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Abstract
Background Mucopolysaccharidosis IVA (MPS IVA) is a lysosomal storage disease caused by biallelic variants in the 
N-acetylgalactosamine-6-sulfatase (GALNS) gene and is characterized by progressive and multi-system involvements, 
dominantly with skeletal deformities. A mild form of MPS IVA often presents with atypical symptoms and can go 
unrecognized for years.

Methods The diagnosis of MPS IVA was confirmed via GALNS enzyme activity testing in leukocytes. Clinical features 
were collected. Molecular analysis was performed by next generation sequence and Sanger sequencing of the GALNS 
gene. The pathogenicity of the deep intron variant was verified by mRNA analyses.

Results Thirteen patients with mild MPS IVA from six families were included. All probands first visit pediatric 
orthopedists and it took 5.6 years to be diagnosed after the disease onset. The most common symptoms in our series 
were waddling gait (85%), short neck (69%) and flat feet (62%). Radiologic findings indicated skeletal abnormalities in 
all patients, especially modification of the vertebral bodies (100%) and acetabular and femoral head dysplasia (100%). 
Five novel GALNS variants, including c.121-2_121-1insTTTGCTGGCATATGCA, E2 deletion, c.569 A > G, c.898 + 2 T > A, 
and c.1139 + 2 T > C, were identified. The most common variant, a deep intron variant NM_000512.5: c.121–210 C > T 
(NM_001323544.2: c.129 C > T, p.G43G), was revealed to result in an 11 bp deletion (c.128_138delGCGATGCTGAG, 
p.Gly43Aspfs*5) on GALNS mRNA in the GALNS transcript of NM_001323544.2.

Conclusions This study provides significant insights into the clinical features and molecular characteristics that 
contribute to the early diagnosis of mild MPS IVA. On the basis of our cohort, orthopedists need to be able to 
recognize signs and symptoms of mild MPS IVA as well as the molecular and biochemical diagnosis so that an early 
diagnosis and treatment can be instituted.
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Background
Mucopolysaccharidosis IVA (MPS IVA) is an autosomal 
recessive lysosomal storage disorder resulting from a 
deficiency in the activity of the enzyme N-acetylgalactos-
amine-6-sulfate sulfatase (GALNS) [1]. The reduced or 
absent GALNS enzyme activity results in the progressive 
accumulation of undegraded substrates, keratan sulfate 
(KS) and chondroitin-6-sulfate (C6S), in the lysosomes of 
the most tissues, which leads to multi-system manifesta-
tions, especially systemic bone dysplasia [2, 3].

MPS IVA patients exhibit a range in phenotypes, from 
severe, intermediate to mild [4]. Skeletal manifesta-
tions are noticed early in life in severe form of patients 
with MPS IVA, and severe patients often do not survive 
beyond the second or third decade because of pulmo-
nary infection, cervical instability or heart valvular dis-
ease if untreated [5]. In the intermediate patients, initial 
symptoms may appear in early childhood. The clinical 
findings of these individuals progress slowly, while the 
disease progression will eventually develop the symp-
toms observed in the severe patients [4]. Among the large 
number of patients with MPS IVA, about 3–20% showed 
mild phenotype [6–8]. Symptoms may not be recognized 
until later in childhood in mild patients with MPS IVA, 
and life expectancy can be near normal [9].

GALNS gene (NM_000512.5) is located on chromo-
some 16q24.3 and has approximately 50  kb in length, 
organizing into 14 exons [10–12]. The GALNS gene is 
alternatively spliced, with two other known protein cod-
ing transcripts currently annotated in the Reference 
Sequences (RefSeq) database (NM_001323543.2 and 
NM_001323544.2) (https://genome.ucsc.edu/). There are 
561 variants reported for the GALNS gene on HGMD 
(Human Gene Mutation Database; http://www.hgmd.
org), and this high degree of genetic heterogeneity is very 
likely responsible for the clinical variability in patients 
with MPS IVA [13]. However, there were still about 6–8% 
mutant alleles in patients with MPS IVA that had not 
been identified [6, 13, 14].

MPS IVA is a progressive systemic disease that will 
eventually result in disability and mortality regardless of 
severity. Unfortunately, it may take months or even years 
from symptom onset to the diagnosis of MPS IVA due to 
the rarity of the disease, the clinical variability and the 
challenging differential diagnosis [2, 15]. Early diagnosis 
is crucial for genetic counselling and disease intervention 
to improve the quality of life of MPS IVA patients.

This study reported the clinical characteristics and 
variants of thirteen MPS IVA patients with mild type 
from six unrelated families, where genetic counseling was 
delayed as a result of the delayed diagnosis of the pro-
bands, and the family had two or more affected siblings. 
The knowledge of incipient clinical manifestations and 

novel GALNS variants here may assist the early diagnosis 
of MPS IVA disease.

Materials and methods
Study subjects
Patients with MPS IVA were diagnosed at the Depart-
ment of Pediatric Endocrinology and Genetic Metabo-
lism of Xinhua Hospital, affiliated to Shanghai Jiao Tong 
University School of Medicine, between July 2020 and 
August 2022. Clinical features and findings on physical 
examinations of patients were extracted from the elec-
tronic medical records. Standard deviation (SD) scores of 
weight-for-age and height-for-age for patients referred to 
the growth charts for Chinese children and adolescents 
from birth to 18 years [16]. Radiological skeletal surveys 
of patients were evaluated and radiologic findings were 
analyzed by radiologists. GALNS deficiency was dem-
onstrated by enzyme assay [17]. Informed consent was 
obtained from patients or legal guardians of patients in 
this study. All procedures were performed under the Eth-
ics Committee of Xinhua Hospital affiliated to Shang-
hai Jiao Tong University School of Medicine approval 
(XHEC-D-2014-006).

Analysis of GALNS genomic DNA
Potential variants were identified by direct Sanger 
sequencing of 14 exons and their flanking regions of 
the GALNS gene in Family 1, 2, 5 and 6 [18]. Prim-
ers covering exon and exon–intron boundaries were 
assigned to produce amplicons (Table 1). Genetic analy-
sis was performed by whole exome sequencing (WES), 
whole genome sequencing (WGS) and Sanger valida-
tion in Family 3. WES and Sanger sequencing of exon 
2 (NM_001323544.2) of the GALNS gene were used 
to identify variants in Family 4. Genomic DNA was 
extracted with the DNA Blood Mini kit (Omega Bio-Tek, 
USA.) for cell and blood samples by a standard method 
following the manufacturer’s instructions. Parental DNA 
samples were analyzed to establish the variant origin.

Cell culture and treatment
Epstein-Barr virus (EBV)-infected lymphoblastoid cell 
line from patient8 (Pt8) was established as previously 
reported [19, 20]. EBV-lymphoblasts were grown in 
RPMI 1640 medium (Gibco, USA), supplemented with 
20% fetal bovine serum (FBS; Gibco, USA) and 1% peni-
cillin/streptomycin (Invitrogen, USA). The cells were 
cultured at 37  °C in a humidified atmosphere with 5% 
CO2. Patient EBV-lymphoblasts were maintained in the 
medium with 3000  µg/ml cycloheximide (Sigma, USA) 
for 16 h prior to RNA extraction [21].

https://genome.ucsc.edu/
http://www.hgmd.org
http://www.hgmd.org
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RNA isolation and cDNA analysis
Total cellular RNA was isolated from EBV-lymphoblasts 
of Pt8 using TRIZOL (Life Technologies, USA) and then 
was reversely transcribed using Primer Script TM RT 
regent Kit (TaKaRa, Japan). Primers covering the variant 
NM_001323544.2: c.129 C > T and spanning at least two 
exons was designed (Table  1). The reverse-transcribed 
product was mixed with a set of primers and Go Taq 
Green Master mix (Promega, USA) in a final volume of 
25 µL to produce a 614-bp amplicon. Then the amplicon 
was sequenced bidirectionally.

Results
Clinical findings
Thirteen MPS IVA patients with mild type from six unre-
lated families were included in this study and the male/
female ratio was at 7/6. The clinical findings and bio-
chemical characteristics of patients were summarized in 
Fig. 1; Table 2.

As illustrated in Fig.  1, musculoskeletal abnormalities 
were identified in the mild patients with MPS IVA with 
a decreasing order of frequency as follows: waddling gait 
(11/13, 85%), short neck (9/13, 69%), flat feet (8/13, 62%), 
joint pain (5/13, 38%), rib valgus (4/13, 31%), protrusion 
of the chest (2/13, 15%), and joint laxity (2/13, 15%). All 
probands showed waddling gait and four of them also had 
flat feet. A minority of mild patients presented the non-
skeletal manifestations including depressed nasal bridge 
(4/13, 31%), dental abnormalities (2/13, 15%), acanthosis 
nigricans (1/13, 8%) and snoring (1/13, 8%). The median 
age at symptom onset for all patients was 6.3 years and 
at confirmed diagnosis was 10.0 years. Moreover, the 
median age at diagnosis (12.4 years) of probands was 
delayed by 5.6 years since the onset of signs and symp-
toms (6.8 years). The GALNS enzyme activities of these 
patients ranged from 1.47 to 22.40 nmol/17 h/mg protein 
(Table 2). All patients were normal in cognitive capability, 
and their parents were nonconsanguineous couples.

Table 1 Primers used for genomic PCR and amplifying cDNA
Name Primer sequence (5’ − 3’) Annealing temperature (°C) Length (bp)
NM_000512.5-E1F  C G G G G C T C C G C G G C T C C C G T G G T T G 67 171
NM_000512.5-E1R  C T G C C C C G T C C C A C C G C C C G C A C T C
NM_000512.5-E2F  C C G A C A C G C T C T T G G C A C 61 318
NM_000512.5-E2R  A G A C A A G G T T G A T G C A G C C G
NM_000512.5-E3F  T C G T C T G T C A C G C G T C T G T C 61 282
NM_000512.5-E3R  C A C C T G C A G C T T G C C A C C
NM_000512.5-E4F  C C T G T T A G G A T G T G T G G A C G C 61 334
NM_000512.5-E4R  C C A G A A T C A G C T G C C G T T
NM_000512.5-E5F  T G A A G G T G G T A T C T G T T G C T G C 61 327
NM_000512.5-E5R  C A T G A G T G G C G A C T T G A G C C
NM_000512.5-E6F  A T G G C T T T G C T G G T G A A A T C 61 254
NM_000512.5-E6R  G G T G A G G T T G A T G C A T T C C T
NM_000512.5-E7F  G A C C G C A C C A A C C T C G C C 67 463
NM_000512.5-E7R  T G A A G G A C A G A G C C A G C A C C
NM_000512.5-E8F  G G T G C T G G C T C T G T C C T T C A 61 483
NM_000512.5-E8R  T C G G T G A C A T C T G C T C C T C C
NM_000512.5-E9F  G C G G G A G T G T A C C T C T C T G A 64 503
NM_000512.5-E9R  G A G A G C G G T G A G G A T G A G C
NM_000512.5-E10F  T G A G G C T C C T C T G T C T C T C A C A 61 437
NM_000512.5-E10R  A G C A C G C C T G T G T C C A G A A C
NM_000512.5-E11F  T G G A G G C A T G A G C C A C T G A T 61 315
NM_000512.5-E11R  G G A G T T C C T G C C T G T C T C A C C
NM_000512.5-E12F  C T T C A G C G T T T A G C C A G C G 58 494
NM_000512.5-E12R  A C C A A G C A C G T G T G G G T A T G
NM_000512.5-E13F  G A C T G C T C A C T G T G G T T C T C A G C 61 366
NM_000512.5-E13R  G G C C T C A C C A C T G A C G G A G
NM_000512.5-E14F  A A C T T G G G G A A C C C T T G T C T 61 624
NM_000512.5-E14R  G T C T G C A G G T G C T G T C T G T C
NM_001323544.2-E2F  T G G G G G A C A G T T A C C A G T T G A 62 353
NM_001323544.2-E2R  T G G A A G C C A G C A C C A C C C T G T
NM_001323544.2-cDNA-F  C A T G C A C G T G T T T A G A G G C 55 614
NM_001323544.2-cDNA-R  C C A A C C A T C T C C C A G T C C
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In this study, two patients (15%; 2/13) showed mild 
growth retardation at last observation, the height of these 
two patients corresponded to − 2.2 SD for age-matched 
normal controls (Table  2). No significant short stature 
could be observed in 85% (11/13) of patients with age 
ranging from 4.2 to 17 years (− 1.8 ∼ 0.7 SD). The weight 
of twelve patients (92%) nearly corresponded to that 
of the normal population (− 1.7 ∼ 0.9 SD). One patient 
exhibited weight lower than the age-matched weight 
from the growth chart of normal controls (− 2.0 SD).

Radiologic findings
Modification of the vertebral bodies, including 
platyspondyly, irregularity in the vertebral bodies with 
“tongue-shaped” deformity and anterior sharpening/
beaking of the vertebral bodies, was present on skeletal 
radiographs of all patients (Fig.  2A-C). In the cervical 
spine, seven patients showed cervical kyphosis or straight 
cervical curve (Fig.  2D). In the hands, dysplastic carpal 
bones were observed in three patients and delayed bone 
age was noted in two patients (Fig. 2E). Genu valgum was 
noted in three patients (Fig. 2F). The radiographs of the 
spine demonstrated scoliosis in six patients (Fig. 2G). All 
patients showed acetabular and/or femoral head dyspla-
sia (Fig. 2H).

Molecular results
Five missense variants (c.569  A > G, c.611  A > G, 
c.1142  C > G, c.1156  C > T, and c.1162G > A), three 
splice site variants (c.121–210  C > T, c.898 + 2T > A, and 
c.1139 + 2T > C), one small insertion (c.121-2_121-1in-
sTTTGCTGGCATATGCA) and one large deletion 
(E2 deletion) were identified in thirteen individuals 
from six unrelated families (Additional file 1 Table S1). 
Five GALNS variants (c.121-2_121-1insTTTGCTG-
GCATATGCA, E2 deletion, c.569 A > G, c.898 + 2 T > A, 
and c.1139 + 2 T > C) were described for the first time in 
patients with MPS IVA. The classification of each vari-
ant was performed according to the American College 
of Medical Genetics and Genomics (ACMG) guidelines, 
and the pathogenicity of missense variants was evaluated 
through web-based tools (Additional file 1 Table S2 and 
S3). There are six genotypes, one of which was homozy-
gous (Fig. 3). The variant NM_000512.5: c.121–210 C > T 
(NM_001323544.2: c.129  C > T, p.G43G) was the most 
prevalent, accounting for 25% of mutant alleles (3/12).

The GALNS gene and mRNA molecular analyses in Family 3 
and Family 4
Initial sequencing by WES and WGS in Pt6 and Pt7 
from Family 3 failed to identify any disease-causing vari-
ants. However, the clinical manifestations, radiographic 

Fig. 1 Clinical presentation of the mild patients with MPS IVA. The number in rectangles with different color represents the number of patients in 
each family
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findings and the outcome of enzyme activity testing 
were strongly suggestive of MPS IVA, which led us to 
reanalysis of the WGS data. Finally, the deep intronic 
variant NM_000512.5: c.121–210  C > T, for transcript 
NM_001323544.2, named c.129  C > T (p.G43G), was 
identified in these two sisters as homozygous status by 
another round of bioinformatic analysis and was vali-
dated by Sanger sequencing. Their parents were carriers 
of this variant.

For the Family 4, the results of WES and panel sequenc-
ing of 13 mucopolysaccharidosis-related genes were 
negative in Pt8 and Pt9. Considering that Family 3 and 
Family 4 were from the same province and had the same 
mild type of MPS IVA, we wondered whether these two 
families had the same GALNS variant. We designed the 
primers for exon 2 (NM_001323544.2) and performed 
Sanger sequencing on the amplicons. As anticipated, 
the variant NM_000512.5: c.121–210  C > T was identi-
fied in a homozygous status in Family 4 (Fig. 4A). How-
ever, the results of parental testing showed that only their 
father was carrier of the variant c.121–210 C > T and the 
mother did not carry it (Fig. 4A). This apparently homo-
zygous status might result from the large deletions cov-
ering this site. Later, the second disease-causing variant, 
exon 2 deletion (chr16:88909113–88,909,575 deletion), 
was identified in two patients and mother by analysis of 
copy number variations (CNVs) on WES data.

The deep intron variant c.121–210  C > T in the 
GALNS transcript of NM_000512.5 is also located 
into the exon2 (c.129  C > T) in the GALNS tran-
script of NM_001323544.2, leading to a synony-
mous variant (p.G43G). To prove whether this 
synonymous variant causes abnormal mRNA process-
ing, we constructed EBV-infected lymphoblastoid cell 
lines from Pt8 and performed cDNA analysis. The 
aberrant product of cDNA revealed an 11  bp deletion 
(c.128_138delGCGATGCTGAG) in the GALNS tran-
script of NM_001323544.2, which is predicted to result 
in a premature termination codon (NM_001323544.2: 
p.Gly43Aspfs*5) (Fig. 4B).

Discussion
In this study, we included the clinical characteristics and 
GALNS variants in thirteen mild patients with MPS IVA 
from six unrelated families. Six probands mainly com-
plained of waddling gait and visited pediatric orthope-
dics, which were then referred to geneticist. A definitive 
diagnosis of MPS IVA was demonstrated by reduced 
enzymatic activity of GALNS in leukocytes. Genetic anal-
ysis was performed as a confirmation of the diagnosis.

Typical MPS IVA manifests skeletal deformities, 
including short stature, genu valgum, pectus carinatum 
and spinal abnormalities [2]. The mild disease form is 
generally characterized by later onset of symptoms and Ta
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milder symptoms, which frequently goes misdiagnosis or 
delayed diagnosis. In six probands here, MPS IVA diag-
nosis was made after 7.8 years of age (range 7.8–17 years) 
with the median age of 12.4 years, which was 5.6 years 
delayed since the disease onset. Due to delayed diagnosis 
genetic counseling was delayed, and the family had two 
or more affected siblings.

Our study showed that the pathological change was 
initially restricted to osteoarticular system in these mild 
patients with MPS IVA. Waddling gait was the most 
prevalent clinical feature in the mild patients with MPS 
IVA (11/13, 85%). Two mild patients with MPS IVA had 
not showed the waddling gait at last observation, which 
may be explained by their young age (4.2 years and 6.0 

Fig. 3 Six family trees in this study. Black-and-white rectangle represents male carrier. Black-and-white circle represents female carrier. Black rectangle 
represents male patient. Black circle represents female patient

 

Fig. 2 Radiographic features in mild patients with MPS IVA. Lateral lumbar spine radiographs showed irregular vertebral bodies with “tongue-shaped” 
deformity in Pt1 (A), anterior beaking of the vertebral bodies in Pt8 (B) and anterior sharpening of vertebral bodies in Pt9 (C). Radiographs revealed 
kyphotic cervical curve in Pt6 (D), dysplastic carpal bones (E) and right genu valgum (F) in Pt5, scoliosis in Pt11 (G) and acetabular and femoral head 
dysplasia in Pt12 (H)
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years, respectively). Other bone deformity presented in 
mild patients with MPS IVA mainly included short neck 
(9/13, 69%), flat feet (8/13, 62%) and joint pain (5/13, 
38%). Flat feet were observed as a new clinical feature and 
had been seen in 67% of probands (4/6), indicating that 
the plantar performance of suspected patients should 
be scrutinized in the future. The evaluation of radiologi-
cal findings is useful for suggesting and supporting MPS 
IVA. Vertebral morphologic abnormalities (13/13, 100%), 
acetabular and/or femoral head dysplasia (13/13, 100%), 
straightened cervical curvature (7/13, 54%) and scoliosis 
(6/13, 46%) were the most common radiological features 
in our series. The symptoms of non-skeletal manifesta-
tions are not obvious in these patients so far.

Short stature is a pivotal parameter in the evaluation 
of children with typical MPS IVA [22]. The growth of 
patients affected with the severe MPS IVA was reduced 
after two years of age and nearly stopped at approxi-
mately 7 or 8 years of age, while the patients with mild 
phenotype may continue to grow in their teenage years 
and exceed 140 cm in height [4]. In our study, the heights 
of eight mild patients with MPS IVA, which were above 
10 years old, had been above 140 cm. Of thirteen patients 
with mild MPS IVA, only two patients showed mild 
growth retardation at last observation. These findings 
suggest that it cannot rule out the suspicion of MPS IVA 
even if there is no obvious growth retardation.

We identified ten GALNS variants including five mis-
sense variants, three splice-site variants, one inser-
tion and one large deletion. Five of the variants 
(c.121-2_121-1insTTTGCTGGCATATGCA, E2 deletion, 
c.569  A > G, c.898 + 2T > A, and c.1139 + 2T > C) were 
described here for the first time in MPS IVA patients. 
According to the ACMG guidelines, four novel variants, 
including c.121-2_121-1insTTTGCTGGCATATGCA, 
E2 deletion, c.898 + 2T > A, and c.1139 + 2T > C, were cat-
egorized as ‘pathogenic’, which are supported by PVS1, 
PM2, PM3, PP1 and PP4. Variant c.569 A > G is catego-
rized as ‘Likely pathogenic’, which is supported by PM2, 
PM3, PP1, PP4 and PP5. The other five variants (c.121–
210  C > T, c.611  A > G, c.1142  C > G, c.1156  C > T and 
c.1162G > A) were previously reported [6, 13, 23, 24].

The variant c.121–210 C > T was classified as a variant 
of uncertain significance in previous study [13]. The allele 
frequency of this variant varies by ethnicity. In the African 
American population, the frequency is 0.0357 in ExAC, 
and 0.0297 in gnomAD, and it is 0.0333 for the African 
population, and 0.0043 for the Latino population in 1000 
Genomes. The highest population allele frequency of 
variant c.121–210 C > T in other population is < 0.003 in 
databases including ExAC, gnomAD and 1000 Genomes, 
but it is zero in particular in the East Asian population. 
Splice Site Prediction by Neural Network (https://www.
fruitfly.org/seq_tools/splice.html) predicts that c.121–
210 C > T may cause a splice donor site. Variants located 

Fig. 4 GALNS variants detected in the DNA and cDNA products from Pt8. The variant NM_000512.5: c.121–210 C > T (NM_001323544.2: c.129 C > T) was 
identified in Pt8 and his father, while the mother of Pt8 did not carry this variant (A). An 11 bp deletion of the GALNS gene was detected in cDNA from Pt8 
(NM_001323544.2: c.128_138 delGCGATGCTGAG) (B)

 

https://www.fruitfly.org/seq_tools/splice.html
https://www.fruitfly.org/seq_tools/splice.html


Page 8 of 9Yi et al. BMC Medical Genomics          (2024) 17:151 

within deep intronic regions appear capable of promoting 
the use of alternative splicing sites. Therefore, the vari-
ant NM_000512.5: c.121–210  C > T (NM_001323544.2: 
c.129  C > T; p.G43G) contributes to the clinical pheno-
type in these individuals by causing abnormal mRNA 
processing. To prove this prediction, RNA was isolated 
from Family 4 and cDNA analysis was performed. Con-
sidering that the variant NM_001323544.2: c.129  C > T 
(p.G43G) may result in a premature termination codon, 
and initiate degradation of mutant transcripts through 
the nonsense-mediated messenger RNA (mRNA) decay 
(NMD) pathway, we used cycloheximide as a NMD 
inhibitor in cultured patient EBV-lymphoblasts to sta-
bilize the unstable transcripts [21, 25]. Finally, an 11 bp 
deletion (NM_001323544.2: c.128_138del) was identified 
in cDNA of Pt8, which introduced a premature termina-
tion codon at 5 amino acids later after the first amino 
acid change (p.Gly43Aspfs*5). This abnormal splicing 
event strongly supported the clinical phenotype observed 
in the patient with variant c.121–210 C > T.

As shown above, mild phenotype of MPS IVA should be 
considered in the presence of waddling gait, short neck, 
flat feet and joint pain involvement, and the absence of 
typical features does not rule out MPS IVA. Radiographic 
findings such as vertebral morphologic abnormalities, 
scoliosis and acetabular and/or femoral head dysplasia 
may indicate MPS IVA. For orthopedists who may not be 
familiar with MPS IVA, it is necessary to collaborate with 
a physician familiar with the diagnosis of inherited meta-
bolic disorders such as a clinical geneticist or a metabolic 
specialist. Moreover, molecular diagnosis route here sug-
gests that deep intronic variants may be responsible for 
occasional unidentified GALNS disease alleles and paren-
tal genotype should be studied especially for homozygous 
variants along the MPS IVA diagnostic process.

Conclusions
On the basis of our cohort, increased awareness of mild 
MPS IVA among orthopedists is needed. If findings indi-
cating MPS IVA are present, evaluation of enzyme activ-
ity will be the best option, along with genetic testing. 
Furthermore, deep intronic variants should be taken seri-
ously in the genetic analysis process, especially in whom 
the disease-causing GALNS variant was not initially iden-
tifiable by next generation sequence.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12920-024-01910-x.

Supplementary Material 1

Acknowledgements
We are grateful to the patients and their families for donating samples and 
clinical information.

Author contributions
Mengni Yi, Pinquan Shen and Huiwen Zhang contirbuted to the study 
conception and design. Pinquan Shen and Huiwen Zhang performed data 
collection. Mengni Yi and Huiwen Zhang worte the main manuscript text and 
Mengni Yi prepared Figs. 1, 2, 3 and 4. All authors reviewed the manuscript.

Funding
This work was supported by the Shanghai Municipal Health Commission 
[grant number 202240361]; the Shanghai Science & Technology Commission 
[grant number 20ZR1446300]; and the Shanghai Municipal Education 
Commission [grant number 20152520].

Data availability
The datasets generated and/or analysed during the current study are available 
in the clinVAR repository, [accession numbers SCV004697574-SCV004697582 
and SCV004697851].

Declarations

Ethics approval and consent to participate
Informed consent was obtained from patients or legal guardians of patients 
in the study. All procedures were performed under the Ethics Committee of 
Xinhua Hospital affiliated to Shanghai Jiao Tong University School of Medicine 
approval (XHEC-D-2014-006).

Consent for publication
The patients’ informed consents contain their permission to publish patient 
data.

Competing interests
The authors declare no competing interests.

Received: 19 February 2024 / Accepted: 14 May 2024

References
1. Matalon R, Arbogast B, Justice P, Brandt IK, Dorfman A. Morquio’s syndrome: 

deficiency of a chondroitin sulfate N-acetylhexosamine sulfate sulfatase. 
Biochem Biophys Res Commun. 1974;61:759–65.

2. Montaño AM, Tomatsu S, Gottesman GS, Smith M, Orii T. International 
Morquio A Registry: clinical manifestation and natural course of Morquio A 
disease. J Inherit Metab Dis. 2007;30:165–74.

3. Yasuda E, Fushimi K, Suzuki Y, Shimizu K, Takami T, Zustin J, et al. Pathogenesis 
of Morquio A syndrome: an autopsied case reveals systemic storage disorder. 
Mol Genet Metab. 2013;109:301–11.

4. Hendriksz CJ, Harmatz P, Beck M, Jones S, Wood T, Lachman R, et al. Review of 
clinical presentation and diagnosis of mucopolysaccharidosis IVA. Mol Genet 
Metab. 2013;110:54–64.

5. Tomatsu S, Montaño AM, Oikawa H, Smith M, Barrera L, Chinen Y, et al. Muco-
polysaccharidosis type IVA (Morquio A disease): clinical review and current 
treatment. Curr Pharm Biotechnol. 2011;12:931–45.

6. Yi M, Wang Y, Gao X, Han L, Qiu W, Gu X, et al. Investigation of GALNS variants 
and genotype-phenotype correlations in a large cohort of patients with 
mucopolysaccharidosis type IVA. J Inherit Metab Dis. 2022;45:593–604.

7. Tomatsu S, Filocamo M, Orii KO, Sly WS, Gutierrez MA, Nishioka T, et al. Muco-
polysaccharidosis IVA (Morquio A): identification of novel common mutations 
in the N-acetylgalactosamine-6-sulfate sulfatase (GALNS) gene in Italian 
patients. Hum Mutat. 2004;24:187–8.

8. Tapiero-Rodriguez SM, Acosta Guio JC, Porras-Hurtado GL, García N, Solano 
M, Pachajoa H, et al. Determination of genotypic and clinical characteristics 
of Colombian patients with mucopolysaccharidosis IVA. Appl Clin Genet. 
2018;11:45–57.

9. Tüysüz B, Alkaya DU, Toksoy G, Gunes N, Yildirim T, Bayhan İA, et al. Mutation 
spectrum and pivotal features for differential diagnosis of Mucopolysac-
charidosis IVA patients with severe and attenuated phenotype. Gene. 
2019;704:59–67.

10. Baker E, Guo XH, Orsborn AM, Sutherland GR, Callen DF, Hopwood JJ, et 
al. The morquio a syndrome (mucopolysaccharidosis IVA) gene maps to 
16q24.3. Am J Hum Genet. 1993;52:96–8.

https://doi.org/10.1186/s12920-024-01910-x
https://doi.org/10.1186/s12920-024-01910-x


Page 9 of 9Yi et al. BMC Medical Genomics          (2024) 17:151 

11. Masuno M, Tomatsu S, Nakashima Y, Hori T, Fukuda S, Masue M, et al. 
Mucopolysaccharidosis IV A: assignment of the human N-acetylgalactos-
amine-6-sulfate sulfatase (GALNS) gene to chromosome 16q24. Genomics. 
1993;16:777–8.

12. Nakashima Y, Tomatsu S, Hori T, Fukuda S, Sukegawa K, Kondo N, et al. 
Mucopolysaccharidosis IV A: molecular cloning of the human N-acetylgalac-
tosamine-6-sulfatase gene (GALNS) and analysis of the 5’-flanking region. 
Genomics. 1994;20:99–104.

13. Zanetti A, D’Avanzo F, AlSayed M, Brusius-Facchin AC, Chien YH, Giugliani R, 
et al. Molecular basis of mucopolysaccharidosis IVA (Morquio A syndrome): a 
review and classification of GALNS gene variants and reporting of 68 novel 
variants. Hum Mutat. 2021;42:1384–98.

14. Morrone A, Caciotti A, Atwood R, Davidson K, Du C, Francis-Lyon P, et al. 
Morquio A syndrome-associated mutations: a review of alterations in the 
GALNS gene and a new locus-specific database. Hum Mutat. 2014;35:1271–9.

15. Wood TC, Harvey K, Beck M, Burin MG, Chien YH, Church HJ, et al. Diagnosing 
mucopolysaccharidosis IVA. J Inherit Metab Dis. 2013;36:293–307.

16. Li H, Ji CY, Zong XN, Zhang YQ. [Height and weight standardized growth 
charts for Chinese children and adolescents aged 0 to 18 years]. Zhonghua Er 
Ke Za Zhi. 2009;47:487–92.

17. van Diggelen OP, Zhao H, Kleijer WJ, Janse HC, Poorthuis BJ, van Pelt J, et al. A 
fluorimetric enzyme assay for the diagnosis of Morquio disease type A (MPS 
IV A). Clin Chim Acta. 1990;187:131–9.

18. Ye J, Lei HL, Zhang HW, Qiu WJ, Han LS, Wang Y, et al. [Analysis of GALNS gene 
mutation in thirty-eight Chinese patients with mucopolysaccharidosis type 
IVA]. Zhonghua Er Ke Za Zhi. 2013;51:414–9.

19. Liu Q, Teng Y, Niu Y, Liu Q, Duan H, Bin P et al. [Study on the influence factors 
of human peripheral blood B lymphocyte transformation by Epstein-Barr 
virus]. Wei Sheng Yan Jiu. 2009;38:528 – 30, 534.

20. Mello AS, Burin MG, Michellin K, Viapiana M, Giugliani R, Coelho JC, et al. 
Epstein-Barr virus-induced transformation of B cells for the diagnosis of 
genetic metabolic disorders–enumerative conditions for cryopreservation. 
Cell Prolif. 2006;39:29–36.

21. Caciotti A, Tonin R, Mort M, Cooper DN, Gasperini S, Rigoldi M, et al. Mis-
splicing of the GALNS gene resulting from deep intronic mutations as a 
cause of Morquio a disease. BMC Med Genet. 2018;19:183.

22. Montaño AM, Tomatsu S, Brusius A, Smith M, Orii T. Growth charts for patients 
affected with Morquio A disease. Am J Med Genet A. 2008;146A:1286–95.

23. Tomatsu S, Montaño AM, Nishioka T, Gutierrez MA, Peña OM, Tranda Firescu 
GG, et al. Mutation and polymorphism spectrum of the GALNS gene in 
mucopolysaccharidosis IVA (Morquio A). Hum Mutat. 2005;26:500–12.

24. Ficicioglu C, Matalon DR, Luongo N, Menello C, Kornafel T, Degnan AJ. Diag-
nostic journey and impact of enzyme replacement therapy for mucopolysac-
charidosis IVA: a sibling control study. Orphanet J Rare Dis. 2020;15:336.

25. Noensie EN, Dietz HC. A strategy for disease gene identification through 
nonsense-mediated mRNA decay inhibition. Nat Biotechnol. 2001;19:434–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Delayed diagnosis of mild mucopolysaccharidosis type IVA
	Abstract
	Background
	Materials and methods
	Study subjects
	Analysis of GALNS genomic DNA
	Cell culture and treatment
	RNA isolation and cDNA analysis

	Results
	Clinical findings
	Radiologic findings
	Molecular results
	The GALNS gene and mRNA molecular analyses in Family 3 and Family 4

	Discussion
	Conclusions
	References


