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Introduction

Metachromatic leukodystrophy (MLD, OMIM 250,100) is 
a rare inherited neurodegenerative disease. The estimated 
incidence of MLD is ranged from 1/40,000 to 1/160, 000 
worldwide, however, higher incidence has been observed 
in some isolated populations (van Rappard et al. 2015; 
Shaimardanova et al. 2020). It is mainly caused by the defi-
cient activity of arylsulfatase A (ARSA) that is encoded by 
arylsulfatase A gene (ARSA, OMIM 607,574) (van Rap-
pard et al. 2015; Shaimardanova et al. 2020; Amr et al. 
2021). ARSA is necessary for the hydrolysis of sulfatides 
and its deficiency leads to superabundant accumulation 
of sulfatides in lysosomal storage deposits of microglia, 
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Abstract
Metachromatic leukodystrophy (MLD) is a rare hereditary neurodegenerative disease caused by deficiency of the lyso-
somal enzyme arylsulfatase A (ARSA). This study described the clinical and molecular characteristics of 24 Chinese 
children with MLD and investigated functional characterization of five novel ARSA variants. A retrospective analysis 
was performed in 24 patients diagnosed with MLD at Guangzhou Women and Children’s Medical Center in South China. 
Five novel mutations were further characterized by transient expression studies. We recruited 17 late-infantile, 3 early-
juvenile, 4 late-juvenile MLD patients. In late-infantile patients, motor developmental delay and gait disturbance were the 
most frequent symptoms at onset. In juvenile patients, cognitive regression and gait disturbance were the most frequent 
chief complaints. Overall, 25 different ARSA mutations were identified with 5 novel mutations.The most frequent alleles 
were p.W320* and p.G449Rfs. The mutation p.W320*, p.Q155=, p.P91L, p.G156D, p.H208Mfs*46 and p.G449Rfs may 
link to late-infantile type. The novel missense mutations were predicted damaging in silico. The bioinformatic structural 
analysis of the novel missense mutations showed that these amino acid replacements would cause severe impairment 
of protein structure and function. In vitro functional analysis of the six mutants, showing a low ARSA enzyme activity, 
clearly demonstrated their pathogenic nature. The mutation p.D413N linked to R alleles. In western blotting analysis of the 
ARSA protein, the examined mutations retained reduced amounts of ARSA protein compared to the wild type. This study 
expands the spectrum of genotype of MLD. It helps to the future studies of genotype-phenotype correlations to estimate 
prognosis and develop new therapeutic approach.
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oligodendrocytes, Schwann cells, some neurons and mac-
rophages in the central and peripheral nervous systems. As 
a result, demyelination occurs gradually, leading to progres-
sive motor and cognitive deterioration as clinical character-
istics. It is hypothesized that the differences in the residual 
enzyme activity of ARSA cause a great diversity of onset 
age and the severity of the disease. Generally, the lower the 
residual ARSA enzyme activity is, the earlier and the more 
severe the disease manifests. But the definite relationship 
has not been fully illuminated (Liaw et al. 2015; Kehrer et 
al. 2021). Based on the age of the first symptom onset, MLD 
is clinically divided into three subtypes: late-infantile type 
(6∼24 months), juvenile type (∼ 16 years, further classified 
into early-juvenile type if onset age younger than 6 years 
and late-juvenile type if onset age younger than 16 years) 
and adult type (> 16 years), in which the late-infantile type 
accounts for 50∼60% and presents with rapid progression 
and the most severity (Kehrer et al. 2021; Groeschel et al. 
2016; Fumagalli et al. 2021).

The ARSA gene contains 8 exons spread about 3.2 kb on 
chromosome 22q13.33 and encodes a polypeptide of 509 
amino acids. To date, more than 200 different ARSA gene 
mutations have been detected (Human Gene Mutation Data-
base at the Institute of Medical Genetics in Cardiff: ARSA 
Gene: http://www.hgmd.cf.ac.uk). Among these mutations, 
approximately three-fourths of them are missense/nonsense 
mutations; other mutations include splicing, small deletions, 
small insertions, small indels, gross deletions and gross 
insertions of the ARSA gene. The ARSA mutations have 
been divided into two functional types: 0 alleles, resulting 
in extremely low enzymatic activity, and R alleles, resulting 
in detectable residual enzymatic activity (Fumagalli et al. 
2021).

In this study, we described the clinical and molecular 
characteristics of 24 Chinese patients with MLD including 
five novel mutations and investigated functional character-
ization of six ARSA variants.

Materials and methods

Participants

This is a longitudinal and retrospective study, which was 
conducted at Guangzhou Women and Children’s Medical 
Center (the National Children’s Medical Center for South 
Central Region). The diagnostic criteria of MLD in our 
cases were as follows: (1) suspected manifestations such 
as gait disturbance, developmental delays, motor weak-
ness, muscle rigidity in the lower extremities, seizures, 
spastic paralysis, gradual loss of speech, intellectual dis-
ability, cognitive symptoms, impaired swallowing and 

so on; (2) diffuse, high-intensity signal in periventricular 
and subcortical white matter in brain magnetic resonance 
imaging; (3) low ARSA activity in leucocytes and/or (4) 
pathogenic mutations in ARSA gene (Beerepoot et al. 2020; 
Karaağaoğlu et al. 2020). Pre-symptomatic diagnosis was 
made with a definite family history and verified gene muta-
tions (Chen et al. 2018). Finally, 24 children with MLD, 
who visited our hospital between July 2010 and April 2021, 
were enrolled in this study. They came from 21 unrelated 
families, for P1 and P2, P19 and P20, and P23 and P24 were 
siblings, respectively. None of them were descendants of 
consanguineous marriages.

Demographical data, clinical presentations, family his-
tory and significant examinations were collected from 
medical records. Informed consent was obtained from all 
patients’ parents. The study was approved by the Institu-
tional Review Board of Guangzhou Women and Children’s 
Medical Center.

Measurement of ARSA activity

Leukocytes harvested from peripheral blood were sus-
pended in filtered water and subjected to three rounds of 
sonication at 4℃. After a 17 h incubation period at 0℃, the 
reaction was stopped with NaOH and the absorption was 
measured at 515 nm. The activity of ARSA was quantified 
as nmol/mg.17  h in leukocytes (normal range 218 ~ 550 
nmol/mg.17 h), by applying a synthetic substrate (p-nitro-
catechol sulfate) (Strobel et al. 2020).

Molecular analysis of ARSA gene

Genomic DNA was extracted from peripheral blood leuko-
cytes of all patients using a standard procedure. The primer 
sequences are listed in Table S1. All the exon sequences and 
intron-exon boundaries of the ARSA gene were amplified 
by polymerase chain reaction using corresponding prim-
ers, then the products were sequenced using an ABI 3730xl 
DNA Analyzer (Life Technologies Co., CA, USA). The 
Chromas software (Technelysium Pty Ltd, South Brisbane, 
Australia) was applied to read the sequencing chromato-
grams and align them with the reference sequence of ARSA 
gene (NM_000487.5). The novel mutations in the study 
were determined by comparing the Human Gene Mutation 
Database (HGMD) and the National Center for Biotechnol-
ogy Information (NCBI) database. Genetic variants were 
searched in the Single Nucleotide Polymorphism Database 
(dbSNP) and the 1000 Genomes Project. Intronic variants 
were analyzed with GenSCAN (http://genes.mit.edu/GEN-
SCAN.html) to determine whether the consensus sequence 
of any splice site was altered. Novel mutations were verified 
by direct sequencing of the PCR products in 100 unrelated 
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healthy controls and comparing the Exome Aggregation 
Consortium (ExAC) database along with the NHLBI exome 
variant database.

Protein function prediction of novel mutations

To predict the effect of amino acid substitutions, we per-
formed in silico analysis using the SIFT/PROVEAN (http://
sift.jcvi.org) and Polyphen-2 (http://genetics.bwh.harvard.
edu/pph2) web software. SIFT Score ranges from 0 to 1. 
The amino acid substitution is predicted as damaging if the 
score is ≤ 0.05, and tolerated if the score is > 0.05 (J. Craig 
Venter Institute, USA). The variant is predicted to be delete-
rious if the PROVEAN score is ≤ − 2.5), and neutral if the 
score is > − 2.5 (J. Craig Venter Institute, USA). Polyphen-2 
prediction outcome can be one of “probably damaging”, 
“possibly damaging”, or “benign”.

Protein visualization and structural analysis

The effect of the missense mutations on the overall struc-
ture of the protein and on its activity was also investigated 
using the crystal structure of human ARSA protein (PDBID 
1N2L). Virtual models of ARSA mutations and bioinformat-
ics analyses were performed with the PyMOL (TM) Molec-
ular Graphics System (Version 4.6.0).

Plasmid construct

The wild-type ARSA cDNA (GenBank: NC_000022.11) 
was linked to the enhanced green fluorescent protein 
(EGFP) reporter gene and cloned into the pcDNA3.1 
plasmid (Invitrogen, Carlsbad, California). Six missense 
mutations of ARSA gene, including c.101G > A (p.G34D), 
c.221  C > G (p.S74C), c.239  C > T (p.T80I), c.272  C > T 
(p.P91L), c.581 C > G (p.P194R), c.1237G > A (p.D413N) 
were introduced in the wild-type cDNA fused to EGFP by a 
Quikchange Site-Directed Mutagenesis Kit (Stratagene, La 
Jolla, CA, USA).

Cell culture and transient transfection

293FT cells were grown in Dulbecco’s modified Eagle’s 
medium (Gibco BRL, Grand Island, NJ, USA) supple-
mented with 10% fetal calf serum (Gibco BRL, Grand 
Island, NJ, USA), 100 U/mL penicillin and 100 U/mL strep-
tomycin (Hyclone, Logan, UT, USA) at 37 °C in a humidi-
fied atmosphere enriched with 5% CO2. 293FT cells were 
transfected by pcDNA3.1-EGFP vector with wild-type 
ARSA cDNA and six mutants using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s 
instructions. After 72  h transfection, cells were harvested 

for ARSA enzyme assays and Western blotting. All trans-
fections were performed in duplicate in three individual 
experiments.

ARSA activity assay

The harvested 293FT cells were sonicated in ddH2O and 
then protein concentrations were determined using Micro 
BCA Protein Assay Kit (Pierce, Rockford, IL, USA). The 
enzyme activity assay was performed.

Western blotting

The transfected cells were lysed by RIPA Lysis Buffer (Bey-
otime, Beijing, China) containing 1% PMSF (Beyotime, 
Beijing, China). Protein (30  µg) was loaded for electro-
phoresis on 10% SDS-PAGE gels and transferred to PVDF 
membranes. The membranes were then blocked with 5% 
non-fat milk in TBS, containing 0.1% Tween 20 for 1.5 h 
at room temperature, and then incubated with the respec-
tive primary antibody ARSA and GAPDH (Multi Sciences, 
Hangzhou, China) at 4  °C overnight. Finally, membranes 
were incubated with the HRP secondary antibody (Multi 
Sciences, Hangzhou, China) for 2 h at room temperature. 
The signals were detected using the ECL western blotting 
detection reagent (Pierce, Rockford, IL, USA).

Statistical analysis

The difference between the wild-type enzyme activities 
and the individual mutant enzyme activities was analyzed 
by GraphPad Prism 5 (GraphPad Software Inc., CA, USA) 
using a Student’s t-test. P < 0.05 was considered as statisti-
cally significant.

Results

General demographic characteristics and clinical 
manifestations

Twenty-four pediatric patients (11 boys and 13 girls) with 
diagnosed MLD from 21 unrelated families were finally 
enrolled in this study, eight of whom (33%) had positive 
family history. All of them were born after normal preg-
nancy and delivery, however, symptoms gradually occurred 
with time going. The median age of disease onset was 16.5 
(15.0, 31.0) months and the age of diagnosis was 29.0 (22.8, 
56.0) months, which was much later than the disease onset 
time (P = 0.001). Seventeen of them (71%) were catego-
rized as late infantile type, and the remaining (29%) were 
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3 (15.8%) small deletion, 2 (10.5%) nonsense, 2 (10.5%) 
splicing, 1 (5.3) small insertion and 1 (5.3%) synonymous 
mutations. In the early-juvenile type of MLD, the ARSA 
mutations were classified as follows among the 3 patients: 
4 (80%) missense and 1 (25%) small insertion mutations. 
In late-juvenile type of MLD, we identified 6 mutations of 
ARSA gene in the 4 patients and all the mutations were mis-
sense mutations. Homozygosity for the mutations p.P91L, 
p.G156D, c.621_622delC, c.1344dupC were associated 
with late-infantile type of MLD.

Protein function prediction of novel mutations

The novel missense mutations (p.G34D, p.T80I, p.P91L and 
p.D413N) in the ARSA gene were predicted damaging by 
the SIFT/PROVEAN and Polyphen-2 web software.

Bioinformatic structural analysis

To investigate the possible consequences of the missense 
mutations at protein level, we visualized the crystal struc-
ture of human ARSA (Fig. 1).

p.G34D: The structural analysis of the mutation predicted 
that the replacement of a hydrophobic neutral glycine 
(G) with the acidic aspartic acid (D), occurring in the 
proximity of the residues D29 and D30 known to be in-
volved in assisting the substrate binding as a key cata-
lytic residue in the active site.

p.S74C: The S74 residue is adjacent to the active site resi-
dues in coordination of the calcium ion in the active sites 
of ARSA. Experimental data have shown that addition 
of divalent metal ions stimulates the activity of ARSA. 
Substitution from the serine (S) to the cystine (C) at this 
position may cause loss of full enzyme activity.

p.T80I: The T80 residue is adjacent to the active site resi-
dues and make structural interactions with the catalytic 
core. Substitution from the hydrophilic threonine(T) to 
the hydrophobic isoleucine(I) may influence the func-
tion of catalysis.

p.P91L: The P91 made the structure interaction with the 
residue locating in the catalytic core, This change of the 
proline (P) to the leucine (L) likely resulted in protein 
misfolding or catalytic inactivation.

p.P194R: The P194 located at the periphery of the molecule 
which may to be one of N-glycosylation sites. Substitu-
tion from the hydrophobic proline (P) to the basic argi-
nine (R) may influence the activity of enzyme.

p.D413N: The D413 was involved in regulation of dimer-
octamer association. This change of the acidic aspartic 
acid (D) to the neutral asparagine (N) may influence the 
protein folding and stability.

of juvenile type (3 early-juvenile type and 4 late-juvenile 
type).

At disease onset, motor developmental delay and gait dis-
turbance were the most frequent symptoms in the patients 
with late infantile type, followed by motor regression and 
muscle weakness. In the juvenile patients cognitive regres-
sion and gait disturbance were the most frequent chief com-
plaints, then seizure. Half of all the participants (50%) were 
found to be hypertonic when they visited our hospital for the 
first time, and nearly one quarter were characterized with 
knee hyperreflexia (n = 7, 29%) or positive Babinski sign 
(n = 7, 29%), respectively.

Biochemical findings

The ARSA enzyme activity analyzed in peripheral blood 
leukocytes from the 24 patients ranged from 9.4 to 99.5 
nmol/17 h/mg. The enzyme activity was reduced in all the 
patients. There was no significant difference in the ARSA 
enzyme activity between late-infantile and juvenile type.

Genetic findings

Sequencing analysis of ARSA gene identified 25 different 
mutations in 24 patients belong to 21 families (Table 1). Of 
the 25 mutations, 20 (80%) have been previously reported 
and 5 (20%) have never been described. Five novel muta-
tions were detected: four missense mutations (p.G34D, 
p.T80I, p.P91L, p.D413N)) and one small deletion mutation 
(p.L422Dfs*3).

A total of 25 different mutations included 16 (64%) mis-
sense, 2 (8%) nonsense, 2 (8%) splicing, 3 (12%) small 
deletion, 1 (4%) small insertion and 1 (4%) synonymous 
mutation. Thus, the most prevalent ARSA variants were 
missense mutations, including 4 novel amino acid substi-
tutions. The three most prevalent mutations were p.W320* 
(14.6%,7/48), p.G449Rfs (10.4%,5/48), and p.P91L (8.3%, 
4/48). When combined, these three ARSA mutations repre-
sented 33.3% of the total ARSA alleles. Generally, the non-
sense mutations leaded to the appearance of a premature 
stop codon, disturbed the synthesis of enzyme protein and 
influenced the function of the enzyme. Most of the non-
sense mutations occurred in late-infantile type of MLD and 
showed more severe phenotype than the missense muta-
tions. Meanwhile, in late-juvenile type of MLD, all the 
ARSA mutations were classified as missense mutations. 
While mutations were found in all exons except exon 6 and 
7, they were concentrated in exon 2 (27.1%), exon5 (22.9%) 
and exon 8 (20.1%). None of these mutations were detected 
in 100 alleles of unrelated healthy controls.

In late-infantile type of MLD, we identified 19 mutations 
of the ARSA gene in the 17 patients: 10 (52.6%) missense, 
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mutant vectors were constructed by site-direct mutagenesis 
in 293FT cells and the ARSA activity in extracts of 293FT 
cells was detected. Using the same conditions, the wild-
type, untransfected and 6 mutant proteins were analyzed 
for comparative purposes. The ARSA activity in extracts 
of 293FT cells transfected with the wild-type ARSA was 
1950.14 ± 56.12 nmol/17  h/mg and that of untransfected 
cells was 135.74 ± 15.36 nmol/17  h/mg. The six mutants 

Characterization of the novel sequence variants

To determine the impact of mutants on protein function, 
we characterized six missense mutations: p.G34D, p.S74C, 
p.T80I, p.P91L, p.P194R and p.D413N. Although the muta-
tions p.S74C and p.P194R were no longer novel since they 
were reported during the preparation of the present study 
(Wu et al. 2021), was also included in the analysis. Six 

Table 1  Summary of ARSA mutations in 24 patients with MLD and their corresponding phenotypes
Patient 
number

Phenotype ARSA activity
(217.7-361.6 
nmol/mg·17 h)

Genotype Nucleotide change Amino acid change Exon Type of mutation Status

P1 LI 9.8 Homo c.272 C > T p.P91L 2 Missense Novel
P2 LI 10.8 Homo c.272 C > T p.P91L 2 Missense Novel
P3 LI 20.2 Homo c.622delC p.H208Mfs*46 3 Small deletions Reported
P4 LI 13.4 Hetero

Hetero
c.346 C > T
c.960G > A

p.R116*
p.W320*

2
5

Nonsense
Nonsense

Reported
Reported

P5 LI 45.7 Hetero
Hetero

c.917 C > T
c.1264delCT

p.T306M
p.L422Dfs*3

5
8

Missense
Small deletions

Reported
Novel

P6 LI 9.4 Hetero
Hetero

c.302G > T
c.1238 A > G

p.G101V
p.D413G

2
8

Missense
Missense

Reported
Reported

P7 LI 26.9 Hetero
Hetero

c.467G > A
c.960G > A

p.G156D
p.W320*

3
5

Missense
MissenseΑ

Reported
Reported

P8 LI 28.2 Homo c.467G > A p.G156D 3 Missense Reported
P9 LI 33.6 Hetero

Hetero
c.465G > A
c.931G > A

p.Q155=
p.G311S

2
5

Synonymous
Missense

Reported
Reported

P10 LI 26.6 Hetero
Hetero

c.101G > A
c.1238 A > G

p.G34D
p.D413G

1
8

Missense
Missense

Novel
Reported

P11 LI 43 Hetero
Hetero

c.465 + 1G > A
c.960G > A

-
p.W320*

-
5

Splicing
Missense

Reported
Reported

P12 LI 10.8 Homo c.1344dupC p.G449Rfs 8 Small insertions Reported
P13 LI 12.1 Hetero

Hetero
c.256 C > T
c.960G > A

p.R86W
 p.W320*

2
5

Missense
Nonsense

Reported
Reported

P14 LI 5.4 Hetero
Hetero

c.1108–3 C > G
c.1344dupC

-
p.G449Rfs

-
8

Splicing
Small insertions

Reported
Reported

P15 LI 12.1 Hetero
Hetero

c.685 C > G
c.960G > A

p.H229D
p.W320*

4
5

Missense
Nonsense

Reported
Reported

P16 LI 24.2 Hetero
Hetero

c.467del
c.960G > A

p.G156Afs
p.Trp320*

3
5

Small deletions
Missense

Reported
Reported

P17 LI 22.8 Hetero
Hetero

c.467del
c.929G > A

p.G156Afs
p.G310D

3
5

Small deletions
Missense

Reported
Reported

P18 EJ 20.2 Hetero
Hetero

c.256 C > T
c.960G > A

p.R86W
 p.W320*

2
5

Missense
Nonsense

Reported
Reported

P19 EJ 24.2 Hetero
Hetero

c.257G > A
c.1344dupC

p.R86Q
p.G449Rfs

2
8

Missense
Small insertions

Reported
Reported

P20 EJ 9.4 Hetero
Hetero

c.257G > A
c.1344dupC

p.R86Q
p.G449Rfs

2
8

Missense
Small insertions

Reported
Reported

P21 LJ 99.5 Hetero
Hetero

c.221 C > G
c.239 C > T

p.S74C
p.T80I

1
2

Missense
Missense

Reported
Novel

P22 LJ 16.1 Hetero
Hetero

c.257G > A
c.581 C > G

p.R86Q
p.P194R

2
3

Missense
Missense

Reported
Reported

P23 LJ 59.1 Hetero
Hetero

c.925G > A
c.1237G > A

p.E309K
p.D413N

5
8

Missense
 MissenseΑ

Reported
Novel

P24 LJ 29.6 Hetero
Hetero

c.925G > A
c.1237G > A

p.E309K
p.D413N

5
8

Missense
Missense

Reported
Novel

LI late-infantile type, EJ early-juvenile type, LJ late-juvenile type, Homo homozygous mutation, Hetero heterozygous mutation, WT wild type
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had very low ARSA activity and none of them showed sig-
nificant activity above the background (Table 2; Fig. 2).

ARSA protein was analyzed by western blotting (Fig. 3). 
As shown in Fig.  2, the six mutations retained reduced 
amounts of ARSA protein compared to the wild type, sug-
gesting a decrease in the total amount of ARSA protein in 
these mutants.

Discussion

MLD is named after the histopathological discovery of 
metachromatic particles (sulfatides) in the central and 
peripheral nervous systems and clinical symptoms occur 
gradually because of progressive accumulation of unde-
graded sulfatides in such organs (Gieselmann and Krägeloh-
Mann 2010). Consequently, disease onset of MLD tend to be 

Table 2  Arylsulfatase A activity in 293FT cells transfected with wild-
type and mutant cDNAs
Transfected vector ARSA activitya ( 

nmol/17 h/mg)
Total
(percentage 
of wild-type)

Wild-type 1950.14 ± 56.12 100
untransfected 135.74 ± 15.36 7.0
p.G34D 127.68 ± 12.25 6.5
p.S74C 137.09 ± 11.89 7.0
p.T80I 251.33 ± 20.35 12.9
p.P91L 259.39 ± 18.76 13.3
p.P194R 124.99 ± 10.56 6.4
p.D413N 834.62 ± 26.78 42.8
aARSA activity values were the average of three different clones of 
untransfected or transfected cells

Fig. 1  The illustration of ARSA 3D structure. Purple colors indicate amino acid sites corresponding to missense mutations found in this study
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Fig. 3  Western blotting showing the ARSA protein expression of vector, wild-type (WT) and mutations, respectively. The molecular mass of the 
ARSA protein fused to EGFP is approximately 55KDa

 

Fig. 2  Comparison of percentages of ARSA activity in 293-FT cells transiently transfected with wild-type and mutant constructs. *P ≤ 0.05
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in our population, which was different from that of other 
populations. For example, c.465 + 1G > A was confirmed 
as the most frequent variant in a German population and 
c.931G > A was the most frequent one in a Turkish popula-
tion (Liaw et al. 2015; Karaağaoğlu et al. 2020). Even in 
the mainland of China, the mutations c.459 + 1G > A and 
p.Pro426Leu were discovered to be the most common one 
in a medical center in North China (Chen et al. 2018).

The correlation between the phenotype and the genotype 
of MLD is heterogeneous (Santhanakumaran et al. 2022). 
In this study, we identified 17 cases of late-infantile type of 
MLD including 10 (52.6%) missense, 3 (15.8%) small dele-
tion, 2 (10.5%) nonsense, 2 (10.5%) splicing, 1 (5.3) small 
insertion and 1 (5.3%) synonymous mutations. Among these 
mutations, we found an unexpected synonymous mutation 
p.Q155=. This synonymous mutation was first descibed by 
Chen et al. in two Chinese patients of late infantile type with 
compound heterozygous form (Chen et al. 2018). The 465 
locus was the last base in the second exon of ARSA (Chen 
et al. 2018). The mutation was located between the second 
exon and second intron. Based on the RNA analysis, it was 
found that after the change of the 465 locus, RNA indeed 
produced a splicing mutation, which presented as a splicing 
jump of the 371–465 loci in the second exon (involved 95 
bases) (Chen et al. 2018). Homozygosity for the mutations 
p.P91L, p.G156D, p.H208Mfs*46 and p.G449Rfs showed 
in the patients with the late-infantile type. It implied that the 
mutations p.P91L, p.G156D, p.H208Mfs*46 and p.G449Rfs 
may be link to the late- infantile type of MLD.

Three cases of early-juvenile type of MLD were identi-
fied 4 (80%) missense and 1 (20%) small insertion muta-
tions. Four cases of late-juvenile were identified 6 (100%) 
missense mutations. The mutation p.R86W was comsidered 
to be an R mutation with detectable residual ARSA enzyme 
activity. Cesani et al. expressed mutated ARSA alleles in 
HeLa cells using lentiviral vectors including the mutation 
p.R86W (Cesani et al. 2016). The mutation p.R86W showed 
a residual activity and proved to associated with R alleles.

Our research further expanded the spectrum with 5 novel 
variants: four missense mutations (p.G34D, p.T80I, p.P91L, 
p.D413N) and one small deletion mutation (p.L422Dfs*3). 
These four novel missense mutations were predicted to be 
damaging as per the in-silico analysis using the web soft-
ware. The crystal structure of ARSA and the substrate also 
indicated that the novel mutation may influence the activity 
of enzyme (Lukatela et al. 1998; von Bülow et al. 2001).

To verify the pathological impact of six ARSA variants 
on the ARSA activity, we carried out in vitro expression 
experiments among the mutations p.G34D, p.S74C, p.T80I, 
p.P91L, p.P194R and p.D413N. Meanwhile, the mutation 
p.S74C and p.P194R, although no longer novel since it 
was reported during the preparation of our study was also 

unclear and is easily overlooked by caregivers (Fumagalli et 
al. 2021; Wu et al. 2021; Harrington et al. 2019). As demon-
strated in this study and other reports in the literature (Fuma-
galli et al. 2021; Beerepoot et al. 2020), the time of disease 
diagnosis is much later than that of disease onset, which, 
to some degree, reflects the lacking recognition of caregiv-
ers and inadequate knowledge on this disease of clinicians. 
Motor dysfunction is found to be the most frequent first 
symptom in this population, which is greatly in agreement 
with previous findings (Kehrer et al. 2021; Karaağaoğlu et 
al. 2020; Chen et al. 2018), strengthens our understanding 
of this disease and raises caregivers’ and physician’ vigi-
lance of motion abnormality. Cognitive impairment is only 
observed in the participants with juvenile MLD, which is 
scarcely reported in patients with late-infantile type. Maybe 
the late-infantile patients are characterized with great devel-
opment in gross motor and it is not easy for caregivers to 
recognize cognitive impairment.

In this study we reported the clinical and molecular 
characterization of a group of Chinese patients with MLD. 
The group included 17 patients with late-infantile type, 3 
patients with early-juvenile type and 4 patients with late-
juvenile type. In such a pediatric population, motor dys-
function was the predominant first symptom and positive 
neurological signs were found in large part of patients at 
their first visit. Compared with the patients with juvenile 
MLD, much more late infantile patients had hypertonia. 
The decrease of ARSA enzyme activity is the characteristic 
of MLD (Strobel et al. 2020; Doherty et al. 2019; Fluharty 
et al. 1983). There was no significant difference in assayed 
enzyme activity between late-infantile and juvenile type. In 
the 17 patients with late-infantile type, missense mutations 
were most frequently observed (10/19, 52.6%). However, 
late-infantile type of MLD was strongly associated with 
mutations including small deletion, nonsense, and splicing 
mutations. In this study, 64% of patients have private muta-
tions and novel mutations were detected of a frequency of 
20%.

The 25 mutations detected in the 24 patients reflected 
that most of the mutations were private mutations. How-
ever, the mutation p.W320* could be a hotspot mutation as 
seven patients showed this mutation. It results in a prema-
ture termination codon, predicted to cause a truncated or 
absent ARSA protein. It was first reported by Chen et al. 
in a Chinese patient of late-infantile type with homozygous 
form (Chen et al. 2018). It was also reported by Liaw et al. 
in two Chinese patients of late-infantile type with homozy-
gous or compound heterozygous form (Liaw et al. 2015). 
The six patients with the mutation p.W320* in our study 
presented with late-infantile type.The mutation p.W320* 
may be link to late infantile type of MLD. The nonsense 
mutation p.W320* was found to be the most common one 
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