A339T mis 0.0001 25.30 0 1.00 0.97 yes 
27 42 c.1024G>T G342W mis - 26.70 0 1.00 0.97 no 
28 16,20,23 c.1042C>T R348Ter stop 0.0001 41.00 - - 0.84 yes 
29 9,30 c.1081-1_ 

1082dup 
Q360_Y361 
insTer 

can - - - - - yes 

30 38 c.1205T>C L402P mis 0.0001 29.60 0.01 1.00 0.97 no 
31 29,50 c.1228C>T R410Ter stop 0.0001 40.00 - - 0.91 yes 
32 22 c.1332_1336du

p 
E446AfsTer33 fs - - - -  no 

33 48 c.1334_1335del T445RfsTer52 fs - 34.00 - - - yes 
34 6,45,46 c.1358del L453RfsTer24 fs - 34.00 - - - yes 
35 2 c.1399-3_  

1408del 
- can - - - - - no 

36 15 c.1440delinsTT E481Ter fs - - - - - no 
37 5,18 c.1460C>G T487R mis - 28.70 0 1.00 0.98 yes 
38 28 c.1523T>C F508S mis - 32.00 0 1.00 0.99 yes 
39 3 c.1532C>T T511M mis 0.0001 24.50 0 0.94 0.97 yes 
40 44 c.1534C>T R512W mis 0.0001 23.50 0 1.00 0.39 no 
41 51 c.1645G>A G549S mis 0.0001 26.40 0.01 0.99 0.98 yes 
42 17 c.1651G>A E551K mis 0.0001 32.00 0 1.00 0.98 yes 
43 26,40,41 c.1665G>A M555I mis 0.0004 28.90 0 0.93 0.98 yes 
44 25,45,46 c.1702G>T E568Ter stop 0.0001 54.00 - - 0.98 yes 
45 3,13 c.1750_1752del T584del del - 22.70 - - - yes 
46 34 c.1813dup E605GfsTer12

5 
fs - - - - - yes 
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47* 50 c.1821C>T Y607= crypt 0.0001 22.60 - - 0.93 no 
48 19,27 c.1844G>A G615D mis - 32.00 0 1.00 0.98 yes 

 
Genomic positions according to genome build GRCh37/hg19. DNA changes based on ENST00000366777.3. Protein changes 
according to ensemble protein ID ENSP00000355739.3. Predicted effects: can = canonical splice, crypt = cryptic splice, del = 
deletion, fs = frameshift, mis = missense. MAF = minor allele frequency. CADD score = scaled Combined Annotation Dependent 
Depletion score; SIFT = Sorting Intolerant From Tolerant score; PolyPhen-2 = Polymorphism Phenotyping v2; fathmm-MKL = 
Functional Analysis through Hidden Markov Models; HGMD =  Human Gene Mutation Database. * variant of unknown significance. 
** likely not pathogenic. 
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Abstract  

Objective:  To foster trial-readiness of COQ8A-ataxia, we map the clinico-genetic, molecular 

and neuroimaging spectrum of COQ8A-ataxia in a large worldwide cohort, and provide first 

progression data, including treatment response to coenzyme Q10 (CoQ10). 

Methods: Cross-modal analysis of a multicenter cohort of 59 COQ8A patients, including 

genotype-phenotype correlations, 3D-protein modelling, in vitro mutation analyses, MRI 

markers, disease progression and CoQ10 response data. 

Results: 59 patients (39 novel) with 44 pathogenic COQ8A variants (18 novel) were identified. 

Missense variants demonstrated a pleiotropic range of detrimental effects upon protein 

modelling and in vitro analysis of purified variants. COQ8A-ataxia presented as variable 

multisystemic, early-onset cerebellar ataxia, with complicating features ranging from epilepsy 

(32%) and cognitive impairment (49%) to exercise intolerance (25%) and hyperkinetic 

movement disorders (41%), including dystonia and myoclonus as presenting symptoms. 

Multisystemic involvement was more prevalent in missense than biallelic loss-of-function 

variants (82-93% vs. 53%, p = 0.029). Cerebellar atrophy was universal on MRI (100%), with 

cerebral atrophy or dentate and pontine T2 hyperintensities observed in 28%. Cross-sectional 

(n = 34) and longitudinal (n = 7) assessments consistently indicated mild-to-moderate 

progression of ataxia (SARA: 0.45/year). CoQ10 treatment led to improvement by clinical report 

in 14/30 patients, and by quantitative longitudinal assessments in 8/11 patients (SARA: -

0.81/year). Explorative sample size calculations indicate that ≥48 patients per arm may suffice 

to demonstrate efficacy for interventions that reduce progression by 50%.  

Interpretation: This study provides a deeper understanding of  the disease, and paves the way 

towards large-scale natural history studies and treatment trials in COQ8A-ataxia. 

 

 

Keywords:  ataxia, genetics, treatment, coenzyme Q10, mitochondria 
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Introduction 

Next-generation sequencing techniques have recently unraveled a large number of novel 

autosomal-recessive cerebellar ataxia (ARCA) genes, providing an increasing share of 

previously undiagnosed ataxia patients with a molecular diagnosis.1 This genetic progress now 

needs to be translated into preparation of  first treatment trials, prioritizing in particular those 

genetically stratified ARCAs where targeted treatment options might be within reach.1 ARCA 

due to mutations in COQ8A (formerly: ADCK3; now also referred to as ATX-COQ8A2) might 

serve as a particularly promising candidate disease, as its underlying molecular pathogenesis 

includes aberrant coenzyme Q10 (CoQ10) synthesis, which might be susceptible to drug 

treatments, e.g. CoQ10 supplementation.3 While smaller case series described first experiences 

with CoQ10 in COQ8A-ataxia4-7, the design and conduction of treatment trials in COQ8A-ataxia 

is - as paradigmatic for almost all ARCAs - hampered by lack of systematic knowledge on the 

full phenotypic spectrum, effects of different gene variants, and disease progression data.  

To overcome these limitations and to take the first steps towards trial-readiness, we here 

leverage a worldwide multicenter cohort of 59 patients with biallelic COQ8A variants to 

characterize the phenotypic, molecular and neuroimaging spectrum of the disease. This includes 

structural modelling and molecular in vitro analysis of COQ8A variants, MRI biomarker 

candidates, diffusion tensor imaging, and first quantitative progression data, including response 

to CoQ10 treatment and preliminary sample size calculations for future treatment trials.   

 

Methods 

Patients and deep-phenotyping assessment 

Patients with rare biallelic variants in COQ8A were compiled from ataxia centers from 15 

different sites in Europe and North America. Patients or records were systematically assessed 
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by the local physician according to a common comprehensive data sheet, including prespecified 

queries about genetics, demographics, history, phenotype, disease severity and treatment 

experience as well as muscle histology, laboratory, electrophysiology and MRI findings 

(Supplement 1). Twenty previously published patients5, 6, 8, 9 were systematically re-assessed 

in-depth for this study. All patients had at least one neurological examination; 25 patients had 

≥2 prospective examinations. Disease severity was assessed by the Scale for the Assessment 

and Rating of Ataxia (SARA)10, and the Spinocerebellar Degeneration Functional Score 

(SDFS).11 All patients or legal representatives provided informed consent according to local 

regulations.  

 

Variant selection 

COQ8A variants were identified by different sequencing methods, depending on local facilities 

and year of sampling, either by high throughput panel or exome sequencing or - more rarely- 

by direct sequencing of COQ8A. All COQ8A variants were annotated according to the Ensembl 

Variant effect predictor (VEP) in January 2019.12 Loss of function (LOF) variants (frameshift, 

stop, splice) were included if minor allele frequency (MAF) was <1% in the Genome 

Aggregation Database (gnomAD). Frameshift variants, stop variants, and splice variants at 

canonical splice sites were considered likely pathogenic; splice variants outside canonical splice 

sites as variants of unknown significance (VUS). Missense variants were considered to be likely 

pathogenic if they met all of the following criteria: (i) MAF <1%, (ii) CADD score (combined 

annotation dependent depletion, phred-like, v1.4) >20 13, and (iii) at least 2 of 3 in silico 

prediction scores predicted pathogenicity, specifically SIFT < 0.05, PolyPhen 2 > 0.5 or 

fathmm/MKL > 0.5.14-16 Missense variants were included as VUS if they met all of the 

following criteria: (i) MAF <1%, (ii) CADD score 10-20, and (iii) at least 1 of 3 in silico 
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prediction scores (see above) predicted pathogenicity. Segregation of the variants with disease 

was assessed in family members, whenever DNA was available. 

 

Structural modelling and in vitro analyses of COQ8A variants 

Structural modelling predictions were built on in silico mutagenesis tools PyMOL and Coot, 

based on the published COQ8A crystal structures (PDB ID: 4ped and 5i35).17, 18 In addition, 

five representative recurrent COQ8A variants with different clinical phenotypes and in different 

protein domains were selected for further comparative in-depth molecular analysis: three 

variants at motifs of the COQ8A active site (R271C near the KxGQ motif, A338T in A-rich 

loop, and T487R at catalytic loop), one variant at a site not presumed to participate in catalysis 

(R301W in GQα3), and one VUS (D326N). Recombinant wildtype (WT) and selected mutant 

COQ8AN∆250 protein (truncated N-terminal targeting sequence and transmembrane domain) 

were expressed in E. coli and purified for in vitro analysis of ATPase activity, protein stability 

and nucleotide binding capacity as described before.17-19 A catalytically inactive D507N mutant 

(COQ8A activation loop) and a catalytically hyperactive A339G mutant (A-rich loop) served 

as controls. A malachite green based ATPase activity assay is based on the activation of 

COQ8AN∆250 by 2-propylphenol (2-PP).19 Protein stability was determined by differential 

scanning fluorimetry.20 Stabilization of COQ8AN∆250 by the addition of ADP in this assay 

indicates nucleotide binding capacity.  

 

MRI imaging 

Findings from routine brain MRI were systematically aggregated from all patients where such 

MRI results were available. In addition, digital routine brain MRI images including T1-, T2-, 

diffusion-weighted images and fluid attenuated inversion recovery T2 (FLAIR) images were 
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systematically assessed by two central independent raters (B.B., A.T.), where such images 

where available and digitally transferable for centralized review. For in-depth analysis of fibre 

tracts, diffusion tensor imaging (DTI, 32 directions, b = 1000 mm²/sec, 2 mm³ isotropic 

resolution) was performed in three patients and 12 matched healthy controls (4 male, 8 female, 

mean age 22 years, 19 - 24 years) with a SE-EPI sequence on a 3 T scanner (Skyra, Siemens 

Erlangen, Germany). After standard pre-processing with FSL and normalization with FNIRT, 

z-Maps were generated by subtracting the mean FA image of all controls from each patient and 

afterwards a division by the standard deviation of the FA of all controls. 

 

Statistical analysis 

All statistics were calculated using GraphPad Prism 5 (GraphPad Software, USA) and SPSS 25 

(IBM Corp., USA). Data-driven clusters of phenotypic features within the spectrum of COQ8A-

ataxia were searched by a statistical two-step cluster analysis, taking the most prevalent features 

(ataxia, cognitive impairment, epilepsy, myoclonus/dystonia, and exercise intolerance) as input. 

For analyzing clinico-genetic associations, genotype was stratified (i) by the number of LOF 

alleles (two vs. one vs. zero), and (ii) by the presence of missense variants in specific target 

motifs (at least one missense variant in target motif vs. all other patients with at least one 

missense variant). Clinico-genetic associations were then analyzed by testing for significant 

associations between these genotypic groups and (i) a phenotype of “ataxia simplex” (patient 

cluster with ataxia without evidence of the other four most prevalent features), or (ii) recurrent 

non-ataxia features (>10% prevalence to reliably assume an intrinsic feature of COQ8A rather 

than unrelated coincidence). To obtain robust results, we restricted our comparisons only to 

subgroups which comprise more than 5 patients per group (thus including only AAAS, GQa1 

and GQa3), combined with use of the Fisher’s exact test as a robust and conservative test for 

small sample sizes to avoid accumulation of alpha errors. 
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Kaplan-Meier estimation was used to assess occurrence of ataxia and dependence on walking 

aids and wheelchair. Cross-sectional annual disease progression was estimated by the ratio of 

each subject’s ataxia severity (last SARA score) and ataxia duration, as established 

previously.21, 22 Longitudinal annualized disease progression was determined by the slope of a 

linear regression through SARA scores across all available assessment intervals within each 

individual, after normalization to baseline age and score, assuming a linear progression of the 

SARA score in the course of ataxia.23 Based on these intraindividual disease progression slopes, 

we then calculated the mean progression across the whole group. Sample size calculations (two-

tailed t-test, alpha = 0.05, power = 0.8) were based on the mean and the variability (standard 

deviation) of the annualized change in SARA score during specified assessment intervals, and 

performed using G*Power 3.1.9.224 after confirming normality distribution by the Shapiro-

Wilk test. 

 

Results 

Mutational landscape of COQ8A  

We identified 64 patients from 51 families with biallelic variants in COQ8A. Based on our 

genetic curation criteria, 59 patients, 39 of whom never reported before, carried two likely 

pathogenic variants, while 5 patients carried variants of unknown significance (VUS) on one or 

both alleles. Patients originated from 16 different countries (Supplement 1). 26 patients came 

from multiplex families with two affected siblings. 21 patients from 14 families had known 

consanguineous parents. We identified 44 different likely pathogenic variants (including 18 

novel), comprising of 26 missense and 18 LOF (10 frameshift, 4 stop, 3 canonical splice, 1 in-

frame deletion) variants (Table 1). Though spread across almost the entire COQ8A gene (Fig. 

1A), many missense variants clustered at functionally defined motifs: 1 at mitochondrial target 

sequence (MTS), 3 at transmembrane domain (TM), 4 at KxGQ motif, 5 at AAAS motif of A-
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rich loop, 1 at ExD motif, 1 at the catalytic loop, and 3 at the Mg-binding DFG motif of the 

activation loop (Fig. 1B). Except for the AAAS motif, these key motifs were invariably hit 

near, but not directly within these motifs. Recurrent missense variants were also found as 

clusters in two regions not presumed to participate in catalysis (4 between amino acids 299 and 

304 in GQα3, 3 between 549 and 555) (Fig. 1B). 

In an additional 4 patients (family #48-50), we identified 3 COQ8A variants meeting our criteria 

for VUS. This includes the variant c.993C>T (F331=), which has previously been published as 

pathogenic  based on moderate skipping of exon 8 and reduced CoQ10 levels in lymphoblasts 3, 

but which is likely benign given a MAF of 1.6%.  

  

Variant effects on COQ8A protein structure  

We next assessed the predicted effects of all 48 variants on COQ8A protein structure, 

leveraging 3D structural modelling (Supplement 2; illustration of 11 selected variants in Fig. 

2A). All frameshift and stop variants led to termination of the protein, each eliminating essential 

regions of COQ8A. Missense variants predominantly grouped around the active site of COQ8A, 

except for variants clustering at position 549-555. The missense variants identified in our study 

were mainly predicted to cause (i) steric and/or (ii) electrostatic clashes, (iii) transmembrane or 

GQα helix disruption, (iv) loss of amino acid interactions, or (iv) mitochondrial targeting 

impairments. Variants at position 268-272 and 299-304 reciprocally disrupt interaction between 

GQα1 and GQα3, suggesting a common functional cluster. For the VUS D326 and Y607 as 

well as the likely benign variant F331=, no detrimental effects were predicted, although Y607 

may lead to truncation of COQ8A by a cryptic splice site. VUS H80Y might impact 

mitochondrial targeting.  
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In vitro analyses of selected COQ8A variants 

Five  selected COQ8A variants of different phenotypes, protein positions, and assumed 

pathogenicity were further analyzed in vitro in an E. coli expression model, including effects 

on ATPase activity, protein stability and nucleotide binding. All variants could be purified, 

except R271C, which only co-purified with a likely chaperone contaminant, thus indicating its 

detrimental effect on protein stability and folding (Fig 2B). This exceptional in vitro finding, 

which predicts this variant to be highly disruptive, corresponds to the severe phenotype of the 

patient with this homozygous variant (P31): he presented with an extraordinarily severe, early-

onset multisystemic phenotype with severe developmental delay, and never learned to walk. 

Out of the other variants, ATPase activity was impaired in COQ8A mutants A338T (P1, 13) 

and T487R (P5, 18) affecting the active site of the protein, but also in R301W (P2, 21, 22, 24, 

41) at a site not presumed to participate in catalysis (Fig. 2C), thus adding further functional 

support for the pathogenicity of these variants. In contrast, the VUS D326N (P22) exhibited 

WT-like ATPase activation, adding support that it is likely not pathogenic. This corresponds 

with the atypical clinical phenotype of the patient carrying this variant in a homozygous state 

(P51): the phenotype included - in contrast to all 59 patients with likely pathogenic COQ8A 

variants - optic atrophy and predominant sensory ataxia. COQ8A variants R301W and T487R 

also exhibited moderate protein destabilization (Fig. 2D). Finally, nucleotide binding capacity 

was impaired for the disruption of the COQ8A active site by variants A338T and T487R, but 

not by R301W (Fig. 2E).  

 

Phenotypic features of COQ8A-ataxia 

Clinical data were systematically analyzed across all the 59 patients with two likely pathogenic 

COQ8A variants (last examination: median 23 years after disease onset, range 3-68). Cerebellar 

ataxia, present in all patients (100%) (see Fig. 3A for the prevalence of all signs and symptoms), 
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was the initial feature of the disease in 68% of patients (Fig. 3B, C), with a median onset of 7 

years (IQR 4-15 years). Hyperkinetic movement disorders were observed in 41% of patients, 

including myoclonus (30%), dystonia (28%), head tremor (22%), and postural/action tremor 

(20%) (Fig. 3A). Notably, myoclonus, dystonia, and prominent tremor were the initial 

presenting disease features in 2, 4, and 8 patients, respectively, including two patients with pure 

dystonia at onset (P1 and P8). Dystonia manifested as cervical dystonia or focal dystonia of the 

upper limb in all patients. Other prevalent features were: cognitive impairment in 49% of 

patients (associated with intellectual disability in about 48% of these cases), epilepsy in 32%, 

and myopathic features (exercise intolerance or muscle weakness) as well as neuropsychiatric 

symptoms (depression, anxiety, psychotic symptoms, impulsive-aggressive behavior), each in 

about 25% of patients (Fig. 3A). Epilepsy and myopathic symptoms commonly started at 

juvenile age, while neuropsychiatric symptoms mostly evolved in later disease stages. Hearing 

loss (n=6), stroke-like episodes (n=4), cataract (n=3), diabetes (n=2), or optic atrophy (n=1), 

which are often considered as “classical” clinical signs of mitochondrial disease, occurred in a 

minority of patients (Fig. 3A). 

 

Genotype-phenotype associations in COQ8A-ataxia 

To identify possible phenotypic clusters within this pleiotropy of COQ8A-associated 

phenotypic features, a cluster analysis was performed using the most prevalent phenotypic 

features - epilepsy, myoclonus/dystonia, cognitive impairment, and exercise intolerance - as 

input variables. A two-step cluster analysis revealed five phenotypic clusters with good 

cohesion and separation (silhouette coefficient: 0.7), including the existence of a cluster of 14 

patients (24%) with cerebellar ataxia but none of the other four most prevalent features (= 

“ataxia simplex” cluster), and a cluster of 12 patients (20%) with ataxia and only myoclonus or 
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dystonia (Fig. 3D; see Supplement 3 for comparison of the subject subcohorts constituting 

each cluster). 

In an exploratory analysis, we next analyzed whether the “ataxia simplex” cluster or individual 

non-ataxia clinical features, which have been found to be prevalent (i.e. at least 10%) in our 

COQ8A cohort, might be associated with certain COQ8A mutation types or affected protein 

domains (Supplements 4 and 5). The ataxia simplex cluster was more frequent in patients with 

biallelic LOF variants than in patients with missense variants (biallelic LOF: 47%, biallelic 

missense: 18%, Fisher’s exact test, p = 0.029). This indicates, in turn, that missense variants are 

more associated with multisystemic damage beyond ataxia (LOF: 53%, missense: 82-93%) 

(Fig. 3E). Correspondingly, epilepsy (biallelic missense: 46%, biallelic LOF: 12%, p = 0.046) 

and myoclonus (biallelic missense: 44%, biallelic LOF: 13%, p = 0.041) were more prevalent 

in patients with biallelic missense mutations than in patients with LOF variants. The pattern of 

more prevalent ataxia simplex (43% vs. 9%, p = 0.048) and absent epilepsy (49% vs. 0%, p = 

0.030) was just found for missense variants in the AAAS motif, suggesting that these mutations 

- the only ones to hit a functional COQ8A motif directly - may be functionally equivalent to 

LOF mutations (Fig. 3F). Compared to all other missense variants, variants affecting helix 

GQα1 in the KxGQ domain were more frequently associated with developmental delay (50% 

vs. 16%, p = 0.040), epilepsy (80% vs 28%, p = 0.008), and pyramidal signs (40% vs. 0%, p = 

0.002).   

 

Routine and DTI MRI brain imaging 

MRI analyses were based on (i) reported findings (available for 54/59 patients) (Fig. 4A), 

complemented by a (ii) centralized in-depth re-assessment of digital brain MRI images 

(available for 18/59 patients, mean disease duration at MRI: 15.9 years, range: 1-64) by two 

independent raters (Fig. 4B; see Supplement 6 for comparison of  subcohorts available for 
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imaging analyses). The reported findings described cerebellar atrophy as an almost universal 

finding (94% of patients; except for three patients between 9 and 25 years of age) and less 

frequently cerebral atrophy (8%), stroke-like abnormalities (8%), infratentorial signal 

abnormalities (4%), and brainstem atrophy (2%) (Fig. 4D-F). The centralized in-depth rating 

of the images revealed vermal atrophy in 100% (18/18), atrophy of the cerebellar hemispheres 

in 94% (17/18) (Fig. 4C), and cerebral atrophy in 28% (5/18), with a parietal and fronto-insular 

predominance in 3 of them (3/5). Infratentorial signal abnormalities were also re-identified in 

28% (5/18) (visible across 3 different scanners), consisting of hyperintense dentate nuclei and 

a hyperintensity of the dorsal pons on T2 images (Fig. 4F). In contrast to the relatively high 

prevalence of hyperkinetic movement disorders observed in our cohort, no structural basal 

ganglia abnormalities were observed in these routine MRI images. Standardized DTI in 3 

patients (P36, P35, P38) unraveled changes of infratentorial fibre tractsin all 3 patients, 

specifically reduced FA values in the periphery of the anterior and posterior cerebellar lobe as 

well as in the superior cerebellar peduncle and pontine crossing tracts, accompanied by mild 

and disseminated FA changes across supratentorial fibre tracts (Fig. 4G). 

 

Evolution and progression of COQ8A-ataxia 

Disease onset occurred before 6 years of age in 50% of patients, and all patients (100%) 

developed disease symptoms before 45 years of age (Fig. 5A). Dependence on a walking aid 

or wheelchair were estimated to occur in about 55% (95% CI: 26-88%) and 35% (13-76%) of 

patients, respectively, but not before 40 and 50-60 years of age, respectively (Kaplan-Meier 

estimate, Fig. 5B), indicating an on average relatively mild to moderate overall disease 

progression. This was also reflected by the cross-sectional SDFS  scores, indicating mild (SDFS 

2) to moderate (SDFS 3) ataxia in 82% (47/57) of patients, and dependence on two walking 

aids (SDFS 5) or a wheelchair (SDFS 6) only in 11% (6/57) of patients, most of them above 

This article is protected by copyright. All rights reserved.



50-60 years of age (Fig. 5C). However, observations from single subjects indicate that COQ8A-

ataxia can also follow a much worse disease trajectory in specific individuals, partly even 

including premature death at juvenile age (Fig. 5C): P31 (homozygous R271C mutation; age 5 

years at last examination) never learned to walk due to severe motor and cognitive retardation 

and eventually developed drug-resistant epilepsy and spastic tetraparesis, and P24 

(homozygous R301W mutation; age 16 years at last examination), who was bedridden due to 

intractable seizures and subsequently died at age 17 because of severe dilated cardiomyopathy. 

Cross-sectional ataxia progression, estimated by the cross-sectional ratio of ataxia severity 

(SARA score; available for 34 patients) and disease duration, indicated a median ataxia 

progression rate of 0.47 SARA points per year (Fig. 5D; see Supplement 7 for comparison of 

subcohorts available for progression estimates). Prospective longitudinal disease progression 

data (available for 7 drug-naïve patients) revealed a mean annualized change of 0.45 SARA 

points per year (95% CI: 0.12-0.77), thus corroborating the cross-sectional estimate, yet also 

indicating some variation in the SARA scores appearing as “improvements” in the natural 

disease course (Fig. 5E). The annualized change in SARA score during the first assessment 

interval of each patient (n = 7, 0.59±0.51 per year) was used to calculate an exploratory estimate 

of the minimally required sample size to detect effects of a hypothetical intervention (Fig. 5F). 

With this preliminary approach, at least 48 patients per trial arm would be required to detect a 

50% reduction in annual SARA progression.  

 

Response to Coenzyme Q10 treatment 

Response to CoQ10 treatment by clinical reports.  Thirty patients (51%) were treated with 

coenzyme Q10 (CoQ10) supplementation, with a mean cumulative daily dose of 11 mg/kg/day 

(range: 2-40). Based on the clinical reports, 13/30 (43%) patients were classified as responders, 

15/30 (50%) as non-responders (Fig. 6A). Side effects (anorexia or diarrhea) were reported in 
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2/30 patients (7%). Qualitative descriptions of treatment effect were illustrative in that not only 

improvement of ataxia, but also of tremor, dystonia, epilepsy, mental speed and/or muscle 

weakness were reported. Functional disease severity was lower in responders than non-

responders (SDFS: 2.3 [range: 1-6] vs. 3.4 [2-7], Mann-Whitney U test, p = 0.012). No 

associations were observed between treatment response and age of disease onset, age and 

disease duration at treatment initiation, ataxia severity (SARA score), cumulative daily dose, 

mutation type, or selected clinical, imaging or laboratory feature (Supplement 8). Of note, 

improvement was also reported in two patients without CoQ10 deficiency in muscle tissue.  

Response to CoQ10 treatment by quantitative longitudinal assessment.  Quantitative 

longitudinal treatment assessment of ataxia with the SARA score was available in a subgroup 

of 11 patients. Annual change in SARA score across all assessment intervals showed an average 

improvement of -0.88 points per year (95%CI: -1.95-0.19) under CoQ10 treatment (Fig. 6B). In 

two patients (P6 and P7) with longitudinal assessments both with and without CoQ10 treatment, 

SARA scores deteriorated by about 1 point per year before treatment and after discontinuation 

of treatment, whereas it improved sequentially by about 1 point per year under CoQ10 treatment 

(Fig. 6C).  

 

Discussion 

This study leverages the largest worldwide cohort of COQ8A patients reported so far to 

facilitate first steps towards trial-readiness of COQ8A-ataxia. It provides a systematic 

characterization of the full phenotypic spectrum, the effects of a large range of COQ8A variants,  

and disease progression data, including response to CoQ10 treatment. 

 

COQ8A-ataxia: a variable phenotypic spectrum, including dystonia onset  
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Our  findings characterize COQ8A-disease as a variable multisystemic disease, with early-onset  

cerebellar ataxia as a common denominator - either as the initial presenting symptom or 

manifesting later during the disease course. Corroborating and extending previous smaller case 

series, we demonstrate that it is mostly complicated by cognitive deficits, hyperkinetic 

movement disorders, epilepsy, or myopathic symptoms.3, 4, 6, 8 However, also an “ataxia 

simplex” cluster exists in 25% patients who do not show any of these particular additional signs. 

Focal dystonia can be an initial feature of COQ8A-ataxia7, even preceding any cerebellar 

ataxia. With a prevalence of 30%, dystonia indeed appears to be a key feature in COQ8A-

disease, exceeding estimates from previous smaller case series.5, 6, 8 Ataxia with only dystonia 

or myoclonus even presents a partly distinct phenotypic cluster within the spectrum of CO8A-

disease. While cognitive deficits have been noted as mental retardation in some children with 

COQ8A-ataxia, but were not systematically noted in adults with COQ8A-ataxia 3, 8, our study 

revealed cognitive deficits in up to 50% of patients, including later cognitive decline 

independent of pre-existing intellectual disability in about half of them.  

 

Genotype-phenotype associations in COQ8A-ataxia 

Our findings provide preliminary indications that multisystemic phenotypes, and in particular 

epilepsy and myoclonus, in COQ8A-ataxia might be more frequently associated with missense 

variants than LOF variants, suggesting a possible gain-of-function or dominant-negative 

mechanism for missense variants.25 This hypothesis warrants further specific work-up in 

experimental models of COQ8A missense variants. In addition, our findings indicate that 

missense variants in helix GQα1 in the UbiB protein-specific KxGQ domain might be 

associated with clinical signs reflecting cortical (developmental delay, epilepsy) and pyramidal 

tract dysfunction. With the exception of 3 missense variants in the AAAS motif (associated 

with “ataxia simplex” similar to LOF variants), no missense variant directly hit conserved 
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amino acids of key functional motifs of the COQ8A active site, giving rise to the speculation 

that variants in these particular motifs might be associated with different phenotypes or even 

early lethal.  

However, beyond these preliminary associations, no specific genotype-phenotype associations 

seem to exist. This might be due to the fact that, as shown here by structural 3D protein 

modelling and in vitro analysis, different COQ8A missense variants act via a large diversity of 

mechanisms, including differential effects on ATPase activity, protein stability and/or 

nucleotide binding capacity. In addition, our observation that even the same COQ8A mutation 

can present with different phenotypic features (e.g. ataxia and hyperkinetic movement disorders 

in P20 vs. ataxia and epilepsy in P23, both carrying the homozygous R348Ter mutation) and 

disease course (e.g. disease onset age 11 years in P26.1 vs. 1 year in P26.2 and P40, all with the 

homozygous M555I mutation) might be explained by differences in heteroplasmic 

mitochondrial DNA pools and additional cis- and trans-acting genetic modifiers, which can 

differentially affect mitochondrial-nuclear genome interactions, CoQ synthesis, and 

mitochondrial functioning.26 Moreover, also environmental and lifestyle factors such as 

socioeconomic status, physical activity or other health behaviors might contribute to the 

different phenotypic expression. Given the pleiotropic phenotype and wide range of effects of 

COQ8A variants, a thorough functional work-up of newly identified variants is needed, as even 

ultra-rare and well-conserved COQ8A variants might not be pathogenic, as demonstrated here 

(e.g. D236N, Y607=). Such analyses prevent premature inferences on putative novel 

phenotypes (as tempting e.g. for patient P22) and erroneous inclusion in upcoming treatment 

trials. 

 

MRI imaging reveals widespread infra- and supratentorial brain  damage, including 

dentate and pontine hyperintensities 
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The systematic analysis of the comprehensive MRI aggregation highlights cerebellar atrophy 

as the predominant MRI feature in COQ8A-ataxia, corroborating earlier small case series.3, 4, 6, 

8, 27 Cerebellar atrophy can be limited to the vermis, and thus be overlooked in particular in 

young patients at early stages of the disease (patients P2, P10.1 and P19). Cerebellar fibre 

changes include the periphery of the anterior and posterior cerebellar lobe, the superior 

cerebellar peduncle and pontine crossing tracts, thus indicating a widespread cerebellar damage 

in COQ8A-ataxia. Corresponding to the multisystemic clinical phenotype, underlying brain 

damage in COQ8A-disease is not limited to the cerebellum, but includes also the brainstem and 

supratentorial regions, with parietal und fronto-insular cerebral atrophy in > 25% of patients, 

as shown here for the first time. The identification of T2 hyperintensities of the dentate nuclei 

and the dorsal pons present novel recurrent imaging features of COQ8A-ataxia, possibly 

indicating underlying metabolic changes related to COQ8A-dysfunction. T2-hyperintense 

dentate nuclei have also recently been found in another nuclear-encoded mitochondrial 

recessive ataxia, SPG7.28 As both SPG7 and COQ8A are transmembrane proteins in the inner 

mitochondrial membrane, this imaging feature might point to similar underlying 

mitochondrial/metabolic pathway mechanisms. 

 

Natural disease progression of COQA-ataxia and trial design 

Our cross-sectional data indicate that disease progression in COQ8A is overall mild to 

moderate, with ~0.5 SARA points per year, and thus milder than disease progression in many 

other ARCAs like e.g. Friedreich’s ataxia (0.8 points per year) or Autosomal Recessive Spastic 

Ataxia of Charlevoix-Saguenay (2.6 points per year).29, 30 This estimate from cross-sectional 

data, which bears several methodological limitations (e.g. recall bias of disease onset), was 

confirmed by preliminary prospective longitudinal data (SARA: 0.45/year). This progression 

estimate requires confirmation in future prospective natural history studies which should 
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overcome the limitations of our current study by (i) strictly defined, inter-individually 

harmonized assessment intervals, (ii) larger patient cohorts, with sufficient statistical power to 

(iii) also assess the  possible effects of covariates like age of onset, disease duration, or genetic 

features, here (iv) leveraging the power of multivariate models. Nevertheless, this study already 

allows first preliminary sample size calculations for intervention trials in COQ8A disease. To 

detect a 50% reduction in annual SARA progression, at least 48 patients per trial arm may 

suffice. However, this preliminary estimate likely reflects the lowest limit of required subjects 

given that variability (i.e. the standard deviation) in the natural history cohort underlying this 

sample size calculation as well as the size of the cohort were relatively low. 

 

A substantial share of COQ8A patients seems to respond to CoQ10 treatment 

Treatment with CoQ10 or its derivatives (e.g. idebenone) has shown some beneficial effects in 

other recessive multisystemic ataxias (e.g. TXN2)31, with at least mixed effects in Friedreich 

ataxia32, primary CoQ10 deficiencies with neurological features (e.g. COQ2, COQ4, or 

COQ7)26, 33-35, and respiratory dysfunction in Duchenne muscular dystrophy36, and is already 

approved for Leber’s hereditary optic neuropathy.37 The efficacy of CoQ10 compounds is now 

even investigated in more common non-ataxia neurodegenerative diseases, like e.g.  

mitochondrial Parkinson’s disease38, thus highlighting the therapeutic potential of these 

compounds. Previous case series in COQ8A-ataxia, often based on 1-2 patients and anecdotal 

experiences, have observed varying and partly inconsistent response to CoQ10.4-6 We here 

present the first analysis of CoQ10 treatment response in a larger cohort of COQ8A patients, 

including also quantitative longitudinal treatment data. Although our findings are limited by the 

small sample sizes and lack of a controlled study design, the complementary observations of (i) 

43% responders by clinical report, (ii) improvement in quantitative longitudinal assessments, 

and (iii)  clear individual “on/off”-treatment effects  (Fig. 6C) provide the strongest evidence 
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to date that CoQ10 may stabilize or even improve ataxia severity in COQ8A-ataxia. This 

prepares the rationale for a stringent randomized controlled trial required to confirm our 

preliminary observations. Such a well-controlled trial is in particular needed as some degree of 

variation masking as “improvements” can be seen in the natural disease course of a small share 

of patients. Our qualitative treatment reports (and the delineation of the COQ8A phenotypic  

spectrum above) indicate that such future trials should also include outcome measures other 

than the SARA score for ataxia, allowing to capture possible effects of CoQ10 treatment beyond 

ataxia to include also tremor, dystonia, epilepsy, mental speed or muscle weakness. While a 

lower functional disease severity in responders suggests that treatment with CoQ10 may be more 

effective in less severe disease stages, no other clear predictor of treatment response was 

identified as of yet (e.g. CoQ10 dose, disease duration, mutation type). However, the patients 

reported here were treated with diverse (mostly over-the-counter) CoQ10 drugs, which might 

also in part explain the differences in treatment response. Since uptake of lipophilic CoQ10 in 

muscle and brain tissue is limited and requires high doses, future trials need to apply lipid-

soluble formulations to achieve relevant absorption and bioavailability of oral CoQ10.
39-41 In 

conclusion, our findings motivate the planning of a randomized controlled trial in COQ8A-

ataxia as one of the first targeted treatment trials in ARCAs and guide the design thereof.  

 

Acknowledgements 

This work was supported via the European Union’s Horizon 2020 research and innovation 

program by the BMBF under the frame of the E-Rare-3 network PREPARE (01GM1607; to 

M.S, A.D, M.A., P.dJ, H.H, H.P., B.vdW., M.K., F.M.S.) and grant 779257 “Solve-RD” (to 

M.S., BvdW, P.dJ). B.vdW. receives additional research support from ZonMW, 

Hersenstichting, Gossweiler Foundation, and Radboud university medical centre. This study 

was supported by the German Bundesministerium für Bildung und Forschung (BMBF) through 

the Juniorverbund in der Systemmedizin “mitOmics” (FKZ 01ZX1405C to TBH). A.T. 

receives funding from the University of Tübingen, medical faculty, for the Clinician Scientist 

Program Grant #439–0–0. S.M and F.T. are funded by Italian Ministry of Health grants GR-

This article is protected by copyright. All rights reserved.



2016-02363337 and RF-2016-02361285, respectively. F.D. was supported by a grant of the 

German Research Foundation / Deutsche Forschungsgemeinschaft (DI 1731/2-2). C.G. holds a 

research grant from the VolkswagenStiftung (Freigeist Fellowship), was supported by the 

Deutsche Forschungsgemeinschaft (DFG; GA2031/1-1 and GA2031/1-2), the German 

Parkinson Society and Actelion Pharmaceuticals. G.Z. was funded by the Italian Ministry of 

Health Ricerca Finalizzata NET-2013-02356160. The work was supported by NIH 

R35GM131795 (to D.J.P.), NIH T32GM008505 and NSF DGE-1747503 (to N.H.M.). RH is a 

Wellcome Trust Investigator (109915/Z/15/Z), who receives support from the Medical 

Research Council (UK) (MR/N025431/1), the European Research Council (309548), the 

Wellcome Trust Pathfinder Scheme (201064/Z/16/Z) and the Newton Fund (UK/Turkey, 

MR/N027302/1). J.B. is supported by a Senior Clinical Researcher mandate of the Research 

Fund - Flanders (FWO) under grant agreement number 1805016N. A.N.B. is supported by the 

Suna and Inan Kirac Foundation and Koç Univesity School of Medicine. 

We thank the patients and relatives for their continuous participation in this study. We are 

grateful to Florian Harmuth and Rebecca Buchert (University of Tübingen) as well as Tine 

Deconinck (University of Antwerp) for their help in gathering the genetic data of the patients, 

to Gül Demet Kaya and Murat Gültekinto (Erciyes University, Kayseri) for their help in 

gathering clinical data, to Antje Bornemann (University of Tübingen) for her help in 

interpretation of muscle biopsies, to Ralf-Dieter Hilgers for statistical advice, and to Gulsah 

Simsir (Koc University) for the excellent technical assistance. 

 

 

Author contributions 

AT, LS, BvdW, DJP, HP, and MS contributed to the conception and design of the study. 

AT, TS, LL, NHM, CAB, SR, JK, AH, GV, EB, GZ, AD, SM, FT, AM, JB, PdJ, WdR, MB, 

SD, CG, ANB, HH, SHK, BB, UG, TK, RH, BvdW, LB, CR, CE, MK, FMS, MA, RPM, TH, 

FD, DJP, and MS contributed to the acquisition and analysis of data. 

AT, LL, NHM, CAB, BB, DJP, and MS contributed to drafting the text and preparing the 

figures. 

 

 

Potential conflicts of interests: 

All authors report no competing interests related to the current manuscript.  

 
 

This article is protected by copyright. All rights reserved.



References 

1. Synofzik M, Puccio H, Mochel F, Schöls LJN. Autosomal Recessive Cerebellar Ataxias: Paving 
the Way toward Targeted Molecular Therapies. 2019;101(4):560-83. 
2. Rossi M, Anheim M, Durr A, et al. The genetic nomenclature of recessive cerebellar ataxias. 
Movement Disorders. 2018;33(7):1056-76. 
3. Lagier-Tourenne C, Tazir M, López LC, et al. ADCK3, an ancestral kinase, is mutated in a form 
of recessive ataxia associated with coenzyme Q10 deficiency. 2008;82(3):661-72. 
4. Mollet J, Delahodde A, Serre V, et al. CABC1 gene mutations cause ubiquinone deficiency 
with cerebellar ataxia and seizures. 2008;82(3):623-30. 
5. Chang A, Ruiz-Lopez M, Slow E, Tarnopolsky M, Lang AE, Munhoz RP. ADCK3-related 
Coenzyme Q10 Deficiency: A Potentially Treatable Genetic Disease. Movement disorders clinical 
practice. 2018;5(6):635-9. 
6. Mignot C, Apartis E, Durr A, et al. Phenotypic variability in ARCA2 and identification of a core 
ataxic phenotype with slow progression. Orphanet J Rare Dis. 2013 Oct 28;8:173. 
7. Galosi S, Barca E, Carrozzo R, et al. Dystonia-Ataxia with early handwriting deterioration in 
COQ8A mutation carriers: A case series and literature review. Parkinsonism & Related Disorders. 
2019. 
8. Horvath R, Czermin B, Gulati S, et al. Adult-onset cerebellar ataxia due to mutations in 
CABC1/ADCK3. J Neurol Neurosurg Psychiatry. 2012 Feb;83(2):174-8. 
9. Mallaret M, Renaud M, Redin C, et al. Validation of a clinical practice-based algorithm for the 
diagnosis of autosomal recessive cerebellar ataxias based on NGS identified cases. J Neurol. 2016 
Jul;263(7):1314-22. 
10. Schmitz-Hübsch T, du Montcel ST, Baliko L, et al. Scale for the assessment and rating of 
ataxia: development of a new clinical scale. Neurology. 2006 Jun 13;66(11):1717-20. 
11. Anheim M, Monga B, Fleury M, et al. Ataxia with oculomotor apraxia type 2: clinical, 
biological and genotype/phenotype correlation study of a cohort of 90 patients. Brain. 2009 
Oct;132(Pt 10):2688-98. 
12. McLaren W, Gil L, Hunt SE, et al. The Ensembl Variant Effect Predictor. Genome Biol. 2016 Jun 
6;17(1):122. 
13. Kircher M, Witten DM, Jain P, O'Roak BJ, Cooper GM, Shendure J. A general framework for 
estimating the relative pathogenicity of human genetic variants. Nat Genet. 2014 Mar;46(3):310-5. 
14. Vaser R, Adusumalli S, Leng SN, Sikic M, Ng PC. SIFT missense predictions for genomes. 
Nature protocols. 2016 Jan;11(1):1-9. 
15. Adzhubei IA, Schmidt S, Peshkin L, et al. A method and server for predicting damaging 
missense mutations. Nat Methods. 2010 Apr;7(4):248-9. 
16. Shihab HA, Rogers MF, Gough J, et al. An integrative approach to predicting the functional 
effects of non-coding and coding sequence variation. Bioinformatics. 2015 May 15;31(10):1536-43. 
17. Stefely JA, Reidenbach AG, Ulbrich A, et al. Mitochondrial ADCK3 employs an atypical protein 
kinase-like fold to enable coenzyme Q biosynthesis. Mol Cell. 2015 Jan 8;57(1):83-94. 
18. Stefely JA, Licitra F, Laredj L, et al. Cerebellar Ataxia and Coenzyme Q Deficiency through Loss 
of Unorthodox Kinase Activity. Mol Cell. 2016 Aug 18;63(4):608-20. 
19. Reidenbach AG, Kemmerer ZA, Aydin D, et al. Conserved Lipid and Small-Molecule 
Modulation of COQ8 Reveals Regulation of the Ancient Kinase-like UbiB Family. Cell Chem Biol. 2018 
Feb 15;25(2):154-65 e11. 
20. Niesen FH, Berglund H, Vedadi M. The use of differential scanning fluorimetry to detect 
ligand interactions that promote protein stability. Nature protocols. 2007;2(9):2212. 
21. Wilke C, Bender F, Hayer SN, et al. Serum neurofilament light is increased in multiple system 
atrophy of cerebellar type and in repeat-expansion spinocerebellar ataxias: a pilot study. J Neurol. 
2018 Jul;265(7):1618-24. 
22. Schüle R, Wiethoff S, Martus P, et al. Hereditary spastic paraplegia: clinicogenetic lessons 
from 608 patients. Annals of neurology. 2016;79(4):646-58. 

This article is protected by copyright. All rights reserved.



23. Jacobi H, du Montcel ST, Bauer P, et al. Long-term disease progression in spinocerebellar 
ataxia types 1, 2, 3, and 6: a longitudinal cohort study. The Lancet Neurology. 2015;14(11):1101-8. 
24. Faul F, Erdfelder E, Lang A-G, Buchner A. G* Power 3: A flexible statistical power analysis 
program for the social, behavioral, and biomedical sciences. Behavior research methods. 
2007;39(2):175-91. 
25. Luna-Sánchez M, Díaz-Casado E, Barca E, et al. The clinical heterogeneity of coenzyme Q10 
deficiency results from genotypic differences in the Coq9 gene. EMBO molecular medicine. 
2015;7(5):670-87. 
26. Stefely JA, Pagliarini DJ. Biochemistry of mitochondrial coenzyme Q biosynthesis. Trends in 
biochemical sciences. 2017;42(10):824-43. 
27. Hikmat O, Tzoulis C, Knappskog PM, et al. ADCK 3 mutations with epilepsy, stroke-like 
episodes and ataxia: a POLG mimic? European journal of neurology. 2016;23(7):1188-94. 
28. Hewamadduma CA, Hoggard N, O'Malley R, et al. Novel genotype-phenotype and MRI 
correlations in a large cohort of patients with SPG7 mutations. Neurol Genet. 2018 Dec;4(6):e279. 
29. Reetz K, Dogan I, Hilgers R-D, et al. Progression characteristics of the European Friedreich’s 
Ataxia Consortium for Translational Studies (EFACTS): a 2 year cohort study. The Lancet Neurology. 
2016;15(13):1346-54. 
30. Gagnon C, Lessard I, Lavoie C, et al. An exploratory natural history of ataxia of Charlevoix-
Saguenay: A 2-year follow-up. Neurology. 2018;91(14):e1307-e11. 
31. Holzerova E, Danhauser K, Haack TB, et al. Human thioredoxin 2 deficiency impairs 
mitochondrial redox homeostasis and causes early-onset neurodegeneration. Brain. 
2015;139(2):346-54. 
32. Schiff M, Rustin P. Idebenone in Friedreich ataxia and Leber’s hereditary optic neuropathy: 
close mechanisms, similar therapy? Brain. 2016;139(7):e39-e. 
33. Salviati L, Trevisson E, Hernandez MAR, et al. Haploinsufficiency of COQ4 causes coenzyme 
Q10 deficiency. Journal of medical genetics. 2012;49(3):187-91. 
34. Caglayan AO, Gumus H, Sandford E, et al. COQ4 Mutation Leads to Childhood-Onset Ataxia 
Improved by CoQ10 Administration. Cerebellum. 2019 Mar 8. 
35. Freyer C, Stranneheim H, Naess K, et al. Rescue of primary ubiquinone deficiency due to a 
novel COQ7 defect using 2, 4–dihydroxybensoic acid. Journal of medical genetics. 2015;52(11):779-
83. 
36. Buyse GM, Voit T, Schara U, et al. Efficacy of idebenone on respiratory function in patients 
with Duchenne muscular dystrophy not using glucocorticoids (DELOS): a double-blind randomised 
placebo-controlled phase 3 trial. The Lancet. 2015;385(9979):1748-57. 
37. Klopstock T, Yu-Wai-Man P, Dimitriadis K, et al. A randomized placebo-controlled trial of 
idebenone in Leber’s hereditary optic neuropathy. Brain. 2011;134(9):2677-86. 
38. Prasuhn J, Brüggemann N, Hessler N, et al. An omics-based strategy using coenzyme Q10 in 
patients with Parkinson’s disease: concept evaluation in a double-blind randomized placebo-
controlled parallel group trial. Neurological Research and Practice. 2019;1(1):31. 
39. Bentinger M, Dallner G, Chojnacki T, Swiezewska E. Distribution and breakdown of labeled 
coenzyme Q10 in rat. Free Radical Biology and Medicine. 2003;34(5):563-75. 
40. Matthews RT, Yang L, Browne S, Baik M, Beal MF. Coenzyme Q10 administration increases 
brain mitochondrial concentrations and exerts neuroprotective effects. Proceedings of the National 
Academy of Sciences. 1998;95(15):8892-7. 
41. Bhagavan HN, Chopra RK. Coenzyme Q10: absorption, tissue uptake, metabolism and 
pharmacokinetics. Free radical research. 2006;40(5):445-53. 

 

 

Figure Legends  

This article is protected by copyright. All rights reserved.



Figure 1: COQ8A variants across protein domains. (A) Graphical overview of all variants 

in this study in relation to COQ8A protein structure and domains, including the mitochondrial 

targeting sequence (MTS), the transmembrane domain (TM), subdomains of the protein kinase-

like (PKL) superfamily (PKL I-IX) as well as the UbiB family-specific N-terminal extension 

(NTE), N lobe insert (NLI), and C lobe insert (CLI). Numbers indicate variant IDs specified in 

Table 1, missense variants of unknown significance are marked in grey. (B) Missense variants 

in relation to specific sequence motifs. Bold titles and letters indicate functional motifs and 

conserved amino acids of the COQ8A active site, respectively. Variants cluster predominantly 

near structural or functional motifs, except for one cluster affecting a yet undefined region.  

 

Figure 2: Molecular effects of representative COQ8A variants. (A) 3D modelling of protein 

structure and function, revealing steric and electrostatic clashes or lost interactions for 

representative COQ8A variants. Missense variants cluster around the active size of COQ8A, 

except for 3 variants including E551K. (B) SDS-PAGE analysis of purified wildtype (WT) and 

mutant COQ8AN∆250. Protein stability and folding was severely impaired in R271C, leading to 

purification failure in two preparations. (C) Compared to wildtype (WT), ATPase activity was 

impaired in variants affecting presumed non-catalytic (R301W) and catalytic regions (A338T, 

T487R) of the active site. Positive control: A339G, negative control: D507N. (D) Decrease in 

melting temperature (Tm) of purified COQ8A indicating moderate protein destabilization in 

R301W and T487R. (E) ADP nucleotide binding, which increases Tm, is impaired in A338T 

and T487R, but not in R301W. Note that VUS D326N is not predicted to lead to detrimental 

structural effects (A) and consistently yields results similar to WT in all experiments (B-E). 

 

Figure 3: Phenotypic spectrum of COQ8A-ataxia. (A) Prevalence of signs and symptoms 

in patients with COQ8A mutations (n = 59). Numerator and denominator in brackets indicate 
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the number of affected patients and the number of patients assessed for this feature, 

respectively. (B) Frequency of initial features at disease onset. 13/59 patients had more than 

one feature at onset. Note that cerebellar ataxia was only present in 68% at disease onset. (C) 

Age of onset of disease features. Number of affected patients in brackets. Box-whisker plots 

representing median, interquartile range and 95% confidence interval. (D) Frequency of the 

most prevalent features in five clusters identified by a two-step cluster analysis. Note 

cluster 1 comprising of 14 patients (24%) with a cerebellar ataxia phenotype, but none of the 

other four prevalent features (“ataxia simplex” cluster), and cluster 4 comprising of 12 patients 

(20%) with ataxia and only myoclonus or dystonia. (E, F) Genotype-phenotype associations. 

Frequency of clinical features stratified by the number of loss of function (LOF) alleles (E), 

and by clusters of missense variants in specific COQ8A motifs (F). p values represent results 

from Fisher’s exact tests.  

 

Figure 4: MRI features of COQ8A-ataxia. (A) Reported MRI findings. Numerator and 

denominator in brackets indicate the number of patients with a feature and the number of 

patients assessed for this feature, respectively. (B) Centralized analysis of original MRI 

images of 18 patients by two independent raters. Vermal cerebellar atrophy was universally 

present. Representative images highlighting cerebellar atrophy (C), cerebral atrophy (D) and 

stroke-like abnormalities (E), and infratentorial T2 hyperintensities of the dorsal pons and 

dentate nuclei (F) as a novel imaging features of COQ8-ataxia. (G) DTI analysis. z-map of 3 

individual COQ8A patients (P36, P35, P38) superimposed on the mean FA map of all controls, 

depicting voxels with a z-score < -2.5 and a cluster size of 30. In all three patients, FA values 

are reduced in the periphery of the anterior and posterior lobe, the superior cerebellar peduncle 

and pontine crossing tracts, and diffusely in supratentorial clusters. 
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Figure 5: Disease progression of COQ8A-ataxia. (A) Both overall disease and ataxia start 

early in life in COQ8A-ataxia, with 50% of patients affected before age 6 years. (B) Kaplan-

Meier analysis of disease milestones. Because of the limited number of subjects age >60 years, 

estimates above age 60 years should be interpreted with caution. (C) Cross-sectional functional 

disease progression as indicated by the Spinocerebellar Degeneration Functional Score (SDFS) 

relative to age. SDFS 3 reflects moderate ataxia with the inability to run, SDFS 6 reflects 

wheelchair dependence. Mean and 95% confidence interval based on 10-year bins. (D) Cross-

sectional ataxia progression as indicated by the individual SARA score at the last assessment 

relative to disease duration. (E) Prospective longitudinal progression of ataxia. Relative 

progression of each patient quantified by the slope of a linear regression through all available 

SARA scores. Solid and dashed lines indicate mean and 95% confidence interval. Note that 

variation in disease course/SARA ratings can appear as “improvements” even in the natural 

course of COQ8A disease (F) Sample size estimation based on longitudinal progression of 

SARA scores during the first assessment interval (0.59±0.51 per year) for a trial to detect a 

treatment effect with a power of 0.8 and a significance level of 0.05. 

 

Figure 6:  Effect of coenzyme Q10 treatment. (A) Treatment response by clinical reports, 

suggesting improvements under CoQ10 in 43% of patients. (B) Treatment response by 

longitudinal assessment. Longitudinal changes in individual subjects’ SARA scores (slope of 

a linear regression through all available SARA scores) after initiation of CoQ10 treatment. Solid 

and dashed lines indicate mean and 95% confidence interval of annualized change in SARA. 

(C) Trajectory of ataxia severity in two exemplary individual patients with longitudinal SARA 

scores both on and off treatment with CoQ10. A similar rate of each deterioration and 

improvement can be seen in these two patients, with a possible rebound after discontinuation 

of treatment in patient P6. 
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Table 1: COQ8A variants identified in this study 

Var.
ID 

Family  
ID 

cDNA  
change 

Protein  
change 

Pred. 
effect 

MAF 
gnomAD 

CADD 
Score 

SIFT Poly 
Phen2 

fathmm 
MKL 

HGMD  
/publ. 

1 44 c.11T>A I4K mis 0.0001 22.70 0 0.02 0.94 yes 
2 8 c.124_125del A42PfsTer21 fs -  - - - no 
3 8 c.148C>T Q50Ter stop - 37.00 - - 0.98 yes 
4* 48 c.238C>T H80Y mis 0.0064 15.81 0.03 0.04 0.87 yes 
5 12,37 c.248dup H85AfsTer42 fs - - - - - no 
6 1 c.447del R150EfsTer59 fs - - - - - no 
7 16,35 c.500_521 

delinsTTG 
Q167LfsTer36 fs - - - - - yes 

8 19,21,32 c.589-3C>G - can 0.0001 13.75 - - 0.40 yes 
9 36 c.620C>T P207L mis - 26.90 0 1.00 0.97 no 
10 33 c.637C>T R213W mis 0.0001 32.00 0 1.00 0.83 yes 
11 43 c.637C>G R213G mis - 27.50 0 1.00 0.86 no 
12 38 c.798_823dup L275RfsTer16 fs - - - - - no 
13 39 c.802T>C C268R mis - 25.50 0 0.47 0.96 no 
14 5,14,18, 

31 
c.811C>T R271C mis 0.0001 27.20 0 1.00 0.93 yes 

15 34 c.815G>A G272D mis - 26.00 0 1.00 0.98 yes 
16 33 c.815G>T G272V mis - 25.90 0 1.00 0.99 yes 
17 6,17,29 c.895C>T R299W mis 0.0001 32.00 0 0.97 0.91 yes 
18 2,21,22, 

24,41 
c.901C>T R301W mis 0.0001 23.20 0 0.99 0.47 yes 

19 14 c.910G>A A304T mis 0.0001 25.10 0 0.97 0.97 yes 
20 4,7 c.911C>T A304V mis 0.0001 25.20 0 0.99 0.96 yes 
21* 49 c.976G>A D326N mis 0.0001 23.40 0.11 0.10 0.92 no 
22** 51 c.993C>T F331= crypt 0.0159 8.59 - - 0.09 yes 
23 10 c.1009G>A A337T mis 0.0001 27.00 0 1.00 0.97 no 
24 1,13 c.1012G>A A338T mis 0.0001 25.30 0 1.00 0.97 no 
25 11 c.1013C>T A338V mis 0.0001 25.00 0 1.00 0.96 no 
26 9 c.1015G>A A339T mis 0.0001 25.30 0 1.00 0.97 yes 
27 42 c.1024G>T G342W mis - 26.70 0 1.00 0.97 no 
28 16,20,23 c.1042C>T R348Ter stop 0.0001 41.00 - - 0.84 yes 
29 9,30 c.1081-1_ 

1082dup 
Q360_Y361 
insTer 

can - - - - - yes 

30 38 c.1205T>C L402P mis 0.0001 29.60 0.01 1.00 0.97 no 
31 29,50 c.1228C>T R410Ter stop 0.0001 40.00 - - 0.91 yes 
32 22 c.1332_1336du

p 
E446AfsTer33 fs - - - -  no 

33 48 c.1334_1335del T445RfsTer52 fs - 34.00 - - - yes 
34 6,45,46 c.1358del L453RfsTer24 fs - 34.00 - - - yes 
35 2 c.1399-3_  

1408del 
- can - - - - - no 

36 15 c.1440delinsTT E481Ter fs - - - - - no 
37 5,18 c.1460C>G T487R mis - 28.70 0 1.00 0.98 yes 
38 28 c.1523T>C F508S mis - 32.00 0 1.00 0.99 yes 
39 3 c.1532C>T T511M mis 0.0001 24.50 0 0.94 0.97 yes 
40 44 c.1534C>T R512W mis 0.0001 23.50 0 1.00 0.39 no 
41 51 c.1645G>A G549S mis 0.0001 26.40 0.01 0.99 0.98 yes 
42 17 c.1651G>A E551K mis 0.0001 32.00 0 1.00 0.98 yes 
43 26,40,41 c.1665G>A M555I mis 0.0004 28.90 0 0.93 0.98 yes 
44 25,45,46 c.1702G>T E568Ter stop 0.0001 54.00 - - 0.98 yes 
45 3,13 c.1750_1752del T584del del - 22.70 - - - yes 
46 34 c.1813dup E605GfsTer12

5 
fs - - - - - yes 

47* 50 c.1821C>T Y607= crypt 0.0001 22.60 - - 0.93 no 
48 19,27 c.1844G>A G615D mis - 32.00 0 1.00 0.98 yes 

 
Genomic positions according to genome build GRCh37/hg19. DNA changes based on ENST00000366777.3. Protein changes 
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according to ensemble protein ID ENSP00000355739.3. Predicted effects: can = canonical splice, crypt = cryptic splice, del = 
deletion, fs = frameshift, mis = missense. MAF = minor allele frequency. CADD score = scaled Combined Annotation Dependent 
Depletion score; SIFT = Sorting Intolerant From Tolerant score; PolyPhen-2 = Polymorphism Phenotyping v2; fathmm-MKL = 
Functional Analysis through Hidden Markov Models; HGMD =  Human Gene Mutation Database. * variant of unknown significance. 
** likely not pathogenic. 
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