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Abstract
Mucopolysaccharidosis IVA (MPS IVA) is caused by deficiency of N-acetylgalactosamine-6-
sulfate sulfatase (GALNS), leading to systemic skeletal dysplasia because of excessive storage of
keratan sulfate (KS) in chondrocytes. In an effort to determine a precise prognosis and
personalized treatment, we aim to characterize clinical, biochemical, and molecular findings in
MPS IVA patients, and to seek correlations between genotype, phenotype, and blood and urine KS
levels. Mutation screening of GALNS gene was performed in 55 MPS IVA patients (severe: 36,
attenuated: 13, undefined: 6) by genomic PCR followed by direct sequence analysis. Plasma and
urine KS levels were measured by ELISA method. Genotype/phenotype/KS correlations were
assessed when data were available. Fifty-three different mutations including 19 novel ones (41
missense, 2 nonsense, 4 small deletions, 1 insertion, and 5 splice-site) were identified in 55
patients and accounted for 93.6% of the analyzed mutant alleles. Thirty-nine mutations were
associated with a severe phenotype and ten mutations with an attenuated one. Blood and urine KS
concentrations in MPS IVA patients were age-dependent and markedly higher than those in age-
matched normal controls. Plasma and urine KS levels in MPS IVA patients with the severe
phenotype were higher than in those with an attenuated form.
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This study provides evidence for extensive allelic heterogeneity of MPS IVA. Accumulation of
mutations as well as clinical descriptions and KS levels allow us to predict clinical severity more
precisely and should be used for evaluation of responses to potential treatment options.
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INTRODUCTION
Mucopolysaccharidosis IVA (MPS IVA, Morquio A disease; OMIM# 253000) is an
autosomal recessive lysosomal storage disorder (LSD) characterized by a loss of activity of
the N-acetylgalactosamine 6-sulfate sulfatase (GALNS) enzyme. The estimated incidence of
Morquio A disease varies widely between 1 in 75,000 to 500,000 births [1–8]. Deficiency of
GALNS results in a build-up of the glycosaminoglycans (GAGs), keratan sulfate (KS), and
chondroitin-6-sulfate (C6S) in lysosomes throughout the body, but specifically in the
cartilage and cornea, where KS is synthesized. In MPS IVA, the degradation of KS is
defective. KS is predominantly found in cartilage and cornea, the major organs affected in
MPS IVA. The specific mechanism, by which excess storage of KS results in the skeletal
dysplasia unique to MPS IVA, remains unknown.

The most widespread pathological findings are related to a systemic skeletal dysplasia
including short trunk dwarfism, kyphoscoliosis, platyspondyly, odontoid hypoplasia, genu
valgum, pectus carinatum, and dental anomalies. Other findings include characteristic
ligamentous laxity, corneal clouding, coarse facies, hearing loss, and valvular heart disease.
Unlike other MPS disorders, there is no central nervous system involvement and intelligence
is preserved [9]. There is variable severity, but patients with severe phenotype usually do not
survive past the second or third decade of life. Patients with the attenuated form of MPS
IVA have been reported to survive into the seventh decade of life [10]. Based on a natural
history study by the International Registry program [9], around 50% of the subjects
underwent orthopedic surgical procedures. The patients with more severe short stature and
those who underwent surgical procedures were reported to have more difficulties
ambulating. The current clinical criteria establish that reduced growth and final height are
associated with a more severe clinical phenotype. The GALNS gene, located on
chromosome 16q24.3, contains 14 exons spanning 50 kb and encodes a 522-amino acid
protein, including a signal peptide of 26 residues [11, 12]. GALNS has been purified from
human placenta as an oligomer of 40 and 15 kDa polypeptides [13], with the oligomers
inter-linked by disulphide bonding. Mature human GALNS enzyme is stabilized in a
complex with two other lysosomal enzymes (β-galactosidase and α-neuraminidase) and the
protective protein cathepsin A [14]. Until now, molecular analysis of different ethnic
populations has revealed 185 different GALNS mutations including 19 novel mutations in
this study [15]. This extensive allelic heterogeneity of GALNS gene mutations was
consistent with the wide spectrum of clinical phenotypes observed in MPS IVA patients.

Genotype-phenotype correlation has been used to predict clinical severity in some groups of
MPS IVA patients [9, 15–28]. The amount of KS in plasma and urine of MPS IVA patients,
together with patient genotype, has been suggested as a useful biomarker of disease severity
[15, 29, 30]. Previous studies on correlations among genotype, phenotype, and KS were
carried out with small numbers of MPS IVA patients [30]. Clear understanding of
correlation between phenotype, genotype, and biochemical markers based upon the study of
a larger group of MPS IVA patients may help us make early diagnosis, early treatment, and
better prognosis.
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Here we present 53 mutations including 19 novel mutations in GALNS gene in a cohort of
55 patients. The report includes clinical and biochemical findings in addition to the patients’
genotypes. The conclusions pertain to improving the criteria for delineation of severe and
attenuated forms. In this report, with cases described from a large multinational series of
patients with MPS IVA, we detail the correlations between genotype, phenotype, and
biomarker.

MATERIALS AND METHODS
A questionnaire was created by The International Morquio Organization (IMO)
(www.morquio.com) and our research team collaboratively. The questionnaire was used for
each patient, covering demographic information, family history, birth history, age of onset
and diagnosis, signs and symptoms, clinical course, surgical interventions, growth chart, and
physical activity. This study was approved by the institutional review board at Saint Louis
University. All experimental procedures were conducted at Saint Louis University.

Patients
This study describes the clinical, biochemical, and molecular findings in the largest cohort
reported in one study. Fifty-five MPS IVA patients (30 males and 25 females, ages 6 months
– 46.8 years) were evaluated clinically and screened for mutations in GALNS gene and KS
levels measured in blood and urine when the specimens were available. Four cases of
siblings were included. Clinical diagnosis was confirmed when leukocytes or skin
fibroblasts had low levels of GALNS activity (< 10% of the enzyme activity in normal
control). The phenotypes were assigned based on growth evaluations compared with a
standard growth chart of MPS IVA patients [10]. Among 55 patients, 36 patients had a
severe phenotype (their height ≦ 75th percentile on the growth chart of MPS IVA patients),
and 13 patients had an attenuated phenotype (their height > 75th percentile on the growth
chart of MPS IVA patients) (Table 1). Clinical information in six patients was not obtained
to define the phenotype.

Mutation analysis of GALNS gene
Genomic DNAs of MPS IVA patients were isolated from peripheral blood leukocytes or
cultured skin fibroblasts. To investigate the GALNS gene, genomic PCR was performed as
described previously with slight modification [26]. Briefly, we split up the GALNS gene
into 5 fragments to enable rapid and efficient DNA amplification. Five sets of primers
covering all 14 exons and the exon-intron boundaries of the GALNS gene were assigned.
Fragment 1 consists of exon 1 (300 bp), fragment 2 is made up of exons 2 through 4 (2 kb),
fragment 3 consists of exons 5 through 9 (5.8 kb), fragment 4 has exons 10 through 12 (5
kb) and fragment 5 contains exons 13 and 14 (3.7 kb). After heating the reaction mixtures,
PCR amplification was carried out with these cycling conditions: 94°C for 3 min, followed
by 35 cycles of 45 sec denaturation at 94°C, 45 sec annealing at the temperature for a
particular primer pair (range 60–65°C), and 20 sec – 6 min at 68–72°C, with a final
extension at 68–72°C for 7 min. Purified PCR-amplified fragments including 14 exons and
their exon-intron boundaries were sequenced directly using fluorescent-labelled
dideoxynucleotides (ABI, Foster City, WA). The sets of primers for genomic PCR were
described previously [26].

KS determination
Plasma and urine KS concentrations of these patients and age-matched normal controls were
measured by using an ELISA KS kit (Seikagaku Co, Tokyo Japan) [29]. The duplicate
values for each KS standard and sample were averaged. The KS concentrations for each
sample were determined using the generated KS standard curve.
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Creatinine (Cr) was measured by mixing 10 μl of a 10-fold diluted urine sample with 50 μL
saturated picric acid (Sigma, St. Louis, MO) and 50 μl 0.2 M NaOH. Absorbance at 490 nm
was read after 15 min. All urine KS levels were normalized with urine Cr levels.

Urine GAG determination
Urine total GAGs were measured using dimethylmethylene blue (DMB) method. The
method is based on spectrophotometric detection of metachromatic changes to the dye 1,9-
dimethylmethylene blue resulting from GAG binding. Total GAG concentrations were
subsequently normalized to urine Cr concentrations (milligrams of total GAGs per gram of
urine Cr).

Genotype, phenotype, and KS correlation analyses
Determination of mutations, clinical severity, and plasma and urine KS measurements were
performed independently and blinded before cross-referencing to clinical data. Of an
original cohort of 55 patients, 46 patients who completely filled out the clinical
questionnaire were studied for the genotype-phenotype correlation analysis. MPS IVA
patients in this study originated from 20 countries. Among the 55 patients, 36.4% were from
the USA, 14.5% from Canada, 18.2% from European countries, 14.5% from Latin America,
and 16.4% from Asian countries.

The genotype/phenotype relation for each mutation was determined, based on the following
four factors: i) the homozygosity of the mutation, ii) the level of residual activity determined
by in vitro expression study with reported mutations, iii) prediction of the likely change in
the protein structure, and iv) patients with an attenuated phenotype with an allele permitting
residual enzyme activity [15, 28].

Variability of plasma and urine KS levels in both MPS IVA patients and normal controls
were plotted according to age. Student’s t-test was applied for the comparison of patient vs
normal control samples and patients with a severe phenotype vs patients with an attenuated
phenotype. All data analyses were performed using SPSS Student Version 15.0 statistical
software.

RESULTS
Clinical characteristics (Table 1)

Based on their growth charts, 36 patients were defined as severe and the other 13 were
defined as attenuated.

The mean of birth length for boys and girls was 51.8 ± 2.9 cm (n = 25) and 51.8 ± 3.7 cm (n
= 19), respectively, which corresponded to +0.67 SD for boys (50 ± 2.7 cm) and +0.8 SD for
girls (49.3 ± 2.2 cm) on the CDC growth charts. The final heights for male and female
patients with severe phenotypes were 102 ± 9.74 cm and 99.1 ± 7.74 cm, respectively. The
final heights for male and female patients with attenuated phenotypes were 136 ± 12.37 cm
and 134 ± 12.37 cm, respectively. Initial and current symptoms exhibited in MPS IVA
patients are shown in Figure 1, indicating the progression of skeletal dysplasia. Orthopedic
complications are the most critical issues for MPS IVA patients. In this study, 47.9% (23 out
of 48) of the patients underwent orthopedic interventions. Cervical fusion was performed
starting at 2 years old prophylactically, without any clinical sign and/or symptom.
Thereafter, the femoral realignment osteotomies and hip reconstructive surgery were
performed.
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Spectrum of mutations
In total, 53 different disease-causing mutations were identified including 19 novel
mutations. One hundred-three of 110 mutant alleles (93.6%) were defined, and seven alleles
remain unidentified. These undefined mutations could be located in the control region or an
intron. Alternatively, the mutation could be large deletion or large rearrangement in which
we may not be able to define the site by the current mutation detection strategy. The
identified mutations are summarized in Table 2. Among 53 mutations, most were missense
mutations (77%). The frequency of each type of mutation in a total of 103 mutant alleles
showed 86 alleles with missense mutations, 3 with nonsense mutations, 7 with deletions, 5
with splice-site mutations, and 2 with insertions. Thirty-three mutations were previously
reported [15, 26–28, 30]. Nineteen of the mutations are described here for the first time
(Table 2). No mutation in exon 14 of the GALNS gene has previously been reported;
however, we have identified two novel mutations in exon 14. The mutation c.1567T>G
(p.X523EextX93) creating a stop codon was identified in a Chinese patient. The mutation c.
1485C>G (p.N495K) was identified in two unrelated Caucasian patients. All the novel
mutations above were not found in any of over 200 normal control alleles.

Genotype-phenotype correlations (Table 1)
Missense Mutation—Nine novel missense mutations were identified. Three of these
mutations (p.M41K, pS82P, p.T313M) were detected in a homozygous form. A Caucasian
American female patient (MO 170) with a severe clinical phenotype had p.M41K in a
homozygous state. By 24 years of age, she had severe bone dysplasia and four surgeries of
hip, knee, leg, and neck.

A 5.5-year-old Caucasian Canadian patient (MO 157) was homozygous for p.T313M
mutation; his height suggested a severe clinical form with rapid progression.

A 10.2-year-old Caucasian Canadian patient (MO 166) had a c.244T>C (p.S82P) mutation
in a homozygous state. The c.244T>C mutation may change the exonic consensus sequence
of the splice donor site at the exon 2-intron 2 junction (ATgt>ACgt), leading to aberrant
splicing.

In addition, 13 patients were found to be homozygous for previously reported missense
mutations (p.M41L, p.G47R, p.P77R, p.P151L, p.S162F, p.N204K, p.V239F, p.F284V,
p.S287L, p.G301C, p.S341R, p.R386C, p.M391V). A Caucasian American female patient
(MO 154) homozygous for p.R386C mutation had a classical form of MPS IVA.
Kyphoscoliosis was noticed at the age of 6 months. She developed progressive bone
dysplasia (knock-knee, laxity of joints, protrusion of the chest, and abnormal gait) within
one year, and fell frequently. The patient underwent cervical fusion at 2.2 years old.

A 4.1-year-old female patient (MO 147) had a p.G301C mutation in a homozygous state.
Hump back was noticed at birth, and she was diagnosed at 6 months old. She underwent
cervical fusion at the age of 2 years and both hip reconstruction and bilateral knee plates at
the age of 4 years.

Three mutations (p.M41L, p.N204K, p.F284V) were defined as an attenuated type, while
other mutations were defined as a severe type.

In total, 16 out of the 55 (29.1%) patients were homozygous for missense mutations. The
missense mutations (p.G301C, p.R386C, p.M391V) are three of the more frequent
mutations, accounting for 7.8%, 9.8%, and 9.8% of mutant alleles, respectively, in pan-
ethnic populations [15].
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Eight novel missense mutations were identified in a heterozygous state (p.M1I, p.S82L,
p.L86P, p.I93N, p.Y254C, p.C308R, p.N495K, p.X523EextX93, p.R253Q). Two missense
mutations of p.M1I and p.L86P were detected in a Filipino patient with a severe phenotype
(MO 127), who had systemic bone deformity and underwent three surgeries on his neck. He
has been wheelchair-bound from 8 years of age.

The mutation p.I93N was found in a Caucasian American boy (MO 126), who had severe
growth retardation. He was presented with a kyphotic back detected at birth.

The p.Y254C and p.G247D mutations were identified in a 47-year-old Caucasian American
female case (MO 167). The p.G247D mutation was previously detected in Caucasian
German, Norwegian, and American patients with severe phenotypes [23, 26].

The p.N495K novel mutation was found in two unrelated Caucasian patients. The patient
with an attenuated form was heterozygous for p.N495K and p.F452I (MO 107). The p.F452I
mutation was also identified in two Caucasian Canadian siblings with an attenuated
phenotype (MO 163, MO 163s). The other 4-year-old patient (MO 160) was a compound
heterozygote for p.N495K and p.G116S. She was presented with kyphosis and had a
prophylactic cervical fusion at 2 years of age. The p.G116S mutation was previously
reported in Brazilian and Caucasian American patients defining a severe phenotype [15, 26]
(MO 117, MO 117b, MO 159, MO 160 in this study).

The p.X523EextX93 mutation in exon 14 was identified in a Chinese patient with a severe
phenotype (MO 144). The second mutant allele was p.M318R reported in a Japanese patient
with a severe form [17].

A Caucasian American patient with a severe phenotype (MO 172) possessed the mutation c.
245C>T (p.S82L), which could alter the acceptor splice site at the intron 2-exon 3 junction
(agCG>agTG).An Albanian patient with an attenuated form (MO 101) was a compound
heterozygote for novel missense mutations, c.758G>A (p.R253Q) and c.922T>C (p.C308R).
The c.758G>A mutation is located in the exonic consensus sequence of the splice donor site
at the exon 7-intron 7 junction (CGgt>CAgt) and may cause aberrant splicing.

Nonsense mutation—Two different nonsense mutations [c.29G>A (p.W10X), c.
477G>A (p.W159X)] were seen in 2 of the 55 patients. The p.W10X mutation was found in
an Austrian patient with an attenuated form (MO 125). The p.W10X mutation defining a
severe phenotype accounted for 10 mutant alleles reported in the GALNS gene to date. The
second mutation was p.R259Q defining an attenuated form [23].

The patient with a severe phenotype possessed a novel nonsense mutation, p.W159X, in a
homozygous form, and became wheel-chair bound at 11 years old (MO 138).

Small deletion—Four deletion mutations were identified and two of them (c.
405_422+1del19, c.1195_1196delA) were novel. These novel deletions were private and
confined to the individual. The c.405_422+1del19 mutation was found in a Caucasian
Canadian boy with a severe phenotype (MO 165). At 7.0 years old, he presented short
stature, cervical spine instability, and hearing loss. The mutation was a 19 base-pair deletion
[c.405_422+1del19 (p.S135fsX94)], spanning the exon 4-intron 4 junction and resulting in a
94 amino acid frame-shift. Thesecond mutation of this patient was a missense mutation,
p.M494V. This mutation was previously described in two mutant alleles from Turkish
patients with a severe phenotype [23]. Both mutations are consistent with the severe
phenotype of this patient.
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The novel small deletion in exon 11 (c.1195_1196delA) was found in a boy with a severe
form from Iraq (MO 148). At 4.4 years of age, he had systemic bone dysplasia, abnormal
gait, hearing loss, and laxity of joints, and fell frequently. The second mutation of this
patient is a novel insertion mutation (c.422+2_+3insT) as described below. His sister was 2
years old when presented with the same clinical manifestations (MO 148s).

The deletion, c.498delC, results in a 198-amino acid protein product; hence, it is likely to be
nonfunctional and degraded. This mutation was identified in 3 patients. Two siblings with a
unique clinical course had compound heterozygous mutations for c.498delC and p.R61W
(MO 121, MO 121s) (Fig. 4-2). The mutation p.R61W, a non-conservative amino acid
change at a non-conserved residue, was classified as attenuated [15]. By 2 years of age, the
older brother was not talking and seemed to have a hearing problem. Chronic and recurrent
ear infections prompted tonsillectomy and adenoidectomy, and a set of middle ear tubes was
placed by 3 years of age. Behavior problems were noted at 6 years of age with complex
partial seizure, and later multiple behavioral/psychiatry diagnoses were suggested. By the
same age the patient’s appetite picked up and he began to gain significant weight. He was
evaluated for Prader Willi syndrome and Fragile X syndrome; both tests were negative.
Genu valgum was noted at 8 years of age, and ankle/foot orthoses were provided. He was 21
kg overweight for his height. Additional features included: coarse curly brown scalp hair, up
and outward slanting palpebral fissures, broad nasal bridge at the root, and dental crowding.
Skeletal habitus revealed a short trunk, significant genu valgum, and bilateral pronated pes
planus. Thoraco-lumbar platyspondyly was noted as was odontoid hypoplasia without
instability. Epiphyseal changes were present throughout. He was clinically diagnosed with
an unclassified form of spondyloepiphyseal dysplasia. Distal femoral realignment
osteotomies were performed for the genu valgum at ages 10 and 14 years. He underwent
posterior spinal fusion for thoracic kyphoscoliosis at 16 years of age. There was no
significant joint laxity noted. Ophthalmologic evaluation revealed corneal clouding. Initial
urine screening studies showed elevated KS, and further biochemical and molecular studies
confirmed the abnormality in GALNS. Following this discovery, the younger sister was
studied and found to have the same MPS IVA variant. Mild corneal clouding was seen.
Radiographic features of spondyloepiphyseal dysplasia were present. Growth in both
children ceased before puberty.

A 19-year-old Caucasian American patient with a severe phenotype (MO 172) had
compound heterozygosity for c.498delC and a novel splice-site mutation c.245C>T. He
needed a wheelchair from 18 years of age.

The mutation c.853_855delTTC was found in a Caucasian American boy with a severe form
(MO 100). This deletion c.853_855delTTC that produces a 285-amino acid product was
reported previously in an Italian patient with a severe phenotype [26].

Insertion—Only one novel insertion (c.422+2_+3insT) was identified in this study. This
insertion mutation at exon/intron boundary changes the consensus splicing sequence,
presumably producing a 182-amino acid protein product and resulting in absence of intron 4
splicing. The Iraqi patient with a severe phenotype (MO 148, MO 148s) was a compound
heterozygote for c.422+2_+3insT and c.1195delA as mentioned above.

Splicing site mutation—Five splice-site mutations (c.121-1G>A, c.121-1G>C, c.
320-1G>T, c.634-1G>T, c.898+1G>A) were identified in 4 out of the 55 MPS IVA patients
studied and accounted for 5% of mutant alleles. Four of these splice-site mutations were
novel (all except c.898+1G>A).
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The c.121-1G>A novel intronic mutation is a private mutation that results in a 124-base
deletion, corresponding to the 5′end of exon 2. This skipping results in a 46 amino acid
frame-shift and a premature stop codon, giving a truncated protein (p.M41RfsX46) (MO
151). The second disease causing alteration is a reported missense mutation (p.I113F). The
p.I113F is one of the most prevalent recurrent mutations in the GALNS gene. This mutation
is specific to British/Irish populations; accounting for 18% of all British/Irish mutations and
correlating with a severe clinical form [19, 25]. The patient with these two mutations
displayed severe bone dysplasia: short stature, cervical spine instability, teeth problems,
hearing loss, hepatomegaly, and laxity of joints. He had undergone three surgeries by 3.8
years of age.

A Chilean patient (MO 106) possessed a novel c.320-1G>T (p.A107GfsX54) mutation and
had an attenuated phenotype. The mutation, c.320-1G>T, occurred at the acceptor site of
intron 3 and causes exon 3 skipping to continue into intron 3, resulting in a frame-shift and
premature stop codon. The novel splice-site mutation, c.634-1 G>T (IVS6-1g>t), was
identified in a Greek infant (0.8 year old) (MO 129). This mutation occurs at the acceptor
site of intron 6 and results in a 9 amino acid frame-shift and a premature stop codon
(p.E212VfsX9). The second mutation of this patient was p.S287L. This missense mutation
was found in Polish, Austrian, and Caucasian American patients with a severe phenotype
[23, 26]. The p.S287L (c.860C>T) mutation was identified in 3 patients in this study (a
homozygous form in a Macedonian patient with a severe phenotype; a heterozygous form in
a Turkish and Greek patient). The c.898+1G>A mutation (p.G300DfsX34) was seen in a
Caucasian Ukrainian with a severe phenotype (MO 105). This mutation occurs in intron 8 at
the donor site. The patient possessed another splicing mutation, c.121-1G>C
(p.M41RfsX46). Both splicing mutations led to premature termination. She presented severe
bone dysplasia: severe short stature, corneal clouding, hearing loss, hepatomegaly, valvular
heart disease, and laxity of joints.

Overall, we have identified 39 mutations as severe and 10 mutations as attenuated, while the
other 4 mutations were undefined.

Plasma and urine KS concentrations
Blood KS concentrations were found to vary markedly with age (Fig. 2A). For the normal
control individuals, during the first 5 years of life, blood KS concentrations rose
progressively reaching a peak between 5 and 15 years of age. After reaching teen ages,
blood KS concentrations decreased until 20 years old and stabilized thereafter. In MPS IVA
patients the trend was the same. KS levels in patients between 0.5 and 5 years were 3.8
times higher than those in age-matched controls (Table 3). The values in patients between 5
and 15 years were 2.7 times higher than those in age-matched controls (Table 3). When
MPS IVA patients over 15 years of age were compared with the age-matched controls, the
blood concentrations of KS were different between the groups. The values in patients over
15 years were 2.2 times higher (Table 3). Six patients under 20 years had the values within
the normal range. Blood KS in severe MPS IVA patients was 1.3 times higher than that in
attenuated patients (550 ± 245 ng/ml vs 427 ± 203 ng/ml; p = 0.073). Urine KS
concentrations varied with age (Fig. 2B). During the first 6 months of life, urine KS
concentrations for the control group were ranged between 0.01 and 0.97 mg/g Cr. For the
normal control individuals between 0.5 and 15 years of life, urine KS concentrations were
not changed (Table 3). After 15 years, urine KS concentrations decreased until age 20 years
and stabilized thereafter (Table 3). In MPS IVA patients, urine KS concentration was the
highest between 0.5 and 5 years. Values in patients between 0.5 and 5 years were 22.7 times
higher than those in age-matched controls (Table 3). The values in patients between 5 and
15 years were 14.6 times higher than those in age-matched controls (Table 3). When
compared with the age-matched controls over 15 years of age, urine KS concentrations were
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different between the groups (Table 3). After age 5 years, urine KS levels in MPS IVA
began to decrease gradually. After 15 years of age, the KS excretion continued to decline
and reached a plateau after 20 years of age. Urine KS in severe MPS IVA patients (n = 19)
was three times higher than that in attenuated patients (n = 10) (4.4 mg/g vs 1.5 mg/g Cr, p =
0.111). Three patients under 20 years had the values within the upper limit of the normal
range.

In contrast to urine KS concentration, urine GAG concentration did not clearly distinguish
the MPS IVA patients from normal individuals. Over 30% of MPS IVA patients (12 out of
35 patients) overlapped with the normal range. The results of urine GAG from 36 MPS IVA
patients, and 165 control subjects are grouped by age and clinical severity (Fig. 2C). Urine
GAGs concentrations varied markedly with age. During the first six months of life, the mean
concentration of GAGs in urine for the control group was the highest between 9.9 and 607
mg/g Cr (Table 3). For the normal control individuals, urine GAGs concentrations declined
gradually with age (Table 3). After 15 years, urine GAGs concentrations decreased further
and stabilized thereafter. In MPS IVA patients, urine GAGs concentration was the highest
between 0.5 and 5 years. Values in patients between 0.5 and 5 years were 1.5 times higher
than those in age-matched controls (Table 3). The values in patients between 5 and 15 years
were 3 times higher than those in age-matched controls (Table 3). When compared with the
age-matched controls over 15 years of age, urine GAGs concentrations were not
significantly different between the groups (Table 3). There was a significant relationship
between clinical severity and urine GAGs excretion. Patients with a severe form (n = 21)
demonstrated 185 mg/g Cr on average, whereas the patients with a milder form had 108 mg/
g Cr (n = 10) (p < 0.05).

There was no significant correlation coefficient (r = 0.31) between urine KS and GAGs in
MPS IVA patients. The same thing was true for the correlation coefficients between urine
KS and blood KS and between blood KS and urine GAGs (r = 0.4 or r = 0.32).

DISCUSSION
We have characterized 55 MPS IVA patients and have attempted to predict which type of
mutation could result in which phenotype as well as how KS levels correlated with the
clinical phenotype. Results of this study indicate that (i) MPS IVA patients have extensive
clinical and genetic heterogeneity, (ii) that genotype/phenotype correlation was defined in
88.5% of identified mutations, (iii) that clinical severity correlates with plasma and urine KS
levels, demonstrating a potential biomarker for monitoring status and prognosticating MPS
IVA, and (iv) that there was no strong correlation between blood KS and urine KS,
indicating that the origin of blood and urine KS is different.

Clinical spectrum of MPS IVA
The age of presentation of MPS IVA is variable, as are the presenting signs and disease
complications. It is important to note that individuals, who are diagnosed with an attenuated
form of the disease, may still have symptoms and complications with significant morbidity
and disability. Although the clinical course for the more severely affected patients is
relatively predictable, there is considerable variability in the clinical phenotype and
progression of the more attenuated form of the disease. The patients at the severe end of the
spectrum are found to have skeletal manifestations of MPS IVA (gibbus and/or protrusion of
the chest) by 6 months of age. At that time, it should be common to observe initial bone
abnormalities detected by radiological methods, particularly ovoid vertebrae with a beaking
sign, platyspondyly, and widening of the ribs. It is likely that most parents have noticed a
hump back at birth or within a few months of age. Eventually, skeletal dysplasia involving
the bones is observed in all phenotypes of MPS IVA to some degree.
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The patients with an attenuated form like MO 121s were not diagnosed until 10 years old
since the clinical phenotype was unlike Morquio-like change at an early stage. It is likely
that the patients with an attenuated phenotype could have been misdiagnosed or
undiagnosed until the spine X-ray pictures were taken.

Spectrum of mutations
Over 300 MPS IVA patients including the 55 current cases has been analyzed to date. A
total of 185 mutations have been found to cause MPS IVA [15, 32–34]. Most mutations
change single DNA building blocks (nucleotides) in the gene. We identified two exonic
mutations in the last exon (exon 14) where no mutation was found in the previous studies.
Thus, we proved that the mutations are distributed along the entire gene and exons.

Missense mutations are the most prevalent among GALNS mutations. The 10 most frequent
mutations accounting for over seven mutant alleles are represented by single nucleotide
changes except for one small deletion c.334delG. They make up around 35% of all
described mutations. Among the most prevalent mutations, c.1156C>T (p.R386C), c.
901G>T (p.G301C), c.337A>T (p.I113F), and c.1171A>G (p.M391V) were found also in
this study. The remaining mutations occur fewer than six times in the total populations. The
analysis of GALNS mutations in MPS IVA reveals considerable molecular heterogeneity,
reflecting the diversity of clinical phenotypes.

Genotype/phenotype correlations
The genotype/phenotype relation for each of 185 mutations was determined as described in
Materials and Methods [35]. Thus, 35 mutations were associated with an attenuated
phenotype, while 127 mutations were associated with a severe phenotype. The other 23
mutations were not defined by the current information. Seventy-nine and 34 of 128 missense
mutations were associated with severe and attenuated phenotypes, respectively. All 11
nonsense mutations and 2 large deletions were associated with severe phenotypes. Eighteen
small deletions were associated with severe phenotypes. Five insertions were associated
with severe phenotypes, and one with an attenuated one. Fourteen splice site mutations were
associated with severe phenotypes, and one with an attenuated one.

The novel p.R253Q missense mutation was not located at an evolutionarily conserved
position among sulfatase genes and the amino acid change was conservative, leading to an
attenuated phenotype. The current and previous results showed that the likelihood of a
missense variant causing MPS IVA was directly correlated with the level of evolutionary
conservation and inversely correlated with conservativeness and that the combination of two
factors, evolutionary conservation and conservativeness, provides a better association
between missense variants and clinical severity with higher sensitivity (80–85%) and
specificity (70–90%), than that obtained by either factor alone [28]. These findings suggest
that the combination of evolutionary conservation and conservativeness is a useful tool to
predict the effect of each mutation on the clinical phenotype in MPS IVA.

Phenotype and KS correlation
Identifying an accurate biomarker for assessing clinical severity, prognosis, and therapeutic
efficacy of the patient is indispensable. A specific biomarker associated with improvement
of physical activity or clinical severity is preferable. KS, which contributes more than 25%
of the cartilage GAG in adults, is one of the most important components in bone. The
degraded products of KS diffuse rapidly out of the chondrocytes into the blood stream and
extracellular matrix (ECM). When KS is not degraded properly, it is stored mainly in
chondrocytes and their ECM. Although pathological examinations of the bone and cartilage
cells are useful for diagnosing and staging MPS IVA patients, it is not realistic to obtain

Dũng et al. Page 10

Mol Genet Metab. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biopsy samples from each individual patient. Measurements of KS concentrations in blood
and urine should provide critical information of the clinical status. Age-dependent changes
in KS turnover showed that the blood KS level rose progressively during the first 5 years of
life, remained elevated until 12 years of age, and declined after the teenage years until it
stabilized at age 20. Elongation of the long bones during growth occurs through a process of
endochondral ossification where new cartilage is continuously laid down before it is
degraded and replaced by bone. The decreased KS level after the teenage years is consistent
with the fact that the growth rate in normal children begins to decline as children reach
skeletal maturity. A lower rate of catabolism of proteoglycans in adult cartilage and/or
decrease of mass of cartilage per body weight causes primary reduction of blood KS
concentration. These maturation-related changes are supported by the present study on MPS
IVA. Young MPS IVA patients have progressive destruction of cartilage tissues, releasing
large quantities of KS. When the growth plate is closed or torn, synthesis of KS in cartilage
will decline markedly. Patients with high levels of KS in blood likely represent severe cases
of MPS IVA whose cartilage is overloaded with undegraded KS. The blood KS
concentration in MPS IVA patients was the highest between 5 and 15 years of age. These
findings indicate that the blood KS concentration in MPS IVA patients directly reflect the
amount of stored KS in cartilage tissues. After 20 years of age, most MPS IVA patients are
found to have blood KS levels within the normal range, suggesting that elevation of KS in
MPS IVA is related to the rate of cartilage catabolism.

We could not observe a significant correlation between clinical severity and KS levels in
blood and urine because of the small size of study. However, if we add the previous data
[29, 30], urine and blood KS levels were significantly different between the patients (over 5
years) with attenuated and severe phenotypes (p < 0.003 and p < 0.05, respectively) (Table
4). There was also a significant difference in blood and urine KS between 5 and 15 years;
however, the difference disappeared over 15 years old, suggesting that clinical severity is
distinguished by KS levels only at a progressive stage.

Although elevation of blood and urine KS is observed in MPS IVA patients, there is no
explanation why correlation coefficient between blood and urine is weak. One of the
hypotheses is that the origin of blood and urine KS is different. While blood KS directly
derives from the chondrocytes, urine KS is filtered in kidneys or originated from stored KS
in kidneys, resulting in a smaller molecule compared with blood KS.

To understand age dependency of blood and urine KS concentrations, normalization of KS
in adult MPS IVA, and property difference between blood and urine KS, it is required to
measure KS levels sequentially at different ages in the same individuals. It is also
noteworthy to investigate blood and urine KS from a group of the patients with the same
genotype. Further studies including a larger number of cases lead to clarification of the
correlation between a certain genotype and the extent of elevation of KS.

The diagnosis of MPS IVA is established in the metabolic laboratory for patients with
characteristic physical and radiographic features. At the initial stage, urine screening
supports the diagnosis. However, urine GAGs in 10–20% of patients are within normal
limits, leading to misdiagnosis of the patient [31]. This fact is explained by the findings that
KS accounts for only a few percents of urine GAGs and that an increase of urine KS does
not always reflect the level of urine GAGs. Therefore, once the patient is clinically
suspected as MPS IVA, the assay for KS in blood and urine is preferable, followed by
GALNS enzyme assay in peripheral leucocytes or fibroblasts. GALNS mutation screening
provides solid confirmation of the diagnosis of MPS IVA and valuable information of the
patient’s prognosis.
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Some proportion of MPS IVA patients should be recognizable clinically at birth with gibbus
deformity and successive spine X-ray pictures. Given an unknown mutation at the early
stage of MPS IVA, it is important to predict the clinical course and to understand therapeutic
efficacy (such as hematopoietic stem cell therapy and ERT) before its application. Drawing
up ground-rules for assessing the nature of each mutation and predicting genotype/
phenotype/biomarker correlations should contribute to significant improvements in both the
design and efficacy of treatment strategies. In addition, early knowledge of the genotype
should favor gathering clinical information more prospectively and may influence the
development of successful treatments. Cataloguing of GALNS mutations and cross sectional
and longitudinal KS levels will provide more accurate information.

In conclusion, this study provides a new approach to determining the prognosis of the
disease and clear correlations between genotype, phenotype, and KS levels.
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Abbreviations

C6S Chonroitin-6-sulfate

CDC Centers for Disease Control and Prevention

Cr Creatinine

DMB dimethylmethylene blue

DMSO dimethylsulfoxide

GAGs Glycosaminoglycans

GALNS N-acetylgalactosamine-6-sulfate sufatase

IMO International Morquio Organization

KS Keratan sulfate

LSD Lysosomal storage disorder

MPS IVA Mucopolysaccharidosis IVA
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Highlights

• Characterize clinical, biochemical, and molecular findings in MPS IVA patients.

• Seek correlations between genotype, phenotype, and blood and urine KS levels.

• The data here allow us to predict clinical severity more precisely.

• Blood and urine KS concentrations in MPS IVA patients were age-dependent.

• Provides evidence for extensive allelic heterogeneity of MPS IVA
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Figure 1. Comparison of initial and current clinical symptoms in MPS IVA patients
Distribution of clinical symptoms among the 55 patients who responded to the
questionnaire. Dark gray bars show initial symptoms while light gray bars show current
symptoms.
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Figure 2. KS concentration in blood and urine
A. Concentrations of blood KS in MPS IVA patients and normal individuals. Blood samples
taken from 38 MPS IVA subjects (mean age, 9.8 years; range, 0.5–46.9 years) and 234
control subjects (mean age, 18.6 years; 0–50 years). KS levels ranged between 97 ng/ml and
1,192 ng/ml (mean, 526 ± 263 ng/ml) for MPS IVA patients and 3 and 323 ng/ml (122 ± 73
ng/ml) for control subjects.
B. Concentrations of urine KS in MPS IVA patients and normal individuals. Urine KS
results taken from 33 MPS IVA subjects (mean age, 8.6 years; 0.5– 24 years) and 178
control subjects (mean, 9.7 years; range, 0–50 years).
C. Concentrations of urine GAGs in MPS IVA patients and normal individuals. Urine GAG
results taken from 36 MPS IVA subjects (mean, 8.8 years; 0.5–24 years) and 165 control
subjects (mean, 9.9 years; range, 0–50 years).
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