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a b s t r a c t

Amyotrophic lateral sclerosis (ALS) is an age-related fatal neurodegenerative orphan disorder that is
characterized by progressive injury of both the upper and lower motor neurons. Recently, loss-of-
function mutations predominately disrupting the C-terminal amino acid sequence of KIF5A via aber-
rant exon 27 splicing have been reported in European ALS cohorts. However, the contributions of KIF5A
mutations in Asian patients with ALS remain unclear. KIF5A sequences, including exons 26 and 27, were
analyzed in a large Chinese ALS cohort comprising 33 unrelated familial ALS probands, 645 sporadic ALS
(SALS) patients, 15 ALS patients presenting with concomitant frontotemporal dementia, 400 in-house
controls, and 12,951 East Asian individuals from the Exome Aggregation Consortium and Genome Ag-
gregation Database databases. As a result, the previously reported canonical splicing site mutation
c.2993-1G>A was found in 1 SALS patient, while no mutations were detected in familial ALS case or ALS
patients presenting with concomitant frontotemporal dementia. The frequency of KIF5A mutations ac-
counts for 0.16% (1/645) of Chinese SALS patients, implying that it is an uncommon genetic determinant
of ALS in Chinese patients.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS) is an age-related fatal
neurodegenerative orphan disorder that causes injury to both the
upper and lower motor neurons. ALS patients ultimately succumb
to respiratory failure, with a median survival of 3e5 years from
initial symptom onset. Approximately 10% of ALS patients have
positive family histories (familial ALS [FALS]) with disease-causing
mutations, whereas the genetic causes of the remaining 90% of
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casesdthat is, sporadic ALS (SALS)dare largely unknown, and
there exists no known cure for ALS(Brown and Al-Chalabi, 2017;
Hardiman et al., 2017). Riluzole was the first medication approved
by American Food and Drug Association in 1995 to extend patient
survival (Miller et al., 2012). Last year, the Food and Drug Associa-
tion approved a new drug called edaravone for ALS treatment,
which has brought great encouragement to patients worldwide
(Traynor, 2017; Writing and Edaravone, 2017).

Recent research achievements have brought advancement in
understanding genetic events promoting ALS. Exome sequencing
and rare variant analysis have identified enrichment of abnormal
splicing at exon 27 of KIF5A (NM_004984.2) in FALS cases, impli-
cating KIF5A as a novel ALS gene (Brenner et al., 2018). More
recently, multiple centers in Europe and North America have car-
ried out a large-scale genome-wide association study and exome-
wide rare variant burden analysis, confirming that KIF5A is a
novel ALS gene (Nicolas et al., 2018). Interestingly, all mutation sites
founded in both studies predominately disrupted the C-terminal
amino acid sequence by skipping exon 27 (Fig. 1A). However, ALS
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Table 1
Demographic of the patients included in the study

Variable FALS SALS ALS-FTD

n 33 645 15
Mean onset age (y) 48.7 � 11.1 51.3 � 11.2 62.6 � 9.0
Male, n 17 372 11

Key: ALS, amyotrophic lateral sclerosis; FALS, familial amyotrophic lateral sclerosis;
FTD, frontotemporal dementia; SALS, sporadic amyotrophic lateral sclerosis.
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patients in the 2 above mentioned studies did not include Asian
populations. Importantly, different genetic architecture is typically
seen between Asian and European ALS populations (Zou et al.,
2017). Our previous studies have shown that mutations in super-
oxide dismutase-1 gene are themost common cause of ALS in China
(Liu et al., 2016). In contrast, the hexanucleotide repeat expansion
in the C9orf72 gene that is the most frequent mutation in European
ALS patients is very rare in the Chinese population (Liu et al., 2013;
Zou et al., 2013). Considering the distinct genetic architectures of
different worldwide populations, caution should be taken in
generalizing new pathogenic genes for ALS, such as KIF5A. Thus, the
aim of the present study is to investigate the contribution of KIF5A
mutations in the C-terminal hot spot, including exon 26 and exon
27, to Chinese ALS populations.
2. Material and methods

2.1. Study population

Over 1000 Chinese participants, including 33 unrelated FALS
probands, 645 SALS patients, 15 ALS patients presenting with
concomitant frontotemporal dementia, and 400 neurologically
normal control subjects, were enrolled in the present study. Patient
demographic features are presented in Table 1. All patients regis-
tered at the ALS clinic of the Neurology Department of Peking Union
Medical College Hospital from January 2016 to April 2018 were of
Han descent and from mainland China. ALS cases were diagnosed
according to revised El Escorial criteria (Brooks et al., 2000). Pa-
tients were diagnosed with frontotemporal dementia according to
established clinical criteria (Neary et al., 1998; Rascovsky et al.,
2011). All subjects provided written informed consent for the
Fig. 1. ALS-associated mutations identified in KIF5A. (A) Localizations of mutations in KIF5A
reveals a splicing site mutation c.2993-1G>A in boundary of intron 26 and exon 27. Abbrevi
genetic research, and the Peking Union Medical College Hospital
ethics committee approved the study.

2.2. Mutation screening

Peripheral venous blood samples were collected from patients
and healthy controls. Genomic DNA was extracted using MagNA
Pure LC DNA Isolation Kit I (Cat. No. 03003990001; Roche, Basel,
Switzerland) according to manufacturer instructions. All partici-
pants were screened for KIF5A exon 26 to exon 27 sequences using
polymerase chain reaction. This region was chosen because all
pathogenic KIF5A mutations identified in ALS patients to date were
located at splicing-related sites of exons 26 and 27. Forward (50-
AGGGCTGAGCAGCTCTATCA-30) and reverse primers (50-AGAAGC-
CACAGATGGGATTG-30) were designed using Primer 3 online soft-
ware (http://bioinfo.ut.ee/primer3-0.4.0/). Amplification products
were directly sequenced in both directions using an ABI 3730
automated DNA sequencing system (Applied Biosystems, Foster
City, CA, USA). Sample DNA sequences were aligned to a reference
human genome (UCSC hg19) using the CodonCode Aligner tool.
Each mutation was verified through repeated amplification and
sequencing. Patients carrying KIF5A mutations were screened for
reported in prior studies. (B) DNA sequencing of a SALS patient P335 from our cohort
ations: ALS, amyotrophic lateral sclerosis; SALS, sporadic amyotrophic lateral sclerosis.
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other ALS-related mutations including SOD1, ALS2, SETX, FUS, VAPB,
ANG, TARDBP, FIG4, OPTN, VCP, UBQLN2, SIGMAR1, CHMP2B, PFN1,
ATXN2, AR, DCTN1, NEFH, PRPH, DAO, TFG, TAF15, GRN, CHCHD10,
TBK1, GLE1, CCNF, ANXA11, and TIA1). C9orf72 expansion was also
examined using repeat-primed polymerase chain reaction.

2.3. Bioinformatic analysis

The frequency of variants in the general population was evalu-
ated using 2 large population sequencing databases: Exome Ag-
gregation Consortium (ExAC) and Genome Aggregation Database
(gnomAD). In silico prediction of splice site mutations was con-
ducted with Human Splicing Finder 3.1 software.

3. Results

3.1. Mutation analysis

KIF5A sequence analysis identified the canonical splice site
mutation c.2993-1G>A in a SALS patient P335, which was absent
from our 400 healthy control subjects. This mutation was also ab-
sent from East Asians included in the ExAC and gnomAD (Table 2).
This single-nucleotide variant resided at the junction of exon 27 and
intron 26 and was reported in a previous study (Fig. 1B) (Brenner
et al., 2018; Nicolas et al., 2018). Human Splicing Funder 3.1 pre-
dicted that the c.2993-1G>Amutation alters thewild-type acceptor
site and most likely affects splicing. In addition, screening other
ALS-related genes uncovered that the same patient also carried
p.E1173K (c.3517G>A, rs41309046) in ALS2, p.E1267K (c.3799G>A,
rs146083590) in DCTN1, and p.S2054N (c.6161G>A, rs200778360)
in SETX (Table 2). These 3missensemutations all have a>0.1% allele
frequency in East Asian populations in the ExAC and gnomAD.

3.2. Clinical information

Patient P335 harboring the exon 27 splice-altering mutation
c.2993-1G>A was a Han male from mainland China. He presented
with clinically observable fasciculations in his right upper limbs
without obvious loss of muscle strength at 46 years of age. Three
months later, proximal right arm weakness incepted and the pa-
tient exhibited difficulty in elevating this arm above his head. A year
later, his right lower limb manifested loss of strength, but he could
still walk without any help. Fifteenmonths after symptom onset, he
was accompanied by family on a visit to our outpatient clinic. A
neurological examination revealed that muscle strength of his right
arm and right leg were IV� and IV, respectively; left limb muscle
strength was V. Bilateral biceps, triceps, knee and ankle jerk reflexes
were all hyperactive. Bilateral Babinski, Chaddock, palmomental,
and Hoffmann signs were all positive. Muscle atrophy was not
obvious in any limb. Needle electromyography testing showed
diffuse neurogenic involvement in the sternocleidomastoid and all
4 limbs. His cognitive function was normal and he had a negative
family history for ALS, cognitive impairment or Charcot-Marie-
Tooth/hereditary spastic paraplegiaelike features. During subse-
quent follow-up, the patient gradually developed weakness in the
Table 2
Description of mutations identified in the P335 SALS patient

Gene Mutation cDNA

KIF5A (NM_004984) - c.2993e1G>A
ALS2 (NM_020919) p.E1173K c.3517G>A
DCTN1 (NM_004082) p.E1267K c.3799G>A
SETX (NM_015046) p.S2054N c.6161G>A

Key: dbSNP, database of single-nucleotide polymorphism; ExAC, exome aggregation cons
sclerosis.
left arm and leg. Now, the patient has been alive for 56 months
since symptom onset and can walk a short distance, slowly, with
the help of his family members.

4. Discussion

KIF5A is a microtubule-based motor protein belonging to the
kinesin superfamily, which plays an important role in intracellular
transport (Hirokawa et al., 2009). Previous studies have shown that
KIF5A missense mutations in the N-terminal motor domain are
associated with hereditary spastic paraplegia and Charcot-Marie-
Tooth disease type 2 (Liu et al., 2014b). Recently, mutations
affecting splicing exon 27 located in C-terminal of KIF5A that can
cause FALS have been discovered using whole-exome sequencing in
426 European FALS patients (Brenner et al., 2018). Subsequently, a
large-scale genome-wide association study and an independent
rare variant burden analysis were conducted, finding ALS-
associated mutations located at a hot spot region covering the
stretch of exon 26 to exon 27 that confer a loss-of-function
phenotype (Nicolas et al., 2018). The 2 studies, taken together,
demonstrate KIF5A as a novel ALS susceptibility gene. Notably,
Asian populations were not included in these 2 studies. The present
study is the first interrogating ALS-associated KIF5A mutations in
over 1000 Chinese mainland participants. We identified the ca-
nonical splice site mutation c.2993-1G>A in only 1 SALS patient.
KIF5A mutation accounted for 0.16% (1/645) of Chinese SALS pa-
tients. We did not detect any disease-causing KIF5A mutations in
FALS patients and ALS patients presenting with concomitant fron-
totemporal dementia from our cohort.

Interestingly, the patient carrying the c.2993-1G>Amutation also
carried 3 differentmissensemutations in ALS-associated genes: ALS2
(c.3517G>A, p.E1173K), DCTN1 (c.3799G>A, p.E1267K), and SETX
(c.6161G>A, p.S2054N). ALS incidence ranges from 0.31/100,000 in
the Chinese Hong Kong population to 2e3/100,000 in Europeans
(Chio et al., 2013; Fong et al., 1996). However, all 3 distinct ALS gene
mutation sites have much higher allele frequencies in healthy East
Asian populations (Table 2) than incidence of ALS. The American
College of Medical Genetics and Genomics/Association for Molecular
Pathology 2015 guideline for interpretation of sequence variants
clearly states that “allele frequency is greater than expected for dis-
order” is strong evidence for benign variants (Richards et al., 2015).
Thus, we consider all 3 missense variations as benign single-
nucleotide polymorphisms rather than pathogenic mutations.

In terms of the relationship between genotype and phenotype,
Nicolas et al. reported that ALS patients harboring KIF5A loss-of-
function mutations present younger age of onset and longer sur-
vival (Nicolas et al., 2018). However, Brenner et al. found that
clinical presentations of patients with KIF5A splice site mutations
are similar to classical ALS syndrome comprising adult onset, rapid
progression and early death (Brenner et al., 2018). The onset age of
patient P335 in our cohort was 46 years, which is consistent with
the mean age at onset in Chinese ALS patients (52.4 � 12.1 years)
(Liu et al., 2014a). At present, the patient is still able to walk slowly
with help 56 months since first clinical presentation, suggesting
slow disease development. Notably, survival times are substantially
dbSNP 150 ExAC (East Asian) gnomAD (East Asian)

- - -
rs41309046 2.6% 2.6%
rs146083590 0.15% 0.21%
rs200778360 0.16% 0.17%

ortium; gnomAD, genome aggregation database; SALS, sporadic amyotrophic lateral
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different in patients with the same mutation site but different base
changes, such as c. 3020þ2T>A and c. 3020þ2T>C, ranging from 34
to 124 months (Brenner et al., 2018; Nicolas et al., 2018). The above
mentioned manifestations mentioned indicate that there may exist
no fixed relationship between ALS-related KIF5A mutation and
clinical phenotype. Further study is required to confirm any link
between KIF5A genotype and phenotype.

Including mutation c.2993-1G>A identified in our study, 10 total
pathogenic variants of the KIF5A gene are associated with ALS, all of
which are found in the region surrounding exons 26 and 27
(Fig. 1A). Our analysis presents a KIF5A mutation frequency of 0.16%
in Chinese SALS patients, implying that it is unlikely to be a com-
mon genetic cause for this population. Nevertheless, the identifi-
cation of ALS-associated mutations in KIF5A deepens our
understanding of ALS disease progression and provides a new di-
rection for finding possible therapeutic targets in the future.
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