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ABSTRACT
Background A large number of new causative and risk 
genes for amyotrophic lateral sclerosis (ALS) have been 
identified mostly in patients of European ancestry. In 
contrast, we know relatively little regarding the genetics 
of ALS in other ethnic populations. This study aims to 
provide a comprehensive analysis of the genetics of ALS 
in an unprecedented large cohort of Chinese mainland 
population and correlate with the clinical features of rare 
variants carriers.
Methods A total of 1587 patients, including 64 
familial ALS (FALS) and 1523 sporadic ALS (SALS), and 
1866 in- house controls were analysed by whole- exome 
sequencing and/or testing for G4C2 repeats in C9orf72. 
Forty- one ALS- associated genes were analysed.
Findings 155 patients, including 26 (40.6%) FALS 
and 129 (8.5%) SALS, carrying rare pathogenic/likely 
pathogenic (P/LP) variants of ALS causative genes were 
identified. SOD1 was the most common mutated gene, 
followed by C9orf72, FUS, NEK1, TARDBP and TBK1. By 
burden analysis, rare variants in SOD1, FUS and TARDBP 
contributed to the collective risk for ALS (p<2.5e- 6) 
at the gene level, but at the allelic level TARDBP 
p.Gly294Val and FUS p.Arg521Cys and p.Arg521His 
were the most important single variants causing ALS. 
Clinically, P/LP variants in TARDBP and C9orf72 were 
associated with poor prognosis, in FUS linked with 
younger age of onset, and C9orf72 repeats tended to 
affect cognition.
Conclusions Our data provide essential information for 
understanding the genetic and clinical features of ALS 
in China and for optimal design of genetic testing and 
evaluation of disease prognosis.

BACKGROUND
Amyotrophic lateral sclerosis (ALS) is one of 
the most common incurable neurodegenerative 
diseases that primarily affect the motor neurons, 
eventually resulting in progressive paralysis and 
death 3–5 years after disease onset.1 Approx-
imately 5%–10% of patients with ALS have a 
family history (FALS), while the remaining cases 
are sporadic (SALS).2

To date, variants in more than 120 genes have 
been reported to be implicated in ALS (https:// 
alsod.ac.uk). Variants in ~40 genes have been 
shown to cause or significantly increase the risk 
of ALS, although the pathogenicity of variants in 
some of the genes remains to be validated. Among 
them, C9ORF72, SOD1, FUS and TARDBP are 
the most common causative genes, accounting for 
54.5% of FALS and 7.5% of SALS in Caucasians.3 
Genetic studies of ALS in other populations have 
been reported, but largely in a small number of 
ALS genes and in small- sized cohorts. Compre-
hensive genetic studies of large ALS cohorts 
with unbiased approaches, such as whole- exome 
sequencing (WES), are limited.

In the current study, using repeat- primed PCR 
(RP- PCR) and WES, we studied a total of 1587 
patients with ALS and 1866 inhouse controls from 
a cohort of Chinese population, which represents 
one- fifth of the world’s population, to charac-
terise the genetic and clinical spectrum of ALS in 
Chinese population and provide essential infor-
mation for ALS research and clinical practice. 
The study has the following aims: (1) systemati-
cally identify pathogenic and likely pathogenic (P/
LP) (for causative genes) or deleterious (for new, 
needing to be confirmed or risk genes) variants 
of 41 known ALS- associated genes in an unprece-
dented large cohort of Chinese patients with ALS, 
summarise and compare the mutation frequencies 
of FALS and SALS, and perform gene/allele- based 
burden analyses to reveal whether rare variants of 
these genes contribute collectively to ALS; and (2) 
investigate the genotype–phenotype correlation 
in Chinese patients with ALS, which will benefit 
genetic counselling, early diagnosis intervention 
and prognostic assessment.

METHODS
Subjects
Based on the El Escorial criteria for ALS,4 a total of 
1587 patients with clinically definite and probable 
ALS admitted to the Department of Neurology of 
West China Hospital between December 2010 and 
June 2019 were recruited for this study. According 
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to a previous study,5 patients with an identifiable family history 
of ALS among first- degree, second- degree or third- degree rela-
tives were classified as ‘familial’ (FALS); otherwise patients 
were classified as ‘sporadic’ (SALS). For FALS cases, only the 
proband was analysed in the current study. Demographic and 
clinical data were collected. ALS that occurred in patients less 
than 45 years of age was considered as early- onset ALS. The 
Revised ALS Functional Rating Scale (ALSFRS- R) was applied 
to assess disease severity. According to a previous study,6 the 
progression rate was defined as: (48−‘baseline’ ALSFRS- R)/
time from onset to ‘baseline’ (months). If the ALSFRS- R 
decline was more than 0.5 per month, it was classified as fast 
progression. As described in our previous studies,7 8 cognition 
and frontal lobe functions were assessed using the Adden-
brooke’s Cognitive Examination- Revised and the Frontal 
Assessment Battery tests, respectively. A total of 1866 inhouse 
Chinese controls whose mean age was 57.9±9.0 years and 
had neither a medical nor family history of neurodegenerative 
disorders were included to assess the collective risk of rare 
variants for each candidate gene. All subjects who participated 
in the study provided informed consent prior to their partic-
ipation. Genomic DNA was collected from peripheral blood 
leucocytes using standard phenol- chloroform procedures.

Genetic analysis
Genetics analysis, including WES and RP- PCR for testing 
G4C2 repeats of C9orf72, data analysis, variant annotation, 
and haplotype analysis of special P/LP variants identified 

in more than one patient have been described in the online 
supplemental methods or in our previous studies.9 10 According 
to the Amyotrophic Lateral Sclerosis Online Database (https:// 
alsod.ac.uk/), 41 ALS causative/associated genes with varying 
degrees of genetic evidence involved in the study were clas-
sified into two categories, including 16 definitive ALS genes 
(group I, GI, or causative genes) and 25 new, needing to be 
validated or risk genes (group II, GII) (online supplemental 
table S1).

Variant identification and burden analysis
Considering the low incidence of ALS, we defined variants 
with minor allele frequency in the Genome Aggregation 
Database- East Asian (GnomAD- EAS) less than 0.0001 as 
rare variants. For the GI genes, we classified variants as P/LP, 
variants of uncertain significance (VUS), and likely benign or 
benign according to the American College of Medical Genetics 
(ACMG) recommendations.11 For the GII genes, we classified 
variants as deleterious or non- deleterious variants according to 
five functional prediction tools. The methods used for variant 
identification are described in detail in the online supplemental 
methods. The sequencing kernel association test (SKAT) and 
Fisher’s exact test were performed on the gene/allelic basis for 
genetic investigations into the collective risk of rare variants 
in 40 genes for ALS (except C9orf72). Rare variants obtained 
from ALS by WES were assigned to the case group, and rare 
variants from 1866 Chinese controls from WES were used as 
the control group (figure 1).

Figure 1 Flow chart of the study. ACMG, American College of Medical Genetics; ALS, amyotrophic lateral sclerosis; BWA: Burrows- Wheeler Aligner; GATK: 
The Genome Analysis Toolkit; GI, group I, causative genes; GII, group II, new, needing to be confirmed or risk genes; GnomAD- EAS, Genome Aggregation 
Database- East Asian; IGV: Integrative Genomics Viewer; P/LP, pathogenic or likely pathogenic; RP- PCR, repeat- primed PCR; SKAT, sequencing kernel 
association test; VUS, variants of uncertain significance.
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Statistical analysis
Comparison of continuous data was made using Student’s t- test. 
χ2 tests were used to compare categorical variables between 
the two groups. Kaplan- Meier curves were performed to 
graphically compare survival between subgroups. A two- tailed 
p<0.05 was considered statistically significant. Statistical anal-
ysis was performed using SPSS V.25.0. A Bonferroni correction 
for multiple comparisons was performed if necessary.

RESULTS
Patient demographics and data set overview
Overall, 1587 patients with ALS, including 64 (4.0%) patients 
with FALS, were included in the study. Most patients (81.5%) 
came from Sichuan Province (in South West China; figure 2A 
and online supplemental table S2) and 96.4% of them were 
Han Chinese (online supplemental table S3). In our cohort, 
the mean age of onset was 53.9±11.7 years and the peak age 
of onset was 40–70 years, which accounts for up to 80% of all 
patients. At the time of analysis, 982 patients (61.9%) died; 
the median survival time from symptom onset to death was 
40.9 years (95% CI 38.7 to 43.1) (table 1).

Genetic characteristics
Rare variants of causative genes in ALS
A total of 95 P/LP variants in ALS causative genes were 
identified in 155 patients, including 26 (40.6%) with FALS 
and 129 (8.6%) with SALS; the most frequent was missense 
(figure 2B–D, online supplemental table S4). Interestingly, 
none of one in the 155 patients carried two or more P/LP 
variants in the GI genes. The most frequent causative gene in 
FALS was SOD1 (21.9%), followed by FUS (6.3%), TARDBP 
(3.1%) and VCP (3.1%). In SALS, mutations in SOD1 were the 

most frequent (1.9%), followed by C9orf72 (1.31%), NEK1 
(1.12%), FUS (0.98%), TARDBP (0.85%) and TBK1 (0.66%). 
In addition, variants defined as VUS were found in 1.6% of 
FALS and 3.5% of SALS, respectively (figure 2C,D, online 
supplemental table S14).

Burden analysis
Although a large number of genetic studies for ALS have been 
performed in patients of European ancestry, we know rela-
tively little regarding the genetics of ALS in Chinese, espe-
cially for the GII genes. To determine whether rare variants in 
a single gene were enriched in ALS cases (ALS- associated) or 
deleted in ALS cases (ALS- protective), we evaluated the distri-
bution of rare variants, damaging (P/LP and deleterious) and 

Figure 2 Regional distribution and genetic characteristics of patients with ALS in the study. (A) Distribution of patients with ALS in the study. Most of 
them came from Southwest China. (B) Type and proportion of rare variants identified in the study. (C) Mutation frequencies of each ALS causative gene in 
FALS and proportion of rare variants of each ALS causative gene in all the identified rare variants in FALS. (D) Mutation frequencies of each ALS causative 
gene in SALS and proportion of rare variants of each ALS causative gene in all the identified rare variants in SALS. ALS, amyotrophic lateral sclerosis; FALS, 
familial ALS; SALS, sporadic ALS; VUS, variants of uncertain significance.

Table 1 Demographic features of patients with amyotrophic lateral 
sclerosis in the study

Variables Total

n 1587

Sex ratio (male/female) 1.4 (922/665)

Sporadic/familial 1523/64

Definite/probable 1094/493

Mean age at onset (years), mean±SD 53.9±11.7

Age at onset (<20/21–30/31–40/41–50/51–60/61–
70/>70)

4/32/170/392/435/435/119

Mean disease duration at registration (months), 
mean±SD

16.4±12.5

Site of onset (spinal/bulbar) 1237/350

Survival status (alive/died/lost to follow- up) 479/982/126

Median survival time (95% CI) 40.9 (38.7 to 43.1)
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non- damaging (VUS and non- deleterious) variants in the ALS 
cohort and controls from inhouse controls by SKAT (online 
supplemental table S6). In the causative genes, we found rare 
P/LP variants in SOD1, FUS, TARDBP, OPTN and UBQLN2 
passed the exome- wide significance (p<2.5E- 6) (table 2). 
Interestingly, rare P/LP variants in two genes, TBK1 and NEK1, 
identified as ALS causative genes by whole- exome analyses and 
gene burden analyses,12 13 were also enriched in ALS from our 
cohort, and the p value approached significance (p=0.008 and 
p=0.002, respectively). In the GII genes, rare damaging vari-
ants in SPG11 were significantly fewer in ALS than in controls 

(p<1.0E- 7), which might be explained in part by the observa-
tion that rare damaging variants in SPG11 contribute to the 
development of the recessive form of ALS.14 However, rare 
variants in other GII genes were not enriched in ALS cases 
by gene- level burden analyses. Detailed information of rare 
variants identified in patients and inhouse controls is shown in 
online supplemental tables S14,S15.

In order to explore which rare P/LP variants in the GI genes 
might contribute to the risk of ALS, the distribution of minor 
allele frequencies of rare P/LP variants in the GI genes between 
patients and controls was compared by standard Fisher’s exact 

Table 2 Burden analysis of rare variants ( MAF <0.0001) in ALS- associated genes among 1587 patients with ALS and 1866 inhouse controls

Genes Rare variants* P value Damaging* P value Non- damaging* P value

Causative genes

  SOD1 44, 2 <1.0E- 7 43, 1 <1.0E- 7 1, 1 0.51

  FUS 32, 13 <1.0E- 7 19, 3 <1.0E- 6 13, 10 0.286

  VAPB 5, 6 0.99 1, 0 – 4, 6 0.52

  TARDBP 19, 2 <1.0E- 7 15, 2 <1.0E- 7 4, 0 <1.0E- 7

  OPTN 11, 8 0.318 6, 0 <1.0E- 7 5, 8 0.76

  VCP 5, 2 0.114 4, 1 0.076 1, 1 0.51

  UBQLN2 7, 6 0.442 5, 0 <1.0E- 7 2, 4 0.414

  PFN1 2, 2 0.826 1, 1 0.51 1, 1 0.51

  HNRNPA1 2, 1 0.288 1, 0 – 1, 1 0.51

  CHCHD10 4, 4 0.966 2, 1 0.288 2, 3 0.702

  TBK1 13, 7 0.06 10, 3 0.008 3, 4 0.850

  NEK1 34, 27 0.112 17, 6 0.002 16, 20 0.732

  ANXA11 15, 20 0.736 7, 3 0.202 5, 14 0.082

  KIF5A 7, 8 0.802 3, 2 0.568 4, 6 0.52

  DNAJC7 9, 6 0.282 3, 1 0.146 6, 4 0.454

Risk or susceptive genes

  ALS2 25, 35 0.408 15, 19 0.834 10, 16 0.512

  SETX 41, 39 0.348 21, 17 0.178 20, 22 0.098

  ANG 2, 7 0.104 1, 3 0.342 1, 4 0.178

  FIG4 17, 9 0.026 9, 5 0.088 8, 4 0.16

  SIGMAR1 3, 1 0.146 1, 0 – 2, 1 0.288

  CHMP2B 4, 2 0.376 4, 1 0.076 0, 1 –

  SQSTM1 10, 8 0.360 6, 4 0.454 4, 4 0.966

  DAO 9, 12 0.642 8, 5 0.242 1, 7 0.024

  DCTN1 7, 21 0.022 2, 9 0.032 5, 12 0.194

  MATR3 4, 8 0.256 2, 3 0.702 2, 5 0.36

  TUBA4A 2, 5 0.36 1, 5 0.09 1, 0 –

  CCNF 20, 12 0.062 9, 5 0.088 11, 7 0.188

  TIA1 5, 6 0.990 1, 2 0.654 4, 4 0.966

  GLT8D1 7, 4 0.298 3, 2 0.568 4, 2 0.376

  CYLD 5, 7 0.796 1, 4 0.178 4, 3 0.528

  SPG11 2, 35 <1.0E- 7 2, 16 <1.0E- 7 0, 19 <1.0E- 7

  NEFH 19, 28 0.362 12, 20 0.288 11, 8 0.318

  PRPH 9, 6 0.282 8, 3 0.07 1, 3 0.342

  PNPLA6 10, 16 0.512 3, 4 0.85 7, 12 0.330

  ELP3 7, 11 0.446 5, 5 0.782 2, 6 0.140

  EWSR1 8, 4 0.16 3, 3 0.762 5, 1 0.048

  ERBB4 9, 12 0.642 5, 6 0.99 4, 6 0.52

  MAPT 3, 11 0.098 2, 3 0.702 1, 8 0.010

  GRN 17, 12 0.118 7, 3 0.202 10, 9 0.544

The p values displayed are from the sequencing kernel association test.
*Represent the number of rare variants, damaging variants and non- damaging variants in 1587 patients with ALS and 1866 inhouse controls. Damaging variants were defined 
as P/LP variants in the group I genes according to the American College of Medical Genetics and as deleterious variants in the group II genes, all of which are shown in online 
supplemental table S14 and online supplemental table S15.
ALS, amyotrophic lateral sclerosis; MAF, minor allele frequency; P/LP, pathogenic/likely pathogenic.
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test by two- stage analysis. In the initial stage, rare P/LP variants in 
each gene from 1587 cases and 1866 inhouse controls were anal-
ysed; only G4C2 repeats in C9orf72 and TARDBP p.Gly294Val 
passed significant difference (online supplemental table S5). In 
the second stage, 1587 cases and controls from GnomAD- EAS 
(n=9977) were included; two additional pathogenicity variants, 
FUS p.Arg521Cys and FUS p.Arg521His, also exceeded signifi-
cance (online supplemental table S5).

Genotype–phenotype analysis
General features of patients with rare P/LP variants in ALS causative 
genes
Among the 155 patients carrying rare P/LP variants, 33.3% (12 
of 36) of patients aged <30 years carried P/LP variant, which was 
much higher than that of patients aged >30 years (figure 3A). 
According to mutation frequencies of patients from different 
groups of age of onset, the mutation spectrum of three groups 
of age of onset,  namely <30 years, 30–50 years and >50 years, 

was analysed. Variants in FUS were the most frequent in the 
group of patients aged <30 years (16.7%), while it was SOD1 
in the groups of patients aged 30–50 years and >50 years (3.7% 
and 1.9%, respectively) (figure 3B).

Genotype–phenotype correlation of patients with P/LP variants in 
ALS causative genes
A total of 155 patients carried rare P/LP variants of 16 caus-
ative genes; the genotype–phenotype correlation is presented in 
detail in online supplemental table S6. Among them, more than 
10 patients with rare P/LP variants were identified in SOD1, 
C9orf72, FUS, NEK1, TARDBP and TBK1, respectively, all of 
which were responsible for 7.8% (124 of 1587) of all patients 
and 80% (124 of 155) of patients carrying P/LP variants of ALS 
causative genes. Thus, the phenotype of these six genes was anal-
ysed further (figure 3C).

Most patients with SOD1 P/LP variants had a positive family 
history, indicating strong penetrance of mutations in SOD1. 

Figure 3 Mutation spectrum according to age of onset in patients with ALS and the genotype and phenotype correlation in ALS causative genes. (A) 
Mutation frequencies of patients in different groups of age of onset. (B) Ranking of frequencies of rare P/LP variants in ALS causative genes in patients 
whose age of onset was less than 30 years (n=36, total patients; n=12, patients with P/LP variants), more than 30 years but less than 50 years (n=562, 
total patients; n=64, patients with P/LP variants), and more than 50 years (n=989, total patients; n=79, patients with P/LP variants). (C) Genotype and 
phenotype correlation of six most frequent mutated genes, including SOD1 (n=43), FUS (n=19), TARDBP (n=15), C9orf72 (n=20), TBK1 (n=10) and NEK1 
(n=17). None means patients without rare variants of the GI genes (n=1376). The phenotype, including family history, sex ratio, initial spinal symptoms, 
cognitive functional impairment, frontal behaviour impairment, progression rate, age of onset and median survival time were analysed. For age of onset, 
it was 47.4±11.6 years in patients with SOD1 variants, 39.5±12.7 years in patients with FUS variants, 54.0±10.0 years in patients with TARDBP variants, 
55.5±8.2 years in patients with C9orf72 G4C2 repeats, 49.0±16.5 years in patients with TBK1 variants, 57.5±10.8 years in patients with NEK1 variants 
and 54.2±11.4 years in patients without rare variants of the GI genes. Significant differences were found between patients with FUS variants and without 
rare variants of the GI genes (p=3.0E- 8) and between patients with SOD1 variants and without rare variants of the GI genes (p=0.0001). For median 
survival time, it was 30.5 (95% CI 25.1 to 35.9) months in patients with SOD1 variants, 35.8 (95% CI 31.5 to 40.0) months in patients with FUS variants, 
20.0 (95% CI 15.2 to 24.9) months in patients with TARDBP variants, 30.9 (95% CI 25.4 to 36.5) months in patients with C9orf72 G4C2 repeats, 26.9 
(95% CI 16.8 to 37.0) months in patients with TBK1 variants, 60.5 (95% CI 25.0 to 95.9) months in patients with NEK1 variants and 42.6 (95% CI 40.0 to 
45.3) months in patients without rare variants of the GI genes. Significant differences were found between patients with TARDBP variants and without rare 
variants of the GI genes (p=6.0E- 5) and between patients with C9orf72 G4C2 repeats and without rare variants of the GI genes (p=0.012) (***p<0.001). 
(D) Clinical characteristics of rare special P/LP variants in ALS causative genes identified in more than one patient. ACER, Addenbrooke’s Cognitive 
Examination- Revised; ALS, amyotrophic lateral sclerosis; FAB, Frontal Assessment Battery; GI, group I; P/LP, pathogenic/likely pathogenic.
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There were more male in patients with C9orf72 and TBK1 vari-
ants, but more female in patients with FUS and TARDBP variants. 
FUS variants presented with an early age of onset (compared 
with patients without rare variants of the GI genes, p=3.0E- 8; 
figure 3C). Except for SOD1, weakness or muscular atrophy of 
the upper limb was usually first involved in patients carrying 
the other five causative gene variants. Cognitive and frontal 
behaviour impairments were usually seen in patients carrying the 
C9orf72 and/or TARDBP variants, but relatively less in SOD1, 
NEK1 or TBK1. Patients carrying TARDBP, C9orf72 and FUS 
variants presented a rapid progression, but those carrying NEK1 
variants showed a slow progression. The much shorter median 
survival time in patients carrying TARDBP and C9orf72 variants 
was usually less than 36 months, but that of patients carrying 
NEK1 variants was more than 60 months.

Genotype–phenotype correlation among patients with variants from 
varying degrees of genetic evidence
In the current study, 155 patients had rare P/LP variant of 
GI, 100 patients with rare deleterious variant of GII and 
1276 patients without rare variants of GI and GII (56 

patients with variants of VUS in GI were not analysed). 
Compared with patients without P/LP variants of GI and 
deleterious variants of GII, much higher proportion of limb 
onset as the initial symptom (85% vs 78%, p=0.042), much 
younger age of onset (50.4 years vs 54.1 years, p<0.001) 
and much shorter median survival time (34.0 months vs 
42.6 months, p=0.011) in patients with P/LP variants of 
GI (figure 4A–C), and much higher proportion of bulbar 
onset as the initial symptom (32% vs 22%, p=0.020), 
were observed in patients with damaging variants of GII; 
however, there were no differences in the duration of diag-
nostic delay, ALSFRS- R at baseline and disease progression 
rate among these three groups (online supplemental figure 
S1A–C). In addition, no differences were found in cogni-
tive function impairment and frontal behaviour impairment 
between patients with rare P/LP variants of GI and patients 
without P/LP variants of GI (online supplemental table S6). 
The genotype–phenotype correlation of patients with rare 
damaging variant of GII is described in detail in online 
supplemental table S7.

Figure 4 Comparison of initial symptoms, age of onset and median survival time among patients with rare P/LP variants in the GI genes (n=155), rare 
deleterious variants in the GII genes (n=100) and without rare damaging variants in the GI and GII genes (n=1276). (A) Ratio of patients presenting limb 
onset or bulbar onset (*p<0.05, **p<0.01). (B) The mean age of onset was 50.4±12.9 years in patients with rare P/LP variants in the GI genes, 55.8±12.0 
years in patients with rare deleterious variants in the GII genes and 54.1±11.4 years in patients without rare damaging variants in the GI and GII genes. 
The mean age of onset in patients with rare P/LP variants in the GI genes was younger than that in patients with rare deleterious variants in the GII genes 
(***p<0.001) and in patients without rare damaging variants in the GI and GII genes (***p<0.001). (C) The median survival time was 34.0 (95% CI 28.4 
to 39.6) months in patients with rare P/LP variants in the GI genes, 42.3 (95% CI 33.5 to 51.1) months in patients with rare deleterious variants in the GII 
genes and 42.6 (95% CI 39.9 to 45.3) months in patients without rare damaging variants in the GI and GII genes. Significant difference was found between 
patients with rare P/LP variants in the GI genes and without rare damaging variants in the GI and GII genes (p=0.011). GI, group I; GII, group II; P/LP, 
pathogenic/likely pathogenic.
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Genotype–phenotype correlation and haplotype analysis for special 
pathogenic variants of ALS causative genes identified in more than 
one patient
Twenty- two rare P/LP variants in seven GI genes were iden-
tified in more than one patient. The detailed features of the 
patients are shown in figure 3D. Patients carrying SOD1 
p.Cys112Tyr, TARDBP p.Gly294Val, TARDBP p.Asn378Asp, 
TARDBP p.Ile383Val, FUS p.Arg495* and FUS p.Arg521His 
presented a rapid progression and/or short survival duration, 
but patients carrying SOD1 p.His47Arg, SOD1p.Pro67Ala 
and ANAX11 p.Glu348Asp presented a slow progression and 
longer survival duration. Haplotype analysis for special patho-
genic variants identified in more than two patients revealed 
that the patients with the same variants shared the same haplo-
types (online supplemental tables S8–S12), suggesting that 
these variants might be derived from founder events. However, 
most of the probands denied family history of ALS or mimic 
ALS, suggesting reduced penetrance of these mutants.

Significantly, p. Gly294Val of TARDBP, as the most common 
mutation in our cohort, was found in six unrelated patients 
who presented late onset, faster progression and shorter 
survival duration (<36 months from onset) (figure 3D). Inter-
estingly, until now, this variant has only been reported in eight 
Caucasian patients with ALS, especially of Italian origin,15 but 
not found in Chinese.16 Haplotype analysis for five of them 
with this variant suggested they shared a haplotype interval 
of 397.5 kb, suggesting a common ancestral origin. Further 
functional experiments from immunocytochemistry (online 
supplemental figure S2A) and flow cytometry analysis (online 
supplemental figure S2B) supported that p. Gly294Val of 
TARDBP was pathogenic.

More than one rare variant of GI and GII genes: evidence of 
oligogenic inheritance
Cumulated studies proposed the possibility that multiple inter-
acting genetic variants might enhance the risk of developing the 
disease or modify the disease phenotypes in neurodegenerative 
diseases.17 Interestingly, a total of 50 patients with more than 
one rare variant of GI and GII genes were identified (online 
supplemental table S13). Among them, 5 patients (7.8% in 
FALS) reported a family history of ALS, but 45 patients (3.0% in 
SALS) were sporadic. Although the age of onset in patients with 
more than one variant in the GI genes tends to be much younger 
than in patients with only one rare P/LP variants in the GI genes 
(48.9±14.3 years vs 50.8±12.6 years), no significance in age 
of onset, progression rate and median survival time was found 
between patients with more than one variant in the GI genes and 
only one rare P/LP variants in the GI genes (online supplemental 
figure S2).

DISCUSSION
In the current study, we determined the genetic spectrum of 
41 ALS- related genes and the genotype–phenotype correlation 
based on a large Chinese ALS cohort. Furthermore, for the first 
time, we systematically analysed the collective risk of rare P/
LP or deleterious variants in these genes, which led to a better 
understanding of their pathogenicity in ALS.

To date, several genetic studies have comprehensively analysed 
the mutation spectrum of ALS using next generation sequencing 
(NGS) methods in European patients,5 18–21 providing important 
information for developing guidelines for genetic testing for ALS 
in clinical practice. In Asia, especially in China, which contrib-
utes a fifth of the world’s population, only two NGS studies 

on a limited sample size of patients with ALS16 22 have been 
performed to analyse the mutation spectrum of ALS- associated 
genes (45 and 268 patients with ALS involved, respectively). 
The small- sized studies prevented the clarification of genetic 
spectrum and the genotype–phenotype correlation. In addition, 
the clinical features of the consecutive patients involved in this 
study, including the proportion of FALS, sex ratio, initial symp-
toms, mean age of onset and median survival time, were consis-
tent with other studies from Chinese population,22 23 although 
some of which were slightly different from patients from Cauca-
sian populations (eg, the proportion of patients with FALS was 
1.2%–2.7% in Chinese23 (4.0% in our cohort), but 5%–10% in 
Caucasians2; and the mean age of onset was 54.4 years old in 
a larger Chinese ALS cohort24 (53.9 years old in our cohort), 
but 62.1–66.3 years old in Caucasians25). Therefore, it was 
reasonable that the ALS cohort involved in this study could be a 
typical representative of the Chinese ALS population, and these 
differences of clinical features between Chinese and Caucasian 
patients indicated it is necessary to unearth the genetic features 
from other ethnicities.

In the present study, we comprehensively analysed the muta-
tion spectrum of known causative and risk or needing to be 
confirmed ALS genes in Chinese patients with ALS, which were 
classified into two categories (GI and GII). We found the muta-
tion frequencies of the 16 GI genes were as high as 40.6% and 
8.6% in FALS and SALS, respectively, which were consistent 
with those reviewed in previous studies.23 26 According to our 
comprehensive analysis, we suggest a genetic screening strategy in 
Chinese patients with ALS: in FALS, the following genes should 
at least be analysed, SOD1 (21.9%), FUS (6.3%) TARDBP (3.1%) 
and VCP (3.1%), which account for 34.4% of patients, and in 
SALS, SOD1 (1.90%), C9orf72 (1.31%), NEK1 (1.12%), FUS 
(0.98%), TARDBP (0.85%) and TBK1 (0.66%), which account 
for about 6.8% of patients. Compared with mutation frequen-
cies in patients with ALS of European ancestry,27 SOD1 is the 
most common causative gene in Chinese patients with FALS and 
SALS.26 Surprisingly, G4C2 repeat expansion in C9orf72 is the 
second common causative gene for SALS in our cohort, which 
was substantially higher than that in other Chinese cohorts 
(1.31% vs 0%–0.3%).28 29 However, no patients with C9orf72 
G4C2 repeats had reported family history of ALS in this study, 
but up to 40% of C9orf72 positive FALS from Europe and the 
USA were identified,30 which might be partly accounted by defi-
cient awareness of ALS in Chinese populations in the last few 
decades and the age- dependent penetrance of C9orf72 G4C2 
repeats.30 The mutation carriers of C9orf72 G4C2 repeats from 
our cohort were suggested to share a common founder of Euro-
pean ancestry,31 indicating that it is an ideal candidate cohort 
for prospective studies investigating the role of C9orf72 in the 
Chinese population due to its age- dependent penetrance,30 and 
the upcoming targeted therapies for C9orf72 repeat will also 
benefit a subset of Chinese patients with ALS. In addition, more 
than 33% of patients whose age of onset was <30 years carried 
P/LP variants, whereas the mutation frequencies (about 11% 
or 8%) presented plummeting in patients whose age of onset 
was >30 years, which supported the hypothesis that the number 
of multistep process of ALS (usually six- step process)25 will be 
reduced in patients with ALS with genetic mutations compared 
with those without mutations.32 According to our findings, 
varied mutation frequency and spectrum among different groups 
of age of onset suggest that patients who are younger than 30 
years should regularly undergo genetic testing to clarify the aeti-
ology since high mutation frequencies especially for FUS were 
seen. Moreover, our finding also suggested that ageing and 
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environmental factors play a more important role than genetic 
factors in elderly patients with ALS. Therefore, these findings 
might contribute to drafting a genetic scanning strategy for 
Chinese patients with ALS.

Our study further clarifies the correlation between genotypes 
and phenotypes of ALS in the Chinese population. Generally, 
significantly earlier age of onset, faster progression and shorter 
median survival time were found in patients carrying P/LP vari-
ants than in patients without P/LP variants, which was consistent 
with other studies and suggests that causative genetic variants 
are a poor predictor of outcome of ALS.1 31 However, we did 
not find much more proportion of patients beginning with 
bulbar onset in patients with the GI gene variants compared 
with patients without GI/GII variants because the former were 
generally considered a more ‘severe’ phenotype. Nearly half of 
patients with variants of the three genes (75 patients out of 155 
patients with the GI gene variants), namely SOD1, TARDBP and 
NEK1, variants which will always be linked with spinal onset 
(as shown in our study; online supplemental table S6), might 
contribute to the current finding. Although phenotypic pleiot-
ropy of ALS genes was suggested, genotype–phenotype correla-
tion analyses further determined the main clinical manifestations 
of each gene. As such, patients with SOD1 variants tend to first 
involve lower limb. Mutations in FUS and TARDBP were associ-
ated with an earlier age of onset, faster progression and shorter 
survival, but a reverse relationship was found in patients with 
variants of NEK1 and ANXA11. Most patients with P/LP variants 
of C9orf72 likely presented with cognitive and frontal behaviour 
impairments, but relatively less in SOD1. Importantly, more clear 
and sharing phenotypes of each P/LP variant were characterised 
in our study, such as p.Leu39Val, p.His47Arg and p.Pro67Ala 
in SOD1, which were associated with slower progression, and 
p.Cys112Tyr in SOD1, p.Gly294Val in TARDBP and p.Ar-
g521His in FUS, which were associated with faster progression. 
Because all of the patients came from different families and most 
shared variants were suggested to come from a founder effect 
based on our haplotype analysis, our results suggest that these 
causative genetic variants strongly modify disease phenotypes.

Our study further supports the findings that the most common 
variants in Caucasians, p.Ala4Val of SOD1 and p.Arg521Cys of 
FUS, are associated with faster progression,33 34 although the 
former was found in only one late- onset patient whose survival 
duration was about 14 months. However, the most common 
variants of TARDBP, p.Ala382Thr, reported in Caucasian 
patients with ALS,35 and p.Met337Val, reported in Chinese from 
Eastern China,16 were not found in our cohort. Another variant, 
p.Gly294Val, of TARDBP was first reported in Chinese and was 
the most common variant in our cohort. Its pathogenicity was 
previously suggested by experimental evidence from patient- 
derived induced pluripotent stem cells36 and is supported by our 
functional experiments (online supplemental figure S3). Our 
haplotype analysis was also consistent with a common ances-
tral origin reported in five Italian and Moroccan patients with 
ALS sharing a haplotype interval of 1.4 Mb.15 However, whether 
patients with this variant identified in our cohorts and Cauca-
sians came from a founder effect was unknown due to differ-
ences in polymorphisms used for haplotype analysis. In any case, 
our results suggested it is necessary to explore the genetics of 
patients with ALS from different ethnicities, even from different 
regions in the same ethnicity, although some patients might share 
a few P/LP variants.

Since 2014, 12 new ALS causative/risk genes have been 
discovered (shown in online supplemental table S1), namely 
CHCHD10, TBK1, NEK1, ANXA11, KIF5A, DNAJC7, MATR3, 

TUBA4A, CCNF, TIA1, GLT8D1 and CYLD; only the former 
six genes were classified as ALS causative genes due to strong 
evidence (https://alsod.ac.uk/). The remaining 6 genes and other 
19 ALS risk genes require replication or resolution of conflicting 
evidence or have not been well studied in Chinese population. 
However, we did not find significant enrichment of rare variants 
by burden analysis at the gene level, which did not support its 
pathogenicity in ALS. However, the results should be interpreted 
with caution. In our analysis, consensus definition for P/LP or 
damaging variants in patients with ALS and inhouse controls 
was performed; however, the pathogenicity predicted to be 
deleterious variants needs to be confirmed in future studies. 
In addition, aetiological heterogeneity, incomplete penetrance, 
late- onset diseases or limited sample size make it difficult to 
detect the associations between rare variants and the disease in 
case–control studies. As shown in the results, rare P/LP variants 
did not significantly enrich in each causative gene, except for 
SOD1, FUS, TARDBP, OPTN and UBQLN2.

The current study represents a comprehensive and systematic 
screening of ALS- associated genes in an unprecedented large 
cohort of patients with ALS from West China; however, it has 
some limitations. First, we focused on the mutation spectrum 
and conducted genotype–phenotype correlation analyses in 
the GI genes, but the pathogenicity of some GII genes in ALS 
still needs to be confirmed in future studies. Second, we only 
analysed the clinical and genetic architectures of patients with 
putative rare P/LP variants in the coding region of ALS- causative 
genes, but not of those with VUS. Although the pathogenicity of 
variants was determined according to the ACMG standard, their 
pathogenicity needs to be confirmed in more functional studies. 
Variants in non- coding regions, such as regulatory elements, 
which may play important roles in ALS, were not analysed in 
the current study.

CONCLUSION 
We conducted the most systematic investigation of the clinical 
and genetic architectures in consecutive patients of a large ALS 
population from West China. The identified mutation spectrum 
of ALS is beneficial in drafting genetic scanning strategies, espe-
cially for patients with FALS and those with an age of onset 
younger than 30 years. The genotype–phenotype correlation 
analysis provided an approach for precision diagnosis ，inter-
vention and prognosis assessment.
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