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ORIGINAL ARTICLE

Mucopolysaccharidosis IVA mutations in Chinese
patients: 16 novel mutations

Zheng Wang2, Weimin Zhang®, Yun Wang!?, Yan Meng!?, Liang Su'?, Huiping Shi® and Shangzhi Huang!->?

Mucopolysaccharidosis IVA (MPS IVA; Morquio A syndrome) is a lysosomal storage disease caused by deficiency of
N-acetylgalactosamine-6-sulfatase (GALNS) and transmitted as an autosomal recessive trait. This is the first systematic
mutation screen in Chinese MPS IVA patients. Mutation detections in 24 unrelated Chinese MPS IVA patients were performed
by PCR and direct sequencing of exons or the mRNA of GALNS. A total of 42 mutant alleles were identified, belonging to 27
different mutations. Out of the 27 mutations, 16 were novel, including 2 splicing mutations (c.567-1G>T and c.634-1G > A),
2 nonsense mutations (p.W325X and p.Q422X) and 12 missense mutations (p.T88l, p.H142R, p.P163H, p.G168L, p.H236D,
p-N289S, p.T312A, p.G316V, p.A324E, p.L366P, p.Q422K and p.F452L). p.G340D was found to be a common mutation in
the Chinese MPS IVA patients, accounting for 16.7% of the total number of mutant alleles. The results show that the mutations
in Chinese MPS IVA patients are also family specific but have a different mutation spectrum as compared to those of other

populations.
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INTRODUCTION

Mucopolysaccharidosis IVA (MPS IVA), also known as Morquio A
syndrome (OMIM No. 252300) is an autosomal recessive metabolic
disease, caused by the deficiency of N-acetylgalactosamine-6-sulfatase
(GALNS; EC 3.1.6.4). GALNS is involved in the stepwise degradation
of keratin sulfate and chondroitin-6-sulfate.> The deficiency of
GALNS leads to accumulation of substrates in lysosomes, resulting
in cell dysfunction? and clinical manifestations.

The phenotype of MPS IVA can be classified into three subgroups
according to the patient’s final height: severe (<120 cm), intermediate
(between 120 and 140cm) and mild (above 140cm), respectively.?
The patients of the severe type are also characterized by features
such as short stature, genu valgum, odontoid dysplasia, protrusion of
the chest, kyphoscoliosis, hypermobility of joints and abnormal
gait,> and are mostly below the 90th percentile on the Morquio
A growth charts.* They often have their onsets during infancy,
and cannot survive through the second or third decade of life.
The patients of the intermediate and mild types, generally called
‘attenuated’ types, have relatively less skeletal involvement and longer
life span.

The GALNS gene (Gene ID: 2588) has been mapped to 16q24.3.°
GALNS contains 14 exons,® transcribed into a 2.3kb mRNA’ and
translated into a protein of 522 residues.® The mature GALNS has an
arylsulfatase domain that is highly conserved within the human
sulfatase protein family and among GALNS of different species.®

To date, 156 different mutations have been identified in GALNS,
70% of which are single-nucleotide substitutions (missense/nonsense
mutations).” Various bioinformatics tools have been used to predict
whether a missense mutation is pathogenic. A GALNS-specific scoring
system, considering both evolutionary conservation and chemical
characteristics of a given residue, has been proposed to assist in
such predictions. Mutation spectrums have been created in some
populations and distinctions were observed.>~1° Although one-fifth of
the world population is composed of Chinese, the mutation spectrum
in Chinese MPS IVA patients is not available.

In this study, mutation detections were performed in 24 Chinese
MPS IVA patients. A preliminary mutation spectrum in Chinese
patients has been proposed from the results.

MATERIALS AND METHODS

Patients

This study was approved by the ethics committee of the Peking Union Medical
College.

The 24 MPS IVA patients included in this study were diagnosed between
1999 and 2008. All patients were first clinically diagnosed according to their
symptoms and signs, and subsequently confirmed by GALNS enzyme assay
(vide infra) in the McKusick-Zhang Center for Genetic Medicine, Peking Union
Medical College Hospital.

These patients resided in different cities or counties in 16 provinces of
China. The parents of one of the patients, IV_20, were of Han and Dong
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lineages; the others were of Han origin. Neither consanguineous marriage nor
known kinship between families could be revealed by tracing the family tree
according to information provided by the patients or their close relatives. In
patients under 18 years, preliminary determination of their positions on the
Morquio A-specific growth charts? was made.

GALNS enzyme assay

GALNS activities were assayed according to the method described by Kleijer
et al.?0 Leukocytes were separated from 2ml of peripheral blood and lysed by
ultrasonication.  4-Methylumbelliferyl-B-p-galactose-6-sulfate ~ (Moscerdam
Substrates, Oegstgeest, the Netherlands) was used as the fluorogenic substrate
to determine GALNS activity. The activity was expressed as the amount of
substrate (nmol) cleaved per h per mg of protein in the cell lysates. The normal
range in Chinese controls was found to be 4.57-9.36 nmol h~! per mg protein
(W Zhang, unpublished data, n=50).

Mutation detection

Genomic DNA was extracted from 1ml peripheral blood using the sodium
chloride/chloroform method, or the Lab-Aid 800 magnetic beads nucleic acid
extraction system (BioV, Xiamen, China).

Primer pairs GAL_01 to 14 (listed in Table 1) were designed by the online
software Primer3 (http://frodo.wi.mit.edu/)?! to amplify each exon with
adjacent intronic sequences (for exon 14, only the translated region was
amplified).

PCR was conducted in 50 pil volume containing 20 ng genomic DNA, 10 pmol
of each primer, 10 nmol dNTPs, 2.5 U rTaq DNA Polymerase (Takara, Liaoning,
China), and 25 pl 2xGC buffer I or II (Takara) as PCR enhancer. The reactions
were performed in a T1 thermocycler (Biometra, Gottingen, Germany) with a
thermal profile consisting of initial denaturation at 95 °C for 5 min, followed by
35 cycles of 94 °C for 30, annealing at temperatures as listed in Table 1 for 305,
and 72 °C for 45s, followed by a final extension at 72 °C for 10 min.

PCR products were purified by agarose gel extraction kit, and then used as
templates in sequencing reactions. PCR primers in either direction were used as
sequencing primers. Sequencing reactions were performed in a T1 thermocycler
(Biometra) with BigDye Terminator v.3.1 (Applied Biosystems, Foster City, CA,
USA), following the manufacturer’s protocol. Sequences were obtained on ABI
Prism 3730 Capillary Array Sequencer (Applied Biosystems).

Sequencing chromatograms were aligned with reference sequences (NCBI build
36.1) by Sequencher software version 4.8 (Gene Codes, Ann Arbor, MI, USA).

The transmission of sequence variations found in each patient was inferred
by sequencing corresponding exons of his/her parents. Analysis of novel
sequence variations was performed by comparing with the direct sequencing
results of corresponding exons in 50 healthy unrelated Chinese Han
individuals.

Table 1 Primers used in mutation screening of GALNS
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RT-PCR
Total RNA was isolated from 500 pl fresh peripheral blood with TRIzol LS
Reagent (Invitrogen, Carlsbad, CA, USA), following the manufacturer’s protocol.

Reverse transcription (RT) reactions were performed within 24 h after RNA
isolation, in a volume of 10 pl containing 100 ng RNA, 50 pmol oligo (dT)g
primer, 5nmol dNTPs, 10U RNase inhibitor (Takara), 50U MMLV reverse
transcriptase (Takara) and corresponding reaction buffer. The reaction condi-
tions were as described in the manufacturer’s protocol.

Primer pair GAL_RT?2, covering a segment from nt 403 to nt 851 of the full-
length ¢cDNA (NM_000512.4), were designed by Primer Premier software
package version 5.0 (Premier Biosoft, Palo Alto, CA, USA). The procedures
of amplification, purification and sequencing were the same as that described
above.

Bioinformatics analysis

SIFT and PolyPhen are in silico tools that predict impact of amino-acid
substitutions. SIFT predicts whether an amino-acid substitution affects protein
function based on sequence homology and the physical properties of amino
acids.?? PloyPhen makes predictions of possible impact of an amino-acid
substitution on the structure and function of a human protein using straight-
forward physical and comparative considerations.”> Missense mutations were
submitted to SIFT (http://sift.jcvi.org/) and PolyPhen (http://genetics.bwh.
harvard.edu/pph/), respectively. Parameters were reserved as default. The
GALNS-specific scoring system?* was also used. GALNS protein sequences of
11 species (human, dog, mouse, rat, pig, cattle, puffer fish, frog, chicken,
zebrafish and sea urchin) were aligned by Clustal-X2.2> Evolutionary conserva-
tion (Cgyp) of a given residue was scored as 1, 2, 3 or 4, according to the level
of conservation (conserved in all species, conserved in vertebrates, conserved in
mammals and not conserved).

Conservativeness of amino-acid substitution (Caas) was scored as 1, 2 or 3
according to the chemical difference (y, defined by Grantham?®) of the two
residues involved in a substitution: nonconservative (y>90), semiconservative
(60 < <90) and conservative (y<60).

The sum (S) of Cgyo and Cyas was used in judging the pathogenicity of a
missense substitution. Cutoff index between pathogenic and polymorphic was
set as 4 as described by Tomatsu et al.?

Haplotype analysis

Up to 34 single-nucleotide polymorphisms (SNPs), including 15 HapMap
SNPs, were genotyped for mutation detection. By comparing SNP genotypes of
a patient to those of his/her parents, haplotypes of alleles were constructed.
SNPs used were rs11862754, rs11865929, rs35137494, rs13334220, rs71395332,
1534278797, 1rs8059282, rs7196835, rs8054994, rs3743544, rs3743545,
rs7187889, rs2269333, rs17603837, rs12934499, rs34745339, rs1064315,

Sense (5'-3’)

Antisense (5’-3’)

Conditions (annealing temperature and reaction enhancer)

GAL_01 ACTGGTCACGAGGCAGTC CTCGCTCCTCCCTCCATC Touchdown 65 to 60 °C, with GC | buffer
GAL_02 CCGACACGCTCTTGGCAC AGACAAGGTTGATGCAGCCG Touchdown 65 to 60 °C, with GC | buffer
GAL_03 TCGTCTGTCACGCGTCTGTC CACCTGCAGCTTGCCACC Touchdown 63 to 58 °C, with GC II buffer
GAL_04 CCTGTTAGGATGTGTGGACGC CCAGAATCAGCTGCCGTT Touchdown 55 to 50°C, with GC Il buffer
GAL_05 TGAAGGTGGTATCTGTTGCTGC CATGAGTGGCGACTTGAGCC 60°C, with GC | buffer
GAL_06 ATGGCTTTGCTGGTGAAATC GGTGAGGTTGATGCATTCCT Touchdown 60 to 55°C, with GC | buffer
GAL_07 GACCGCACCAACCTTGCC TGAAGGACAGAGCCAGCACC 65 °C, with GC | buffer
GAL_08 GGTGCTGGCTCTGTCCTTCA TCGGTGACATCTGCTCCTCC 58 °C, with GC | buffer
GAL_09 GCGGGAGTGTACCTCTCTGA GAGAGCGGTGAGGATGAGC Touchdown 65 to 60 °C, with GC | buffer
GAL_10 TGAGGCTCCTCTGTCTCTCACA AGCACGCCTGTGTCCAGAAC 60°C, with GC | buffer
GAL_11 TGGAGGCATGAGCCACTGAT GGAGTTCCTGCCTGTCTCACC Touchdown 63 to 58 °C, with GC Il buffer
GAL_12 GCTCCAGGACACAGGCAGAC ATAGCAACAGCAGATGCAGG 62°C, with GC | buffer
GAL_13 GACTGCTCACTGTGGTTCTCAGC GGCCTCACCACTGACGGAG 58 °C, with GC | buffer
GAL_14 AACTTGGGGAACCCTTGTCT GTCTGCAGGTGCTGTCTGTC Touchdown 60 to 55 °C, with GC | buffer
GAL_RT2 GAAACGCCTACACACCGCAGGAGAT ATACCGCCCTCGCTGACTGGTGCCC 65 °C, with GC | buffer
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rs11076721, 1rs61742258, 1s35232749, rs7187783, 1s8050636, rs7191220,
rs3743546, 1rs3833041, 1s74035850, rs12446069, 1rs3859024, rs73251099,

152303269, 152303270, 1573251097, rs73251084, 152303271 (listed in genomic
sequence; HapMap SNPs were written in bold).

RESULTS

Clinical features and GALNS activity

Basic information, major clinical features and GALNS activity of each
patient were retraced from reserved medical records and listed in
Table 2.

Skeletal abnormalities such as pectus carinatum (91.7%, 22/24
patients), short trunk dwarfism (79.2%, 19/24 patients), genu valgum
(62.5%, 15/24 patients) and wrist joint laxity (62.5%, 15/24 patients)
were the most common findings in these patients.

Patients” GALNS activities ranged from 0 to 0.182nmolh~! per mg
protein. In most of the patients, it was below 0.050 nmolh~! per mg
protein (62.5%, 15/24 patients), between 0.050 and 0.100 in 5 (20.8%,
5/24 patients), and above 0.100 in 4 (16.7%, 4/24 patients).

In this study, patient IV_12 was 144 cm tall, thus belonging to the
mild group. Patients IV_15 (129 cm) and IV_20 (133 cm) were of the
intermediate group. Patients still in childhood were classified accord-
ing to the Morquio A growth chart for each gender.* Two girls, IV_04
and IV_06, were classified as of the attenuated type; the others were
classified as of the severe group.

Mutation detection
A total of 42 mutant alleles were identified in the 24 patients (see
Supplementary information) while 6 alleles remained unknown
(Table 2). The identified mutant alleles were of 27 different kinds
(Table 3), including 1 small deletion, 2 nonsense mutations, 3 splicing
mutations and 21 missense mutations. Of these variations, 11 were
known mutations and 16 were novel (p.T88I, p.H142R, p.P163H,
p.G168L, p.H236D, p.N289S, p.T312A, p.G316V, p.A324E, p.L366P,
p.Q422K, p.F452L, p.W325X, p.Q422X, c.567-1G>T, c.634-1G> A).
All the novel mutations were not detected in 100 control chromosomes.
Parental origins of most alleles were inferred (Table 3). Hetero-
zygous variations were detected in two adjacent nucleotides
(c.502G>T and c.503G>T) on sequencing exon 5 of patient
IV_24. The two variations probably existed in cis on the maternal
allele for they were both transmitted from the patient’s mother.

RT-PCR
RNA of patients IV_15 and IV_24 was extracted from peripheral
blood to validate effects of splicing mutations through RT-CR.
Patient IV_15 was a heterozygote of ¢.567-1G>T and p.P163H. As
shown in Figure 1, overlapping peaks, starting from nt 205 on the
sequencing chromatogram, were found to be due to the superposition
of a normal allele and an aberrant allele with an 11bp deletion
(r.567_577del).

Table 2 Clinical features, enzyme activity and mutations of each patient

Basic information

Clinical features at diagnosis®

Enzyme assay

Age in  Onset GALNS activity Short
Patient diagnosis  age (nmol h~1 per trunk Pectus Joint Genu
D Gender  (year) (year) Mutations® mg protein)¢  Height (cm) Weight (kg) Classification dwarfism carinatum laxity valgum
V.0l M 6.6 1.0 p.Q422X/p.Q422X 0.012 97.0(-5.72sd.) 16.5(-1.71s.d.) Severed + + + +
V.02 M 10.7 1.0 p.G155R/ND 0.024 97.0(-6.59s.d) 17.0(-2.40s.d.) Severed + + + +
IV_03 M 2.3 1.0 p.L36_L37del/p.L366P 0.059 89.5(-1.08s.d.) 11.5(-1.54s.d.) NA NA + + +
IV_04 F 3.7 NA  p.H236D/p.H236D 0.012 92.0(-1.89s.d.) 13.0(-1.27s.d.) Attenuatedd + + + +
IV_05 M 5.0 2.0 p.G340D/p.G340D 0.141 98.0 (-2.97 s.d.) 16.0(-1.09s.d.) Severed + + NA NA
IV_06 F 8.1 1.0 p.N289S/p.N289S 0.159 113.0(-3.21s.d.) 19.0(-1.10s.d.) Attenuatedd + + + +
IV_07 M 3.5 1.5 ND/IVS6-1G>A 0.182 83.5(-4.39sd.) 12.5(-1.85s.d.) Severed + + + +
IV_08 M 11.5 1.0 p.F452L/p.G290S 0.088 112 (-5.77 sd.) 23.5(-1.32s.d.) Severed + NA + +
IV.09 M 3.8 0.6 p.T312A/p.G340D 0.029 97.0(-1.63s.d.) 16.5(0.15s.d.) Severed + + + +
IV.10 M 5.0 1.0 p.F452L/p.G340D 0.053 93.0(-4.16s.d.) 13.0(-2.50s.d.) Severed + + + +
IV_11 F 5.9 2.0 p.G340D/p.G340D 0.094 95.0 (-4.91s.d.) 14.0(-2.49s.d.) Severed + + +
IvV_12 M 14.3 0.5 p.A324E/ND 0.018 144.0(-3.69s.d.) NA Mild + NA —
IV_13 M 9.0 0.0 p.M318R/p.L36_L37del 0.012 88.5(~7.42s.d.) 15.0(-2.38s.d.) Severed + NA + +
V.14 M 6.1 NA ND/p.G316V 0.000 NA NA NA NA NA NA NA
IV_15 M 15.0 0.0 p.P163H/IVS5-1G>T 0.029 129.0(-6.57s.d.) 30.0(-1.60s.d.) Intermediate + — +
V.16 M 4.7 NA  p.Q422K/p.H142R 0.012 92.0 (-4.10s.d.) 15.0(-0.85s.d.) Severed + NA -
IvV_17 M 10.1 0.7 p.A291T/p.S82L 0.018 98.0 (-7.69s.d.) 20.1(-1.38s.d.) Severed + + +
V.18 M 5.3 1.3 p.G139S/p.S82L 0.018 93.0(-3.85s.d.) 15.0(-0.96s.d.) Severed + + NA
IV_19 F 1.5 NA  p.A107T/p.T88I 0.035 82.0(0.13s.d.) 12.5(1.66 s.d.) NA NA NA NA NA
V.20 M 32.5 NA  p.R386C/ND 0.094 133.0(-6.21s.d.) 40.0(-2.32s.d.) Intermediate + NA + —
V21 M 3.9 0.1 p.A107T/ND 0.018 90.0(-3.08s.d.) 13.0(-1.63s.d.) Severed + NA + -
IV_22 F 6.1 0.6 p.W325X/p.W325X 0.018 92.0 (-4.91 s.d.) NA Severed + + +
IV_23 M 4.2 1.5 p.G340D/p.G340D 0.124 89.3 (-3.51s.d.) 13.0(-1.82s.d.) Severed + + + +
V.24 M 9.4 1.0 p.G168Ur.423_566del 0.029 95.4 (-6.85s.d.) 16.0(-1.58s.d.) Severed + + + +

Abbreviation: ND, not detected.

3Paternal allele displayed in front of maternal allele; for IV_08, IV_13, IV_20, IV_21, highlighted in gray, origin of alleles were not determined.

b4 the clinical feature was observed; *, the clinical feature was observed but mild; —, the clinical feature was not observed; NA, the clinical feature was not mentioned in medical record.

cNormal range in Chinese normal controls: 4.57-9.36 nmol h~! per mg protein (W Zhang, unpublished data).
dClassification based on Morquio growth chart.
®Mother of this patient is of Dong nationality.
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Table 3 Mutations found in this study
Allele frequency Location Bioinformatics predictior?
GALNS-
Count  Proportion Genomic Mutation ~ HGMD specific
Mutation of allele (%) (chr 16:) Coding sequence Exon  type accession Cevo Caas S method  PolyPhen SIFT
p.L36_L37del 2 4.17  87450676-87450681 ¢.106_111del 1 Deletion  CDO13157
p.S82L 2 4.17 87435880 c.245C>T 3 Missense CM970577 1 1 2 + + +
p.T88IP 1 2.08 87435862 c.263C>T 3 Missense 1 2 3 + + +
p.A107T 2 4.17 87435806 c.319G>A 3 Missense CM042055 1 3 4 + - -
p.G139S 1 2.08 87434908 c.415G>A 4 Missense CM970582 1 3 4 + + +
p.H142RP 1 2.08 87431672 c.425A>G 5 Missense 1 3 4 + + +
p.G155R 1 2.08 87431634 c.463G>A 5 Missense CM970584 1 1 2 + + +
p.P163HP 1 2.08 87431069 c.488C>A 5 Missense 1 2 3 + - +
p.G168LP 1 2.08 87431594~ ¢.502_503GG>TT 5 Missense 2 1 3 + - -
87431595
p.H236DP 2 4.17 87429686 c.706C>G 7 Missense 1 2 3 + + +
p.N289sP 2 4.17 87429154 c.866A>G 8 Missense 1 3 4 + + +
p.G290S 1 2.08 87429152 c.868G>A 8 Missense CM970594 1 3 4 + + +
p.A291T 1 2.08 87429149 c.871G>A 8 Missense CM950535 1 3 4 + - +
p.T312AP 1 2.08 87425975 c.934A>G 9 Missense 1 3 4 + + +
p.G316VP 1 2.08 87425962 c.947G>T 9 Missense 1 1 2 + + +
p.M318R 1 2.08 87425956 €.953T>G 9 Missense CM950536 1 1 2 + + +
p.A324EP 1 2.08 87425938 c.971C>A 9 Missense 1 1 2 + + —
p.G340D 8 16.67 87420731 c.1019G>A 10 Missense CM041772 3 1 4 + + -
p.L366PP 1 2.08 87420653 c.1097C>T 10 Missense 2 1 3 + -
p.R386C 1 2.08 87418762 c.1156C>T 11 Missense CM950540 1 1 2 + — +
p.Q422KP 1 2.08 87416598 c.1264C>A 12 Missense 2 3 5 +
p.F452LP 2 4.17 87416508 c.1354T>C 12 Missense 3 3 6 + +
p.W325xb 2 4.17 87425935 c.974G>A 9 Nonsense
p.Q422x%P 2 4.17 87416598 c.1264C>T 12 Nonsense
IVS5-1G>TP 1 2.08 87430177 ¢.567-1G>T Intron 5 Splicing
IVS6-1G> AP 1 2.08 87429759 c.634-1G>A Intron 6 Splicing
r.423_566del 1 2.08 ? ? ? Splicing
Undetected 6 12.5
Total 48 100
@Bioinformatics predictions were performed on missense mutations.
PNovel mutations discovered in this study.
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Figure 1 Sequencing chromatogram of RT-PCR product of patient IV_15. The overlapped chromatogram can be separated into a normal allele (top) and an
allele with 11 bp deletion (bottom) (the break point is marked with shadow).

In patient IV_24, overlapping peaks started from coding DNA nts  Bioinformatics analysis
423 (Figure 2). The overlapping peaks were found to be due to the Twenty-one missense mutations (12 novel and 9 known
superposition of a normal allele and an aberrant allele with a 144bp  mutations) identified in this study were evaluated. Effects of
deletion (r.423_566del) and with skipping of exon 5. missense mutations predicted by PolyPhen, SIFT and the
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Figure 2 Sequencing chromatogram of RT-PCR product of patient 1V_24. The overlapped chromatogram can be separated into a normal allele (top) and an

allele with 144 bp deletion (bottom) (the break point is marked with shadow).

GALNS-specific methods as well as Cgyo, Caps and S were listed in
Table 3.

All mutations were presumed to be pathogenic by at least one
method. Of the 21 mutations, 11 were so classified by all three
methods, 6 by two methods and 4 by one method.

In 16 of the 21 mutations, the affected residue is conserved in all
species investigated, from sea urchin to human (Cgyo=1). Three
mutations (p.G168L, p.L366P and p.Q422K) were conserved in
vertebrates (Cgyo=2), and two mutations (p.F452L and p.G340D)
were conserved in mammals (Cgyo=3). Of the 21 missense mutations,
12 were conservative (Caas=3) or semiconservative (Caps=2), and 9
were nonconservative (Caas=1).

Haplotype analysis

A missense mutation ¢.1019G>A (p.G340D) was detected in eight
mutant alleles of five patients. Haplotype analysis was performed to
examine whether the eight p.G340D-alleles descended from the same
ancestor.

Genotypes were identical for 33 SNPs (including all 15 HapMap
SNPs) in all eight alleles. The only exception was rs35137494 located in
exon 2: in two p.G340D-alleles cytosine was present, whereas in the
other six, thymine was present.

DISCUSSION

This study was carried out with two purposes: (1) to detect mutations
in the Chinese MPS IVA patients and to provide prenatal diagnosis to
affected families if desired, and (2) to work out a preliminary
mutation spectrum of the Chinese patients, and compare it with
those of the global populations.

Of the 27 mutations, 16 identified in this study were novel,
corresponding to 10% of the present GALNS mutation database
(http://www.hgmd.org).

As a member of the sulfatase protein family, GALNS functions
through a conserved sulfatase domain, composed of codon 31-453
(http://pfam.sanger.ac.uk/protein?acc=P34059). The 3D structural
model of human GALNS has been constructed by homology modeling
of the X-ray crystal structure of human 4S and ASA,? although the
X-ray crystal structure of GALNS was not available.

Both novel nonsense mutations, p.W325X and p.Q422X, may result
in a defective arylsulfatase domain. p.W325X could cause the loss of
some N-terminal components (the last 3-sheet and last two a-helixes)
and all C-terminal components (four B-sheets and one o-helix);
p-Q422X would lead to the loss of the last C-terminal o-helix.?4?7
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Two novel intronic splicing mutations, ¢.567-1G>T and c.634-
1G> A, were the first splicing defects identified in introns 5 and 6.
Both mutations affected the 3’-acceptor site, which is believed to be
the most conserved intronic splicing elements. Mutation in the
3’-acceptor site usually lead to false splicing, resulting in marked
structural change of the resulting enzyme protein.

The consequence of ¢.567-1G>T was disclosed by sequencing
analysis of RT-PCR product of patient IV_15, which resulted in a
frameshift with premature termination at codon 193. The 11-bp
deletion in mRNA (1.567_577del) revealed the existence of a cryptic
splicing acceptor, hidden 11bp downstream of the beginning of
exon 6. The cryptic splicing acceptor would be activated when the
normal splicing acceptor was disrupted. This supports the fact that
effects of mutations in conserved intronic splicing elements could be
different from retention of intron(s), or skipping of exon(s). Local
structures should be carefully scrutinized when making predictions.

1.423_566del was discovered by RT-PCR, resulting in the formation
of an immediate stop codon (TGA, TG from exon 4 and A from exon
6). The genomic cause of this mutation is still unclear. All exons of
the patient were sequenced and no splicing mutation was found.
Additional investigation is required to disclose the genomic change
responsible for this mutation.

Predicting effects of single-nucleotide variations in coding region
were considered to be an easy task by checking the table of genetic
code. It is actually more complicated. Exonic single-nucleotide varia-
tions in GALNS may act in one or more of the following ways: (1) as a
polymorphism that does not affect the gene’s functions, (2) as a
missense mutation resulting in reduced enzyme activities and (3)
as a missense mutation that affects the formation of lysosomal
multienzyme complex which is responsible for the stabilization of
GALNS.24’28’29

In vitro expression of mutant alleles has been used to judge the
pathogenicity of missense mutations,®® by assaying enzyme activities
of plasmid containing mutant cDNA produced by site-direct muta-
genesis. This method may be limited in distinguishing substitutions of
residues involved in forming lysosomal multienzyme complex if they
do not change enzyme activities greatly. Other methods, such as
bioinformatics tools with distinct design and algorithm, may help to
improve the prediction.

Three bioinformatics tools for missense mutations are based on
different designs. PloyPhen is based on multiple sequence alignment
and protein 3D structures; SIFT is based on sequence homology
among proteins similar in sequence and function, either the same
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protein in different species or other members of the same protein
family; the GALNS-specific scoring system considers conservation of
residues among aligned GALNSs in species at different evolutionary
level (Cgyo) and conservativeness of chemical characteristics between
substituted amino acids (Caag)-

Generally, predictions for mutations in the N-terminus of GALNS
have been more consistent using all three softwares than predictions
for mutations in the C-terminus. This may be because results of multi-
alignment of sequence similar to GALNS are considered in algorithms
of all three methods, whereas the conserved sulfatase domain is mainly
located in the N-terminus. However, aligned sequences were different
in the three methods. Only GALNS sequences of different species are
used in the GALNS-specific method, while sequences aligned in SIFT
and PolyPhen include sequences of other proteins or less reliable
sequences similar to those of GALNS. Inclusion of less-reliable
sequences may produce confusions in the results and reduce the
quality of prediction.

This is the first systematic mutation analysis in Chinese MPS IVA
patients. Both mutations previously reported in Taiwan Chinese
patients'® (p.M318R and p.L36_L37del) were included in our study.

Comparing with the mutations reported previously in global
populations, 17 out of 27 (or 63%) of the mutations found in Chinese
patients (16 novel mutations described in this study and p.L36_L37del
described previously in a Taiwan Chinese patient) are not observed in
other nations so far, indicating a different mutation spectrum may
exist in Chinese population.

Eight p.G340D-alleles were detected in five Chinese patients (three
homozygotes and two compound heterozygotes). It is the most
common mutant allele in the Chinese population, accounting for
16.7% (8/48) of the total mutant alleles among Chinese. All 5 patients
with p.G340D were residents or emigrants from adjacent provinces in
central eastern China (Hebei, Shandong, Anhui and Henan) within a
circumference of 600 km. These eight alleles had identical haplotype in
formed by 33 of 34 SNPs in exon 2-13. The only difference was
135137494, with cytosine in two and thymine in six of the eight
p-G340D alleles. rs35137494 is located in a CpG dinucleotide, which has
been proved to have a higher mutation rate due to its biochemical
structure. Considering the above information, it is more likely that
p.G340D in these patients could be identical-by-descent and derived
from the same founder. The only difference in the haplotypes could be
caused by a recurrent transition of rs35137494. Therefore, similar to the
situations previously described in Italian'” and Finnish?! patients, the
mutation spectrum in Chinese patients is unique because most muta-
tions are Chinese-unique and family-specific, whereas one mutation
(p.G340D) exists in a higher proportion (16.7%). The unique mutation
spectrum is in agreement with the fact that Chinese were comparatively
isolated genetically in history due to its geographic location and culture.

In this study, 87.5% (42/48) of the mutant alleles were character-
ized. Six mutant alleles remain unknown. Similarly, in other mutation
detection programs for MPS IVA,!0-1>19 there were also about
10-25% alleles undetected. This may be due to the limitation of the
exon-by-exon-sequencing method currently used, which detects only
mutations in discontinuous short amplicons. Chromosomal rearran-
gements cannot be detected unless cytogenetic method is applied.
Heterozygotes with deletion or duplication covering the entire PCR
amplicon(s)*> may be missed, because sequencing data from one
single allele or from two same alleles cannot be differentiated. RNA
analysis or quantitative methods, such as real-time PCR or multiplex
ligation-dependent Probe amplification, may be of help in such cases.

Single-nucleotide mutations may also be missed. Untranslated
regions are usually less focused on in routine mutation screening
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programs; however, some mutations in untranslated region have been
reported in LSDs.3>* A number of nucleotides in the genome, coding or
noncoding, have been found to function in the regulation of tran-
scription, splicing and translation. Characteristics of these cis-acting
regulatory elements are not clearly understood and therefore such
mutations may be misjudged as missense mutation or synonymous
polymorphism®4% or left in the unchecked region of introns*® or
interval between genes. More efforts, such as RNA-based strategy, are
required to detect these unknown alleles for better understanding of
GALNS gene mutations and for more precise prenatal gene diagnosis.

As a recessive disease, the clinical phenotype is manifested only
when both alleles are not functioning. Linkage phase of detected
variants should be confirmed to avoid the situation when more
variations in one allele are present. Errors in gene diagnosis will end
up in a wrong prenatal diagnosis.

In conclusion, this is the first systematic mutation screening
program in Chinese MPS IVA patients. In this study, we identified
16 novel mutations in GALNS, corresponding to 10% of the mutation
database. p.G340D was found to be a common mutation in the
Chinese population. These findings can be of benefit to MPS IVA
patients in gene diagnosis, drug discovery and therapy development.
As we mentioned, in certain cases linkage phase of mutations, RNA
analysis and bioinformatics tools can be very valuable.
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