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Abstract
Background and Purpose: Multiple system atrophy (MSA) is a progressive, adult-onset 
neurodegenerative disorder clinically characterized by combinations of autonomic fail-
ure, parkinsonism, cerebellar ataxia and pyramidal signs. Although a few genetic factors 
have been reported to contribute to the disease, its mutational profiles have not been 
systemically studied.
Methods: To address the genetic profiles of clinically diagnosed MSA patients, exome se-
quencing and triplet repeat detection was conducted in 205 MSA patients, including one 
familial case. The pathogenicity of variants was determined according to the American 
College of Medical Genetics and Genomics and the Association for Molecular Pathology 
guidelines.
Results: In the familial patient, a novel heterozygous COQ2 pathogenic variant 
(p.Ala351Thr) was identified in the MSA pedigree. In the sporadic patients, 29 pathogenic 
variants were revealed in 21 genes, and the PARK7 p.Ala104Thr variant was significantly 
associated with MSA (p = 0.0018). Moreover, burden tests demonstrated that the patho-
genic variants were enriched in cerebellar ataxia-related genes in patients. Furthermore, 
repeat expansion analyses revealed that two patients carried the pathogenic CAG repeat 
expansion in the CACNA1A gene (SCA6), one patient carried the (ACAGG)exp/(ACAGG)
exp expansion in RFC1 and one carried the GAA-pure expansion in FGF14 gene.
Conclusion: In conclusion, a novel COQ2 pathogenic variant was identified in a familial 
MSA patient, and repeat expansions in CACNA1A, RFC1 and FGF14 gene were detected 
in four sporadic patients. Moreover, a PARK7 variant and the burden of pathogenic vari-
ants in cerebellar ataxia-related genes were associated with MSA.
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INTRODUC TION

Multiple system atrophy (MSA) is a progressive, adult-onset neu-
rodegenerative disorder clinically characterized by combinations 
of autonomic failure, parkinsonism, cerebellar ataxia and pyrami-
dal signs. The pathological hallmark of MSA is α-synuclein-positive 
glial cytoplasmic inclusion in the oligodendroglia [1,2]. Clinical di-
agnoses of probable and possible MSA have been standardized 
by international criteria, which also defined two categories based 
on the predominant phenotype: MSA-P with parkinsonism signs 
and MSA-C with cerebellar features [3]. The average age at onset 
(AAO) is approximately 55 years, and the disease follows a rapid 
clinical course, progressing from initial symptom onset to death 
within typically 6–10 years [4]. To date, our understanding of the 
aetiology and mechanism of MSA remains limited and there is no 
effective therapy.

Whilst MSA occurs mostly in sporadic cases, emerging evidence 
has suggested that genetic variants may increase its susceptibility 
[5]. In 2013, a homozygous pathogenic variant (M128V-V393A/
M128V-V393A) and compound heterozygous variants (R387X/ 
V393A) in COQ2 (OMIM 609825) were identified in two multi-
plex Japanese families. In addition, a common (V393A) and mul-
tiple rare variants in COQ2 were associated with sporadic MSA 
in Japanese and Chinese [6,7]. Moreover, the enzyme activity of 
parahydroxybenzoate-polyprenyl transferase (encoded by COQ2 
and essential for the biosynthesis of coenzyme Q10, CoQ10) was 
reduced in MSA but not in other parkinsonian disorders [8-10]. 
However, these results were not confirmed in other populations 
[11], and a large genome-wide association study (GWAS) has re-
futed the association of COQ2 and SNCA variants with MSA [12]. 
Moreover, even the EDN1, MAPT, FBXO47, ELOVL7, ZIC1 and ZIC4 
variants proposed to be associated with MSA in the GWAS study 
were not replicated by a large Chinese study [13,14]. Another re-
cent GWAS study showed genetic aetiology between MSA and 
inflammatory bowel disease with an important role of the C7 gene 
in both phenotypes [15], but the results have not been validated 
in other ethnicities. In addition, variants in other genes associated 
with Parkinson's disease (PD), including SNCA [16,17], GBA [18], 
PINK1 [19] and LRRK2 [20-22], have also been investigated for as-
sociation with MSA, but the results were controversial.

In addition, MSA and spinocerebellar ataxias (SCAs) are both 
progressive neurodegenerative disorders which can manifest cer-
ebellar dysfunctions and parkinsonism-related symptoms but are 
clinically different, such as in age at onset and progression. There 
is a diagnostic dilemma resulting from analogous manifestations be-
tween MSA and SCAs [23,24]. Most of the SCAs, for example SCA1, 
SCA2, SCA3, SCA6, SCA17, dentatorubral-pallidoluysian atrophy 
(DRPLA) and Friedreich ataxia (FRDA), are polyglutamine diseases 
caused by expansions of the trinucleotide repeats. A study showed 
a higher percentage of longer normal SCA1 allele repeats in MSA-C 
compared to MSA-P [25]. Several other studies suggested an asso-
ciation between MSA and repeat expansions in SCA6, SCA8 and 
SCA17 [24,26-28]. Thus, studies indicate that genetic testing for 

SCAs should be included for patients with MSA, especially for the 
MSA-C subtype. On the other hand, abnormal repeat expansions 
in RFC1 [29] and FGF14 [30-32] genes were also reported in MSA 
patients.

All genetic association studies in MSA carried out to date were 
conducted in comparatively small patient cohorts with a limited 
number of genetic markers. Large-scale exome/genome sequencing 
has not been reported. Here, whole-exome sequencing (WES) and 
the SCAs, RFC1 and FGF14 repeat expansion analyses were simulta-
neously performed in a Chinese cohort of 205 clinically diagnosed 
MSA patients (one familial and 204 sporadic). Several variants asso-
ciated with the disease have been identified, highlighting the impor-
tance of genetic analysis for the disease aetiology.

MATERIAL S AND METHODS

Study design and participants

A total of 204 sporadic and 1 familial MSA patients were recruited 
from May 2017 to January 2022 in Xuanwu Hospital of Capital 
Medical University. All the patients were evaluated by at least one 
senior neurologist and the diagnosis was based on the diagnostic 
guidelines [3]. Moreover, motor symptoms were assessed using 
the Unified Multiple System Atrophy Rating Scale (UMSARS) I, II, 
IV. Non-motor symptoms were assessed using the Non-Motor 
Symptoms Scale (NMSS), Scales for Outcomes in Parkinson's 
Disease—Autonomic (SCOPA-AUT), Montreal Cognitive Assessment 
(MoCA), Rapid Eye Movement Sleep Behaviour Disorder Screening 
Questionnaire—Hong Kong (RBDQ-HK), Hamilton Depression Scale 
(HAMD) and Hamilton Anxiety Scale (HAMA). In addition, 552 
healthy subjects were assessed as normal controls.

This study was approved by the Institutional Review Board 
and Ethics Committee of the Xuanwu Hospital of Capital Medical 
University. Written informed consent was obtained from each par-
ticipant or their legal guardian before they were included in the 
study.

Exome sequencing

For exome sequencing, whole-blood-derived DNA from all the re-
cruited subjects was captured to generate a sequencing library using 
the Agilent SureSelect Human All Exon V6 Kit (Agilent Technologies, 
Santa Clara, CA, USA) according to the manufacturer's protocol. 
The prepared libraries were sequenced on the HiSeq-2000 platform 
(Illumina, San Diego, CA, USA). The sequenced reads were aligned to 
the human genome (GRCh37/hg19). Reads were then aligned to the 
targeted regions and collected for single nucleotide polymorphism 
(SNP) calling and subsequent analysis using the Burrows–Wheeler 
Aligner software. The low-quality variations (quality control pre-
processing including adaptor reads ratio, low-quality reads ratio, 
cycle number of AT or GC severe separation, ratio of AT or GC 
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separation, quality score (Q20/Q30) and GC content) were filtered 
out. Variants were annotated using Realigner Target Creator in the 
Genome Analysis Toolkit and the ANNOVAR [33] program, and 
all variants were annotated for minor-allele frequency (MAF) vari-
ant effect; Exome Aggregation Consortium (http://​exac.​broad​insti​
tute.​org/​) and Genome Aggregation Database (https://​gnoma​d-​sg.​
org/​) were employed as the sources of reference variant frequen-
cies. SIFT, PolyPhen-2 and Rare Exome Variant Ensemble Learner 
(REVEL) pathogenicity prediction algorithms were utilized to esti-
mate the variants' effect on protein function.

Bioinformatic analysis of the exome sequencing

According to the American College of Medical Genetics and 
Genomics and the Association for Molecular Pathology (ACMG/
AMP) criteria [34] and updated advice in ClinGen [35], the poten-
tial rare (MAF <0.01) coding variants were defined based on the 
Bayesian classification framework [36]. In general, all the variants 
were evaluated via the population frequency data, literature/da-
tabase query (including specificity of phenotype or family history, 
case–control data/rare variant, segregation data, de novo occur-
rence, allelic data, experimental evidence), variant-type-specific 
analysis, pathogenicity prediction algorithms and hot spot and/or 
functional domain evidence. Finally, each variant was classified into 
one of the following five categories: pathogenic (P), likely pathogenic 
(LP), uncertain significance (VUS), likely benign (LB) and benign (B).

The rare pathogenic coding variants in genes categorized into 
the following types were analysed for their association with MSA. 
As listed by Online Mendelian Inheritance in Man (OMIM, https://​
omim.​org), GeneReviews online website (https://​www.​ncbi.​nlm.​
nih.​gov/​books/​​) and reliable literatures, 85 genes were listed to be 
associated with MSA, including 13 CoQ10 biosynthetic pathway-
related genes, 15 PD-related genes and 57 cerebellar ataxia-related 
genes. In addition, genes involved in other popular neurodegener-
ative disorders, including Alzheimer's disease (AD), amyotrophic 
lateral sclerosis (ALS), hereditary spastic paraplegia (HSP), dystonia, 
neurodegeneration with brain iron accumulation and cardiovascular 
disease, were analysed. In sum, a total of 216 genes were analysed 
(Appendix S1).

Exome-wide copy number variants (CNVs) analysis

Exome-wide copy number variants (CNVs) were identified with the 
CNVkit [37]. High-candidate CNVs were indicated by the following 
criteria: (1) CNV size >10 kb and <1 Mb; (2) CNVs across exon probes 
>10; (3) log 2 ratios <−1.1 for deletion and >1.1 for duplication; (4) 
only keep high-level amplifications (five copies or more) and ho-
mozygous deletions (0 copies). CNVs with 1 bp overlap amongst dif-
ferent individuals were merged using BEDTools [38]. The frequency 
of CNVs in healthy controls was calculated by the proportion of indi-
viduals with CNVs located in the merged CNV region.

Repeat expansion analysis for SCA loci

All the MSA patients were tested for pathogenically expanded re-
peat insertions in genes (ATXN1, ATXN2, ATXN3, CACNA1A, ATXN7, 
ATXN8OS, PPP2R2B, TBP, ATN1 and FXN) known to cause SCAs. The 
CAG/CTG repeats in each gene were amplified using fluorescence-
based polymerase chain reaction (PCR) amplification [39]. The 
amplified fluorescence-labelled PCR products were analysed by 
capillary electrophoresis on an ABI sequencer (Applied Biosystems). 
The repeat lengths were calculated using the fragment analysis tool 
in the GeneMarker® HTS (USA) and confirmed by Sanger sequenc-
ing using unlabelled primers (Appendix S2).

Repeat expansion analysis for FGF14

The FGF14 repeat locus was amplified by long-range flanking PCR. 
The number of repeat units was estimated by means of agarose gel 
electrophoresis in a 3730xL Genetic Analyzer (Applied Biosystems). 
The motif of the repeat locus in patients and controls who had large 
amplification products on long-range flanking PCR was analysed by 
repeat-primed PCR to ascertain the presence of a GAA repeat ex-
pansion. Allele sizes were determined using GeneScan 1200 LIZ Size 
Standard (Applied Biosystems).

Repeat expansion analysis for RFC1

The polymerase chain reaction (PCR) assays were performed as 
previously described [29]. Briefly, DNA was tested by long-range 
flanking PCR and repeat-primed PCR in RFC1. Long-range flanking 
PCR was utilized for the preliminary screening, and repeat-primed 
PCR was performed for qualitative assessment of motifs, including 
(AAAAG)exp, (AAAGGG)exp, (AAAGG)exp, (AAGGG)exp, (ACAGG)
exp and (AGGGG)exp. The PCR products were subjected to capil-
lary electrophoresis utilizing the 3730xL Genetic Analyzer (Applied 
Biosystems). Allele sizes were determined using GeneScan 1200 LIZ 
Size Standard (Applied Biosystems).

Statistical analysis

Low-frequency and common variants located in the coding region 
in all genes were tested for deviations from Hardy–Weinberg equi-
librium using PLINK [40]. Nominal p values were corrected for the 
number of variants tested using Bonferroni correction. The burden 
test for pathogenic rare coding variants was performed using the 
sequence kernel association test (SKAT-O) with EPACTS 3.2.6 soft-
ware (https://​csg.​sph.​umich.​edu/​kang/​epacts/​downl​oad/​).

Normal distribution was evaluated using the Shapiro–Wilk test. 
All data were compared between groups according to the normal-
ity of their distributions. The t test was used for normally distrib-
uted data, and the Kruskal–Wallis test was used for skewed data to 
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compare differences between groups. All statistical analyses were 
performed using IBM SPSS Statistics® v22.0.0.0 (2013, SPSS Inc., 
Chicago, IL, USA) and GraphPad Prism® v6.0 (2009, GraphPad 
Software Inc., La Jolla, CA, USA). p values less than 0.05 were con-
sidered statistically significant.

RESULTS

Demographic data of the participants

The demographic and clinical features of the participants are listed in 
Table 1. All the sporadic patients received detailed clinical interviews 
and physical examinations. The mean AAO of motor symptoms was 
56.1 ± 8.0 years, the average age at cohort entry was 59.2 ± 8.3 years 
and the average age at first diagnosis was 58.2 ± 9.3 years. The dis-
ease durations were 3.0 ± 2.6 years. In addition, 44.6% (n = 91) of pa-
tients had orthostatic hypotension and 79.9% (n = 163) of patients 
had a urinary disorder. Amongst all the patients, 63 (30.8%) were 
classified as MSA-P and 141 (69.1%) as MSA-C subtype. For treat-
ment, 7.4% (n = 15) of patients were responsive to l-dopamine, 8% 
(n = 18) were responsive for short time and 79.9% (n = 163) were 
irresponsive. The patients had severe non-motor symptoms which 
were assessed by scales including the NMSS (40.1 ± 24.8), SCOPA-
AUT (14.4 ± 9.4), MoCA (21.7 ± 5.5), RBDQ-HK (24.3 ± 16.8), HAMD 
(7.4 ± 5.9) and HAMA (8.0 ± 5.8). Moreover, most of the patients had 
severe motor symptoms (part I 16.3 ± 9.8, part II 19.8 ± 10.9 and part 
IV 2 (2, 3) (median, 25th to 75th percentile)).

Familial MSA patients caused by a heterozygous 
pathogenic variant in COQ2

In our study, a heterozygous c.901G>A (p.Ala301Thr) variant was 
found in a family of five patients with MSA (III-4 and III-5) or promi-
nent idiopathic rapid eye movement sleep behaviour disorder (RBD) 
symptoms (II-3, II-4 and IV-1) (Figure 1a). The 47-year-old proband 
(III-4) mainly presented with parkinsonism (rigidity, bradykinesia and 
postural instability), autonomic (orthostatic hypotension, diarrhoea, 
frequent and urgent urination) and non-motor symptoms (sleep 
movement disorder, fatigue, cognition decline, depression and anxi-
ety) since his 20s. Brain magnetic resonance imaging (MRI) showed 
mild cerebellar and brainstem atrophy (Figure 1b). His 45-year-old 
younger brother (III-5) displayed more severe autonomic symp-
toms (orthostatic hypotension, diarrhoea, frequent urination) and 
non-motor symptoms (polysomnography confirmed RBD, fatigue, 
depression and anxiety) at onset since his 20s. With the disease 
progression, parkinsonian (prominent postural instability and mild 
tremor) and cerebellar (ataxia and slurred speech) symptoms oc-
curred in the recent 2 years. In addition, II-4 (the proband's mother) 
had only RBD symptoms since her 30s and did not develop other 
symptoms; she died at 74 years old. Her CoQ10 level in serum was 
463 μg/L, which was close to the lower normal level (normal range 

400–1600 μg/L). Similarly, II-3 (the proband's uncle) and IV-1 (the 
proband's son) had complained about sleep movement disorder and 
urination function disturbance since youth. However, II-3 did not 
develop motor symptoms before death. Further, IV-2 (the proband's 
niece) carried the variant but did not display any symptoms at 

TA B L E  1 The demographic and clinical features of the study 
participants.

Clinical features
MSA 
(n = 204)

Controls 
(n = 552)

Demographic data

Gender, n (%)

Male 112 (54.9%) 217 (39.3%)

Female 92 (45.1%) 335 (60.7%)

Education, years ± SD 9.6 ± 4.0 10.8 ± 3.3

Age at motor onset, 
mean ± SD

56.1 ± 8.0 NA

Age at cohort entry, 
mean ± SD

59.2 ± 8.3 
(35,84)

69.8 ± 7.7 
(51,93)

Age at first diagnosis, 
mean ± SD

58.2 ± 9.3 NA

Disease duration, mean ± SD 3.0 ± 2.6 NA

Orthostatic hypotension 
(yes, %)

91, 44.6% NA

Urinary disorder (yes, %) 163, 79.9% 255, 46.2%

Disease subtypes, n (%)

MSA-C 141, 69.1% NA

MSA-P 63, 30.8% NA

Response to l-dopamine (yes, %)

Effective 15, 7.4% NA

Initially effective 18, 8.8% NA

Not effective 163, 79.9% NA

Not taking l-dopamine 8, 3.9% NA

Clinical assessment

NMSS 40.1 ± 24.8 20.4 ± 17.6

SCOPA-AUT 14.4 ± 9.4 4.8 ± 4.3

MoCA 21.7 ± 5.5 24.4 ± 3.9

RBDQ-HK 24.3 ± 16.8 8.5 ± 9.8

HAMD 7.4 ± 5.9 3.5 ± 4.1

HAMA 8.0 ± 5.8 5.4 ± 4.8

UMSARS

Part I 16.3 ± 9.8 0.5 ± 1.4

Part II 19.8 ± 10.9 0.2 ± 0.9

Part IV (median (25th, 75th 
percentile)

2 (2, 3) 1 (1, 1)

Abbreviations: HAMA, Hamilton Anxiety Scale; HAMD, Hamilton 
Depression Scale; MoCA, Montreal Cognitive Assessment; MSA, 
multiple system atrophy; NMSS, Non-Motor Symptoms Scale; 
RBDQ-HK, Rapid Eye Movement Sleep Behaviour Disorder 
Questionnaire—Hong Kong; SCOPA-AUT, Scales for Outcomes in 
Parkinson's Disease—Autonomic Questionnaire; UMSARS, Unified 
Multiple System Atrophy Rating Scale.
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F I G U R E  1 The genetic and clinical characteristics of the family with clinically diagnosed MSA. (a) The pedigree chart and Sanger 
sequencing. (b) The brain MRI of III-4 and III-5. (c) The demographic features, motor and non-motor symptoms and medication condition 
of four symptomatic patients and one pre-symptomatic subject in the family. (d) Structure of the COQ2. AAO, age at onset; MRI, magnetic 
resonance imaging; MSA, multiple system atrophy; RBD, rapid eye movement sleep behaviour disorder.
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16 years old. For treatment, a large dose of CoQ10 supplement 
(200–500 mg/day) was given to III-4, III-5 and IV-1 4 years ago, and 
the motor symptoms were alleviated significantly in III-4 and III-5 
(Figure 1c). The serum CoQ10 concentrations were all in the normal 
range in these three patients.

As for the variant, the COQ2 p.Ala351Thr was categorized as 
LP according to ACMG/AMP guidelines [34] and Sequence Variant 
Interpretation (SVI) advice: two pathogenic moderate (PM) and two 
pathogenic supporting (PP) pieces of evidence. The details were as 
follows:

•	 PP4_Moderate (2 points): highly specific phenotypes in patients 
carrying variants in COQ2, but not other genes related to CoQ10 
deficiency, with good response to CoQ10 supplement.

•	 PM1 (2 points): well-studied functional domain without benign 
variation, as indicated by the 3D structural analysis (Figure 1d).

•	 PM2_Supporting (1 point): absence in multiple ethnic populations 
in the Genome Aggregation Database, 1000 Genomes Project or 
Exome Aggregation Consortium.

•	 PP1 (1 point): three segregations.

Pathogenic rare variants and CNVs in genes related 
to MSA

Exome sequencing was performed in DNA samples from all sporadic 
MSA patients and controls. The overall sequencing data size was 
13.44 Gb in the cases and 14.65 Gb in controls. The mean sequenc-
ing depth was 124.64× in cases and 129.75× in controls. The mean 
coverage of reads with a sequencing depth of ≥20× was 96.61% 
in cases and 95.15% in controls. The on-target rate was 52.05% in 
cases and 53.69% in controls (Appendix S3).

As described in Table 2, in total 29 LP/P heterozygous variants 
were found in 21 of 80 known MSA-associated genes, including three 
CoQ10-related genes (COQ2, COQ8A, COQ8B), seven parkinsonism-
related genes (PARK7, ATP13A2, PINK1, GBA, LRRK2, VPS13C, PRKN) 
and 11 cerebellar-ataxia-related genes (COX20, POLR3A, TPP1, 
CAPN1, ATM, SACS, PNKP, XRCC1, SYNE1, RNF216, SETX). According 
to OMIM, LRRK2 is associated with the autosomal dominantly in-
herited disease (PARK8); COQ2 and SETX are associated with auto-
somal dominant/autosomal recessive conditions, and the remaining 
18 genes are all associated with autosomal recessive conditions. Of 
all the variants, 51.7% were missense, 24.1% were frameshift, 13.8% 
were stop_gained and 10.3% were splicing variants. According to 
the ACMG/AMP (2015) classification, 10 variants were defined as 
P and 19 as LP, and 19 were reported in the ClinVar database. The 
association study showed that only one pathogenic variant, PARK7 
p.Ala104Thr, was significantly associated with MSA (p = 0.0018). All 
the five cases (four female and one male) carrying the variant were 
diagnosed with MSA-C, and the AAOs ranged from 44 to 74 years 
(Table 3).

The burden tests suggested that rare pathogenic coding vari-
ants were significantly enriched in cerebellar-ataxia-related genes 

(p = 1.56E-05; adjusted p = 8.89E-04) in MSA patients, followed by 
the parkinsonism-related genes (p = 0.0124; adjusted p = 0.186) and 
CoQ10-deficiency-related genes (p = 0.0204; adjusted p = 0.265) 
(Appendix  S4). Furthermore, amongst 216 genes associated with 
other neurodegenerative disorders, a total of 26 LP/P variants were 
identified in 17 genes (Appendix  S5). These variants were signifi-
cantly enriched in MSA patients (28/204, 13.7%), compared with 
the controls (28/552, 5.07%) (p = 2.34E-04; odds ratio 4.42, 95% 
confidence interval 2.64–7.11) (Appendix S5). Furthermore, a WES-
based CNV detection was also performed, and no pathogenic CNV 
was observed (Appendix S6).

Repeat expansions in SCA, FGF14 and RFC1 genes

In the repeat expansion analysis, two of 204 patients (0.98%) were 
found to carry the abnormal SCA6 expanded repeats (patient M034 
14/21; patient M126 14/19; normal range 4–18); one patient (pa-
tient M132) (0.49%) carried a pathogenic (ACAGG)exp/(ACAGG)
exp in RFC1 and one patient (patient M084) (0.49%) carried an 
uninterrupted GAA-pure expansion with >300 repeats in FGF14 
(Figure 2a). For the two SCA6 patients, patient M034 was diagnosed 
with MSA-P and showed mild cerebellar and brainstem atrophy in 
brain MRI (Figure 2b). In contrast, patient M126 was diagnosed with 
MSA-C. She had onset of ataxia at 59 years of age and 1 year later 
developed severe ataxia and inability to walk alone. Moreover, she 
also had RBD and orthostatic hypotension. Brain MRI showed cer-
ebellar and brainstem atrophy (‘cross sign’) (Figure 2c) and her motor 
symptoms were severe, as indicated by UMSARS I, II and IV. For 
the two patients carrying abnormal variants in the RFC1 and FGF14 
genes, they showed prominent cerebellar and brainstem atrophy 
(Figure 2d,e) and were clinically diagnosed as MSA-mixed.

DISCUSSION

In our cohort of clinically diagnosed MSA patients, a novel COQ2 
pathogenic variant in a family with MSA and a PARK7 variant as-
sociated with the sporadic cases were identified. Abnormal repeat 
expansions of SCA6 (CACNA1A gene) in two patients, RFC1 gene 
in one patient and FGF14 gene in one patient were also detected. 
Moreover, significantly enriched rare P/LP coding variants were 
found in genes related to cerebellar ataxia in MSA. Combined, these 
results demonstrated that the genetic aetiology of cerebellar ataxia, 
parkinsonism and other neurodegenerative disorders may contrib-
ute to the development of MSA.

Large numbers of studies have been reported concerning the ge-
netic basis and pathogenesis of MSA. Multiple categories of genes 
have been identified ad proposed: (i) PD-related genes, such as 
SNCA [17,41,42], GBA [18], LRRK2, DDC, TH and NMD3; (ii) oxidative-
stress-related genes, such as COQ2 [6,7,41,43-47] and SLC1A4; (iii) 
genes with short-tandem repeat expansion, such as SCAs (SCA1, 2, 
3, 6, 7, 8, 10, 12, 17, 36, DRPLA, FRDA), C9orf72, RFC1, FGF14 and 
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NOTCH2NLC; (iv) GWAS-identified genes MAPT [12,48], FBXO47, 
ELOVL7, EDN1, USP38-DT, KCTD7 and lnc-KCTD7-2. Amongst these 
[5], the C9orf72 GGGGCC repeat expansion and several SNCA vari-
ants were associated with MSA in a European population, but these 
findings could not be replicated in Asian populations. In contrast, 
COQ2 variants (e.g., V393A, S107T, M128R, M128V) have been 
reported to be associated with MSA-C in East Asians, but none of 
these was replicated in European, North American or Caucasian 

populations. Variants in GBA, MAPT, SLC1A4, NOTCH2NLC and other 
genes were reported to be associated with the disease, but most did 
not survive replications in diverse populations [5]. Thus, although 
these are interesting observations from genetic studies in MSA, they 
must be interpreted with caution. To date, no large familial MSA 
pedigrees and monogenic forms have been identified.

Our findings added new evidence supporting that a heterozy-
gous variant in the COQ2 gene may cause familial MSA. In the MSA 

TA B L E  2 LP/P variants identified in MSA-related genes.

Gene AA changes MAF
Variant 
classification ACMG/AMP evidence

Frequency

p valueCase Control

CoQ10-deficiency-related genes (n = 4)

COQ2 R221* LP PVS1 + PM2_PP 1 0 0.0998

COQ8A S616Lfs*114 6.40E-04 P PVS1 + PM2_PP + PM3 1 0 0.0998

COQ8A c.655 + 1G>A LP PVS1 + PM2_PP 1 0 0.0998

COQ8B S246N 1.90E-03 P PM1 + PM2_PP + PM3_VS + PP1_S 1 1 0.4628

Parkinsonism-related genes (n = 11)

PARK7 A104T 2.60E-03 P PM2_
PP + PP2 + PP3 + PS3 + PM3_S

5 1 0.0018

ATP13A2 A746T 1.70E-03 P PM2_PP + PS3_PP + PM3_VS 3 4 0.3418

PINK1 R407Q 9.80E-04 LP PP3 + PM3 + PM2_PP + PP1_S 1 2 0.8039

GBA T408M 7.60E-03 LP PM1 + PP3 + PS4_M + PM2_PP 1 0 0.0998

GBA F252I 3.20E-05 LP PP3 + PM2_PP + PS4_PP + PS3 2 0 0.0198

LRRK2 P755L 9.50E-03 P PS4 + PP1_S + PM5 5 7 0.2481

LRRK2 E1874* P PVS1 + PM2_PP + PS4_PP 1 0 0.0998

VPS13C R567* 3.20E-05 LP PVS1 + PM2_PP 1 0 0.0998

PRKN L272I 1.60E-03 LP PM1 + PP3 + PM5 + PM3 + PM2_PP 1 0 0.0998

PRKN A82E 4.7E-03 LP PM1 + PM3_PP + PP3 + PS3_
PP + PP1

1 0 0.0998

Cerebellar-ataxia-related genes (n = 14)

COX20 K14R 3.23E-05 P PM3_S + PM2_PP + PS3_
PP + PP1_M

1 0 0.0998

POLR3A L1122Ffs*19 LP PVS1 + PM2_PP 1 0 0.0998

TPP1 R266W 2.60E-04 LP PM1 + PM5 + PM2_
PP + PP3 + PM3_PP

1 0 0.0998

CAPN1 c.-2 + 1G > A 1.10E-04 LP PVS1 + PM2_PP 1 0 0.0998

CAPN1 R618W 6.10E-04 LP PM3_S + PS3_PP + PM2_PP + PP1 1 0 0.0998

ATM N1650S 9.00E-03 LP PM2_PP + BP4 + PP1 + PM3 + PS3_
PP + PP4

4 7 0.4802

ATM P453Tfs*34 LP PVS1 + PM2_PP 1 0 0.0998

SACS R728* 1.20E-04 P PVS1 + PM2_PP + PM3 + PP1 1 0 0.0998

PNKP V69Sfs*2 0 LP PVS1 + PM2_PP 1 0 0.0998

XRCC1 S525* LP PVS1 + PM2_PP 1 1 0.4628

SYNE1 N8640Ifs*7 LP PVS1 + PM2_PP 1 0 0.0998

RNF216 c.1224 + 2C > T 6.40E-04 LP PVS1 + PM2_PP 1 0 0.0998

SETX p.E1770Ifs*15 3.18E-05 P PVS1 + PM2_PP + PP1_S + PM3_PP 1 0 0.0998

SETX p.R502W 8.10E-04 LP PM2_PP + PP3 + PS4_M + PP1_M 1 0 0.0998

Abbreviations: ACMG/AMP, American College of Medical Genetics and Genomics and the Association for Molecular Pathology; LP, likely pathogenic; 
Mallele frequency; P, pathogenic; PP, supporting; S, strong; VS, very strong.
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family, all patients carrying the A301T variant sequentially devel-
oped the RBD symptoms and symptoms of autonomic dysfunction, 
ataxia and parkinsonism in the 30s–40s, supporting the diagnosis 
of MSA. Accumulating evidence has demonstrated the associations 
of COQ2 variants with MSA, although the causative biallelic vari-
ants were only reported in Japanese MSA families [6]. However, the 
molecular mechanisms of the COQ2 variant in MSA remain unclear. 
A study showed that certain COQ2 and SNCA SNPs interact with 
common environmental factors to modulate MSA aetiology [41]. A 
Japanese study suggested that a CoQ10 decrease was related to 
neuronal death in cells derived from induced pluripotent stem cells 
(iPSCs) of patients carrying the R387*/V393A variant [46]. However, 
our and others' studies suggested that the heterozygous A301T vari-
ant also caused the reduced CoQ10 level and the development of 
MSA [8-10]. Moreover, there were studies suggesting that CoQ10 
may inhibit the recycling of vitamin E and lead to ataxia [46,49]. 
However, it remains undetermined how the reduction of CoQ10 
causes degeneration of the dopaminergic neurons.

Our results provide evidence for the association of the PARK7 
Ala104Thr variant with MSA, which is similar to that with PD [50]. 
In addition, there is a study demonstrating that cerebrospinal fluid 
DJ-1 (PARK7) levels performed well in distinguishing MSA from PD 
and controls (area under the curve 0.84 and 0.94, respectively) [51]. 
DJ-1 is a small multifunctional protein that functions primarily as 
an antioxidant and plays roles in the modulation of anti-apoptotic 
and anti-inflammatory pathways. It is abundantly expressed in re-
active astrocytes of patients with neurodegenerative diseases. 
Biochemical studies indicated the presence of modified DJ-1 protein 
in the sarcosyl-insoluble fractions prepared from MSA brain [52]. The 
X-ray structure revealed that the Ala104Thr variant may perturb the 
central β-sheet and cause a loss of dimerization, which further leads 
to deficits in inhibiting α-synuclein fibrillization [53]. Moreover, the 
variant could affect the methylglyoxal detoxification activity of DJ-1 
[54]. However, this variant is relatively common in the East Asian 
(0.001754) and Latino/Admixed American (0.001467) populations. 
In our study, there was one carrier in the control subjects but he 
did not show ataxic, autonomous or parkinsonian symptoms. These 
observations suggest that this a risk, but not a causative, variant.

In our study, two sporadic MSA patients with an expansion of the 
CAG repeats in SCA6 (CACNA1A) were found. Usually, 20–33 CAG 
repeats are considered to be pathogenic, and fewer than 18 repeats 
are benign [55,56]. SCA6 was previously considered as an almost 
purely cerebellar disease characterized by isolated cerebellar ataxia 
without major non-ataxia signs [57]. However, there have been some 
SCA6 cases with mixed manifestations, including urinary dysfunc-
tion, parkinsonism and so on [28,58,59]. Distinguishing MSA-C from 
SCA is difficult in clinical practice due to the phenotype overlap 
[60], and SCA6 is recognized as the most common (36%) dominant 
SCA mutation in sporadic cerebellar ataxia [61]. Thus, it is conceiv-
able that the misdiagnosis of these two diseases is very common. 
Therefore, the genetic testing for SCAs, especially SCA6, should be 
included in the diagnosis of MSA.

Multiple system atrophy is clinically and pathologically related 
to cerebellar ataxia. In this study, it was found that pathogenic 
rare coding variants amongst cerebellar-ataxia-related genes were 
highly enriched in MSA patients, especially in MSA-C. Consistent 
with our cohort, natural history studies indicated that the majority 
of MSA patients diagnosed in Asia have predominant cerebellar 
ataxia [62]. Imaging screening demonstrates that the degree of 
morphological changes in the Purkinje cells is more pronounced in 
MSA-C than MSA-P and PD [63]. In our findings, COX20, POLR3A 
and SYNE1 are mainly expressed in cerebellum (https://​www.​
gtexp​ortal.​org/​) and encode proteins involving the assembly of 
mitochondrial complex IV [64], the expression of RNA polymerase 
III [65] and linking the nuclear plasma membrane to the actin cy-
toskeleton [66], which may be involved in MSA. The enrichment 
of pathogenic variants in genes provided strong genetic evidence 
supporting the mechanistic link between MSA, cerebellar ataxia 
and other neurodegenerative diseases. These observations pro-
vide direct evidence supporting the polygenic mechanism of MSA, 
and functional studies involving multiple events in cerebellar dys-
function and other neurodegenerations are warranted to explore 
the mechanisms of the disease. Expansions in RFC1 in one patient 
and FGF14 gene in another were also identified. These validated 
the previous findings that the mutations in these two genes can 
be identified in 1%–2% of MSA patients [31,67]. The findings also 

TA B L E  3 Clinical information in five cases with PARK7 p.A104T variant.

Case no. Sex
Age at onset 
(years)

Education 
(years) Subtype

Duration 
(years) MoCA RBDQ-HK

UMSARS

NMSSI II IV

M051 Female 44 5 MSA-C 3 25 58 11 10 1 66

M141 Female 53 0 MSA-C 0.1 5 36 23 52 4 72

M126 Female 59 11 MSA-C 1 30 49 10 7 1 21

19009260 Male 61 8 MSA-C 1 27 38 12 11 1 36

M020 Female 74 14 MSA-C 3 29 69 8 7 1 48

Abbreviations: MoCA, Montreal Cognitive Assessment; MSA-C, multiple system atrophy with predominant cerebellar ataxia; NMSS, Non-Motor 
Symptoms Scale; RBDQ-HK, Rapid Eye Movement Sleep Behaviour Disorder Questionnaire—Hong Kong; UMSARS, Unified Multiple System Atrophy 
Rating Scale.

https://www.gtexportal.org/
https://www.gtexportal.org/
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highlighted the importance of screening the mutations using the 
long-read sequencing strategies as a regular genetic testing of 
MSA.

In conclusion, by WES and repeat expansion analysis, a novel 
COQ2 pathogenic variant in familial MSA and a pathogenic repeat 
expansion variant of SCA6 gene in two sporadic MSA cases were 
identified. A variant significantly associated with the disease was 

also identified and the significantly enriched P/LP rare variants in 
genes causative for cerebellar ataxia and neurodegenerative disor-
der in the MSA patients were revealed. However, one of the limita-
tions in our study is that the follow-up data, such as early dropout 
and death, are absent in our cohort. These findings highlight the ge-
netic aetiology of MSA and provide direct evidence for a polygenic 
basis of the disorder.

F I G U R E  2 The clinical characteristics of two patients with SCA6, RFC1 and FGF14 abnormal expanded repeat alleles. (a) The clinical 
scale scores and genetic data. MRI, magnetic resonance imaging. (b), (c) Routine brain MRI of the two patients with SCA6: (b) patient M034; 
(c) patient M126. (d) The sequencing data and brain MRI of patient M132. (e) The sequencing data and brain MRI of patient M084. MSA-P, 
MSA with predominant parkinsonism; MSA-C, MSA with predominant cerebellar ataxia; MSA-C + P, MSA with predominant cerebellar ataxia 
and parkinsonism; MoCA, Montreal Cognitive Assessment; NMSS, Non-Motor Symptoms Scale; RBDQ-HK, Rapid Eye Movement Sleep 
Behaviour Disorder Questionnaire—Hong Kong; UMSARS, Unified Multiple System Atrophy Rating Scale.
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