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Abstract Keratan sulfate (KS) is commonly elevated in
urine samples from patients with mucopolysaccharidosis
type IVA (MPS IVA) and is considered pathognomonic for
the condition. Recently, a new method has been described
by Martell et al. to detect and measure urinary KS utilizing
LC-MS/MS. As a part of the validation of this method in
our laboratory, we studied the sensitivity and specificity of
elevated urine KS levels using 25 samples from 15 MPS
IVA patients, and 138 samples from 102 patients with other
lysosomal storage disorders, including MPS I (n ¼ 9),
MPS II (n ¼ 13), MPS III (n ¼ 23), MPS VI (n ¼ 7), beta-
galactosidase deficiency (n ¼ 7), mucolipidosis (ML) type
II, II/III and III (n ¼ 51), alpha-mannosidosis (n ¼ 11),
fucosidosis (n ¼ 4), sialidosis (n ¼ 5), Pompe disease
(n ¼ 3), aspartylglucosaminuria (n ¼ 4), and galactosiali-
dosis (n ¼ 1). As expected, urine KS values were signifi-
cantly higher (fivefold average increase) than age-matched
controls in all MPS IVA patients. Urine KS levels were also
significantly elevated (threefold to fourfold increase) in
patients with GM-1 gangliosidosis, MPS IVB, ML II and
ML II/III, and fucosidosis. Urine KS was also elevated to a
smaller degree (1.1-fold to 1.7-fold average increase) in
patients with MPS I, MPS II, and ML III. These findings
suggest that while the UPLC-MS/MS urine KS method is
100% sensitive for the detection of patients with MPS IVA,

elevated urine KS is not specific for this condition.
Therefore, caution is advised when interpreting urinary
keratan sulfate results.

Introduction

Keratan sulfate (KS) is a complex glycosaminoglycan
composed of repeating disaccharides of D-galactose and
N-acetyl-D-glucosamine (Zhang et al. 2005). Keratan
sulfate proteoglycans have been found in the cornea,
cartilage, and bones. Degradation of KS occurs in the
lysosomes by a stepwise series of enzymatic reactions
(Wraith 1995). Deficiency of one of the enzymes involved
in this process results in storage of partially degraded KS
causing cellular and organ dysfunction (Wraith 1995).

Morquio syndrome (MPS IVA; OMIM # 253000) is an
autosomal recessive lysosomal storage disorder (LSD)
resulting from an inability to degrade KS and chondroitin-
6-sulfate. Patients typically present with short stature,
kyphosis, genu valgum, enlarged organs such as liver or
spleen, ocular abnormalities, and the radiological finding of
dysostosis multiplex. Neurologic function is typically not
affected. The age of onset is often in early childhood but
milder variants may present in adolescence (Mendelsohn
et al. 2013). Recently, enzyme replacement therapy with
recombinant human N-acetyl-galactosamine-6-sulfatase
(rhGALNS, elosulfase alfa) for the treatment of MPS IVA
(Lyseng-Williamson 2014) has been approved by the Food
and Drug Administration. Elevation of urinary KS is
associated with MPS IVA and measurement of total urine
glycosaminoglycans (GAGs) or qualitative GAG analysis
to detect KS are commonly used clinical screening tests
(Wood et al. 2013). However, a high false negative rate has
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been reported for these assays and false negative results are
more common in mildly affected patients (Whitley et al.
1989; Piraud et al. 1993; Gray et al. 2007).

Oguma et al. (2001) followed by Martell et al. (2011)
reported LC-MS/MS assays that measure two specific KS
disaccharides after enzymatic digestion of the GAG
polymer with keratanase II. These disaccharides, Gal-1-
4GlcNAc(6S) (1S) and Gal(6S)-1-4GlcNAc(6S) (2S), were
found to be increased in all of the MPS IVA patients
suggesting this assay would be highly sensitive for the
detection of patients with this condition. Additionally, using
an ELISA assay, Tomatsu et al. (2005) showed that plasma
KS was increased in patients with mucolipidosis type II (I
cell disease; OMIM#252500) or III (OMIM#252600) as
well as in patients with MPS I (OMIM#607014), II
(OMIM#309900), III (OMIM#A:252900,B:252920,
C : 2 5 2 9 3 0 ) , V I ( OM IM# 2 5 3 2 0 0 ) , a n d V I I
(OMIM#253220). Elevation of urine KS has also been
previously observed in patients with fucosidosis
(OMIM#230000) (Greiling et al. 1978).

Here, we expand on the previous studies by analyzing 25
additional urine samples from Morquio A patients. Urinary
KS was also measured in 138 urine samples from 102
patients with various LSDs: MPS I (n ¼ 9), MPS II
(n ¼ 13), MPS III (n ¼ 23), MPS VI (n ¼ 7), beta-
galactosidase deficiency (OMIM#230650 and 253010)
(n ¼ 7), mucolipidosis (ML) type II, II/III (n ¼ 12), and
III (n ¼ 39), alpha-mannosidosis (OMIM#248500) (n
¼ 11), fucosidosis (n ¼ 4), sialidosis (OMIM#256550)
(n ¼ 5), Pompe disease (OMIM#232300) (n ¼ 3), aspar-
tylglucosaminuria (OMIM#208400) (n ¼ 4), and galacto-
sialidosis (OMIM#256540) (n ¼ 1), as well as 105
controls. The clinical sensitivity and specificity of urine
KS for the detection of MPS IVA were examined, and
showed that urine KS is a more sensitive diagnostic marker
than total urine GAGs for MPS IVA. Also, evaluation of
urine KS levels in younger (<3 years) unaffected individ-
uals is described to better delineate age-dependent reference
ranges for this biomarker compared to previous studies.
Finally, clinical laboratories should be cautioned that
patients with other LSDs may show elevations in urinary
KS. Therefore, while urine KS is a sensitive biomarker for
the detection of MPS IVA patients, its accumulation is not
specific to this condition.

Materials and Methods

Patient Samples

Samples were submitted to the Greenwood Genetic Center
biochemical diagnostic laboratory for diagnostic evaluation

or as part of the Longitudinal Studies of the Glycoprotei-
noses (NCT01891422). Analyses were performed on
randomly collected urine samples from patients with
mucopolysaccharidosis (MPS) I (n ¼ 9), II (n ¼ 13), III
(n ¼ 23), IVA (n ¼ 18), and VI (n ¼ 7), as well as from
patients with other LSDs: beta-galactosidase deficiency
(n ¼ 7), mucolipidosis II (n ¼ 4), II/III (n ¼ 8), and III
(n ¼ 39), alpha-mannosidosis (n ¼ 11), fucosidosis (n
¼ 4), sialidosis (n ¼ 3), Pompe disease (n ¼ 3), aspartyl-
glucosaminuria (n ¼ 4), and galactosialidosis (n ¼ 1), in
whom the diagnosis was confirmed by enzyme and/or
mutation analysis. Control urine samples were collected
from healthy volunteers (n ¼ 25; age: 12 months – 63
years) and patients with other, unrelated metabolic disor-
ders (n ¼ 80; age: 20 days to 36 years), and used to
establish age-dependent, normal reference ranges. All the
samples were stored at �20�C prior to use.

Urine Keratan Sulfate Measurements

Urine keratan sulfate disaccharides Galb1-4GlcNAc(6S)
(predominant species) and Gal(6S)b1-4GlcNAc(6S) were
produced by keratanase II enzymatic digestion of keratan
sulfate (KS) as described previously (Oguma et al. 2001;
Martell et al. 2011). The internal standards (heavy-isotope-
labeled Galb1-4GlcNAc(6S) 13C6, and Gal(6S)b1-4GlcNAc
(6S) 13C6), the reference standards (Galb1-4GlcNAc(6S) and
Gal(6S)b1-4GlcNAc(6S)), KS (Bovine cornea, Na salt),
and keratanase II (Bacillus sp.) were all obtained from
GlycoSyn, Lower Hutt, New Zealand. Urine keratan sulfate
was detected via stable isotope dilution using ultra perfor-
mance liquid chromatography (UPLC), utilizing a Thermo
Hypercarb 5 mm 50 � 2.1 mm column, and tandem mass
spectrometry (MS/MS), utilizing an Acquity/Xevo TQD
instrument (Waters Corporation, Milford, MA). Transitions
(Galb1-4GlcNAc(6S): 462.05 ! 97.01, 13C6-Galb1-
4GlcNAc(6S): 467.78 ! 97.01, Gal(6S)b1-4GlcNAc(6S):
563.87 ! 462.69) 13C6-Gal(6S)b1-4GlcNAc(6S):
569.75 ! 468.81) were monitored by multiple reaction
monitoring in negative ion mode. The monosulfated and the
disulfated disaccharides of KS were calculated by means of
separate standard curves, and the final KS concentration was
reported as the sum of both. The standard curves for both KS
disaccharides included concentrations of 0.103, 0.313, 0.625,
1.25, 2.5, 5.0, 10.0, and 20.0 mg/ml. The average inter-day
precision in five samples analyzed was 9.1% and 8% for
monosulfated KS and disulfated KS, respectively. The average
intra-day precision in five samples analyzed was 4.9% and
5.9% for monosulfated KS and disuflated KS, respectively.
The lower limit of quantification (LLOQ) is 0.75 ug/ml. The
average percent deviation at the LLOQ is �10.87% (for
monosulfated KS) and �4.74% (for disulfated KS), and the
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intra-day variability at the LLOQ is 9.08% (for monosulfated
KS) and 14.91% (for disulfated KS).

Urine Total Glycosaminoglycans Analysis

GAGs were measured in 25 samples from 15 MPS IVA
patients using the Blyscan kit (1,9-dimethyl-methylene blue
staining (DMB)) (Blyscan Sulfated Glycosaminoglycan
Assay Biocolor Ltd. Northern Ireland, UK) and comparing
absorbance at 656 nm to that of a standard curve. Age-
related reference ranges were developed previously in the
laboratory.

Statistical Analysis

KS values in urine samples from patients with MPS IVA or
other LSDs were normalized to the upper limit of the
appropriate age-specific normal reference range. An
unpaired t test was used to compare normalized KS levels
in the samples from patients with MPS IVAwith those from
control samples, and from patients with other LSDs. Values
were considered statistically significant at p < 0.05.

Results

Establishing Normal Reference Ranges

In order to establish age-dependent urine KS normal
reference ranges, urine KS was measured in 105 unaffected
controls (20 days – 63 years of age). It was observed that
urine KS levels decrease with age (Supplementary Fig. 1),
as has been previously observed by Martell et al. (2011).
This phenomenon was also observed for GAGs (de Jong
et al. 1989; Whitley et al. 1989; Piraud et al. 1993; Gray
et al. 2007; Wood et al. 2012). Therefore, it was important
to establish age-dependent reference ranges to accurately
interpret KS levels in patient samples. Decrease in urine KS
was especially evident in patients under 3 years of age.
Therefore, this patient population was divided further into
three age groups: 0–4 months of age (n ¼ 14), 5–18
months of age (n ¼ 16), and 19–36 months of age
(n ¼ 14). Urine KS values observed in these age groups
were 8.9–28.5; 5.6–17.0; and 4.8–9.6 mg urine KS/mg
creatinine, respectively. Further age-dependent normal
ranges included 3–5 years of age (1.7–9.6 mg urine KS/

Fig. 1 Urine keratan sulfate is elevated in all MPS IVA patients.
Urine keratan sulfate level in 25 MPS IVA patient samples is shown
relative to the upper limit of the appropriate age-specific reference

range (indicated by the bold black line) such that the Y axis value
represents the fold elevation of urine KS in each patient
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mg creatinine), 6–10 years of age (2.5–6.2 mg urine KS/mg
creatinine), 11–14 years of age (1.5–5.8 mg urine KS/mg
creatinine), and >14 years of age (0.8–2.1 mg urine KS/mg
creatinine). The cut-off values (or the upper limit of
normal) referred to in this manuscript represent the highest
values observed in each of the age-groups, excluding any
outliers. In order to compare individual patient results, urine
keratan sulfate values were normalized to the upper limit of
the appropriate age-specific normal reference range.

Urine KS in MPS IVA Patients

Urine KS levels were measured in 25 samples from 15
Morquio syndrome type A patients (Fig. 1). As expected,
all of the MPS IVA patient samples had elevated urine
keratan sulfate levels that ranged from a 1.22–8.27 fold

increase (average 4.51-fold increase), when normalized to
the upper limit of the age-appropriate normal range.

The sensitivity of urine KS analysis versus standard
total urine GAG analysis was compared for the detection of
patients with MPS IVA (Table 1). Whereas urine KS was
elevated in all 25 MPS IVA samples (100% sensitivity),
total urine GAGs were elevated in only 20 of the 25 MPS
IVA samples (83% sensitivity), when compared to the
appropriate age-specific reference range. The degree to
which urine KS levels were elevated (average 4.51-fold)
was also significantly higher than that for total urine GAGs
(average 1.63-fold; P < 10�8). This demonstrates that the
quantification of urine KS is a more sensitive biomarker
than total urine GAGs for the diagnosis of MPS IVA.

Urine KS in Patients with Other Lysosomal Storage
Disorders

In order to assess the clinical specificity of elevated urine
KS levels and the clinical utility of urine KS as a screening
biomarker for MPS IVA, urine KS was measured in
samples from patients diagnosed with LSDs other than
MPS IVA, including selected mucopolysaccharidoses,
mucolipidosis types II, II/III, III and other glycoproteinoses,
Pompe disease, and beta-galactosidase deficiency.

Selected Mucopolysaccharidoses

Urinary KS was measured in samples from patients with
MPS I (n ¼ 9), MPS II (n ¼ 13), MPS III (n ¼ 23), and

Table 1 Urine keratan sulfate (KS) and glycosaminoglycan (GAG)
measurements from 25 MPS IVA patients

Age (Yr)
Total urine
GAGs (mg/mmol crnn)

Urine KS
(mg/mg crnn)

2 27.21 (<24) 46.51 (<9.6)

2 30.39 (<24) 48.14 (<9.6)

2 28.32 (<24) 61.51 (<9.6)

3 33.80 (<16) 30.68 (<9.6)

3 46.02 (<16) 44.62 (<9.6)

4 16.70 (<16) 25.83 (<9.6)

5 19.75 (<16) 27.13 (<9.6)

5 26.45 (<16) 38.36 (<9.6)

5 13.68 (<16) 38.03 (<9.6)

6 22.02 (<12) 26.32 (<6.2)

6 30.89 (<12) 37.66 (<6.2)

6 10.71 (<12) 46.48 (<6.2)

6 20.08 (<12) 33.07 (<6.2)

6 25.35 (<12) 18.00 (<6.2)

6 25.33 (<12) 21.98 (<6.2)

7 11.01 (<12) 21.31 (<6.2)

7 21.51 (<12) 41.67 (<6.2)

7 24.42 (<12) 41.13 (<6.2)

7 25.89 (<12) 51.04 (<6.2)

9 26.55 (<12) 26.79 (<6.2)

10 12.44 (<12) 12.64 (<6.2)

10 9.57 (<12) 13.14 (<6.2)

10 20.92 (<12) 33.79 (<6.2)

14 7.57 (<6.5) 7.09 (<5.8)

>15 12.12 (<6.5) 12.34 (<2.2)

Values in parentheses are the appropriate age-specific upper limit of
the reference range and patient values within the normal range are in
bold font. Total GAGs were measured by DMB incorporation and
keratan sulfate by LC-MS/MS. All 25 samples had elevated urine KS
but only 21/25 (83%) had elevated total GAGs

Fig. 2 Mild elevations of urine KS observed in other MPS disorders.
Average urine keratan sulfate level for patients with five different
MPS disorders is shown relative to the upper limit of the appropriate
age-specific reference range (indicated by the bold black line). The Y
axis represents the fold elevation of urine KS in each patient
population. Patients with MPS I and MPS II on average had higher
urine KS levels than controls, but significantly lower levels than MPS
IVA patients. Error bars represent standard error of the means. MPS I-
VI ¼ mucopolysaccharidosis I-VI. * ¼ P < 0.05; ** ¼ P < 0.01;
*** ¼ P < 0.001. Statistical analysis performed by T-test

JIMD Reports



MPS VI (n ¼ 7) (Fig. 2). Urine KS levels in patients with
MPS I and MPS II were on average 1.1 and 1.7 fold
elevated, respectively, relative to the appropriate age-
specific normal range. Specifically 3/9 MPS I and 9/13
MPS II patient samples had elevated urine KS. These
elevations, though mild, were still statistically significant
(MPS I, P < 0.05, and MPS II, P < 0.005); however these
elevations were significantly lower than in patients with
MPS IVA (P < 10�7). On average MPS III and MPS VI
patients were found to have normal average urine KS
levels; however, 3/23 MPS III and 1/7 MPS VI patient
samples had elevated urine KS levels (1.11-fold to 2.33-
fold, and 1.9-fold, respectively).

GNPTAB: Associated Mucolipidoses

Based on the previous report by Tomatsu et al. (2005) that
KS could also be elevated in patients with mucolipidoses
(ML), as well as the fact that our laboratory found total
urinary GAGs to be elevated in a subset of ML II, II/III,
and III patients (data not published), urine KS levels were
evaluated in a large cohort of samples from patients with
ML II (n ¼ 4), II/III (n ¼ 8), and III (n ¼ 39). We
observed that patients with a severe skeletal phenotype,
specifically individuals with ML II and ML II/III, had
significantly higher fold elevations of urine KS compared

to unaffected individuals (P < 10�5) (Fig. 3). Moreover, in
these patients, urine KS levels were as elevated (approxi-
mately fourfold) as those observed in patients with MPS
IVA (P ¼ 0.13). Patients with ML III, who present with a
milder skeletal phenotype as compared to ML II and ML II/
III patients, also had significantly elevated urine KS levels,
as compared to unaffected patients (P < 10�5); however,
16/39 ML III patients had normal urine KS. Urine KS level
in ML III patient samples was significantly lower (on
average 1.3-fold elevated) than urine KS levels observed in
ML II and ML II/III (P < 10�5), or MPS IVA patients
(P < 10�7) (Fig. 3).

Other Lysosomal Storage Disorders

Urine KS levels were also measured in a cohort of patients
with various glycoproteinoses, including alpha-mannosido-
sis (n ¼ 10), fucosidosis (n ¼ 2; four samples), sialidosis
(n ¼ 4; five samples), aspartylglucosaminuria (n ¼ 3; four
samples), and galactosialidosis (n ¼ 1), as well as in
patients with beta-galactosidase deficiency (n ¼ 6; seven
samples) and Pompe disease (n ¼ 3). Urine KS levels
varied depending on the disorder, with the highest urine KS
levels present in samples from patients with fucosidosis and
beta-galactosidase deficiency (Fig. 3). These patients’ urine
KS levels were significantly elevated (approximately

Fig. 3 Urine KS in patients with various lysosomal storage disorders.
The Y axis represents the average fold elevation relative to the upper
limit of the age-specific reference range of urine KS (indicated by the
bold black line) in each patient population. Patients with ML,
fucosidosis, and beta-galactosidase deficiency have significantly

higher urine KS levels than controls. No significant difference was
observed between MPSIVA and ML II + II/III, fucosidosis, and beta-
galactosidase deficiency patient samples. Error bars represent standard
error of the means. * ¼ P < 0.05; *** ¼ P < 0.001; ### ¼ P
< 0.001. Statistical analysis performed by T-test
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threefold), as compared to age-appropriate normal controls
(fucosidosis P ¼ 0.04; beta-galactosidase deficiency P
¼ 0.01), and there was no significant difference between
urine KS levels in these patients compared to those in
patients with MPS IVA (P ¼ 0.10 and P ¼ 0.11, respec-
tively). One sample from a patient with galactosialidosis
demonstrated 1.6-fold elevated urine KS level compared to
the age-appropriate reference range. Average urine KS levels
in patients with alpha-mannosidosis, Pompe disease, siali-
dosis, and aspartylglucosaminuria were essentially normal.

Discussion

Elevated keratan sulfate is a well-established biochemical
feature of MPS IVA, in which N-acetyl-galactosamine-6-
sulfatase deficiency results in impaired catabolism of this
glycosaminoglycan (Glossl and Kresse 1978; Yutaka et al.
1982). In the present study, an ultraperformance liquid
chromatography tandem mass spectrometry (UPLC-MS/
MS) method was utilized to examine the clinical sensitivity
and specificity of urine KS analysis for patients with not
only MPS IVA, but also for patients with other LSDs. We
also, for the first time, delineated urine KS ranges for
unaffected individuals under the age of 3 years.

Previous reports have documented the age-dependent
decrease in keratan sulfate levels (de Jong et al. 1989;
Whitley et al. 1989; Piraud et al. 1993; Gray et al. 2007;
Martell et al. 2011; Wood et al. 2012). However, these
studies had a limited number of samples for patients under
the age of 3 years. Our data demonstrate that patients within
this age group (n ¼ 43) display the most dramatic age-
dependent decrease in keratan sulfate (Supplementary
Fig. 1). Therefore, three distinct normal ranges within this
cohort of patients were created: 8.9–28.5 mg/mg creatinine
(0–4 months), 5.6–17 mg/mg creatinine (5–18 months), and
4.8–9.6 mg/mg creatinine (19–36 months). Having proper
age-specific normal ranges is imperative for the accurate
interpretation of urine keratan sulfate results, especially in
young children.

Urine KS levels were elevated in all MPS IVA patient
samples analyzed (n ¼ 25) (Fig. 1). However, GAGs were
elevated in only 83% of the same MPS IVA patient samples
(Table 1). False negative results have been well docu-
mented for patients with MPS IVA using either the DMB
incorporation assay for the quantitative measurement of
total urine GAGs or the qualitative separation of individual
GAG species by electrophoresis or thin layer chromatogra-
phy (Whitley et al. 1989; Piraud et al. 1993; Gray et al.
2007). Quantitative measurement of urine KS via UPLC-
MS/MS offers increased sensitivity for the detection of
patients with MPS IVA compared to the assays commonly
used by most laboratories today.

To evaluate the specificity of the urine KS assay,
samples obtained from patients with other LSDs were
analyzed. Urine KS levels were at least mildly elevated in
patients with several other LSDs: MPS I, MPS II,
fucosidosis, beta-galactosidase deficiency, and mucolipido-
sis II, II/III, and III (Figs. 2 and 3). Beta-galactosidase
hydrolyzes terminal beta-linked galactose residues from
GM1 gangliosides, glycoproteins, and from keratan sulfate
(Okada and O’Brien 1968; O’Brien et al. 1976). A subset
of patients with beta-galactosidase deficiency are classified
as having Morquio syndrome type B (O’Brien et al. 1976);
therefore, it is not surprising that patients with this enzyme
deficiency have elevated urine keratan sulfate levels.

Elevated urine KS levels have previously been reported
by Tomatsu et al. in patients with Mucolipidosis II or III
(Tomatsu et al. 2005). Patients with these conditions have a
deficiency of N-acetylglucosaminyl-1-phosphotransferase,
which prevents the import of most lysosomal hydrolases
into the lysosome. This leads to the accumulation of various
GAG species in different tissues (Leroy et al. 1972;
Thomas et al. 1973; Reitman et al. 1981), and likely
explains the accumulation of urine keratan sulfate observed
in these patients. However, the Tomatsu et al. study only
included 11 samples, and the type of ML, or clinical
severity, was not indicated. We analyzed urine KS in 51
samples from ML patients with a well-defined clinical
phenotype and a confirmed diagnosis of either ML II, ML
II/III, or ML III (Leroy et al. 2014; Lyseng-Williamson
2014). Urine KS was elevated in all samples from patients
with ML II or ML II/III and the average urine KS level in
these patients (fourfold increase relative to age-matched
controls) was approximately the same as that in MPS IVA
patients (4.7-fold increase). Alternatively, although on
average patients with ML III have elevated urine KS levels
compared to controls (p < 10�5), 16/39 of these patient
had normal urine KS levels. Furthermore, the urine KS
levels in ML III patients were significantly lower than those
in ML II and ML II/III patients (p < 10�5). Therefore,
urine KS appears to correlate with the severity of skeletal
involvement, as patients with MPS IVA and ML II or ML
II/III have the highest urine KS levels of all patients
analyzed in this study. A correlation between urine KS level
and clinical severity has already been reported in MPS IVA
patients (Tomatsu et al. 2004).

The explanation for elevated urine KS levels in patients
with MPS I, MPS II, and fucosidosis is less clear. The
enzymes deficient in these disorders are not directly involved
in keratan sulfate catabolism. Tomatsu et al. (2005) have
reported that keratan sulfate is elevated in both plasma and
urine samples from patients with all mucopolysaccharidosis
disorders (types I, II, III, IV, VI, and VII) compared to age-
matched controls. It was speculated that elevated heparan
sulfate directly inhibits GALNS enzyme activity, resulting
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in a secondary elevation of keratan sulfate (Rowan et al.
2013; Tomatsu et al. 2014). This could explain the mild
elevation of urine KS that was observed in MPS I and MPS
II patients (Fig. 2). However, urine KS was only slightly
elevated in 3/23 samples from MPS III patients, in whom
heparan sulfate is the primary biomarker. Therefore, other
explanations for the mild increase of urine KS in these
patients should be explored. Greiling et al. demonstrated
that patients with fucosidosis have elevated urine KS levels
(Greiling et al. 1978). They speculated that the impaired
removal of alpha-fucose residues from keratan sulfate due
to alpha-fucosidase deficiency could lead to KS accumula-
tion in these patients. However, further studies are needed
to follow up on these findings.

Our study demonstrates that the quantitative measurement
of urine KS via UPLC-MS/MS is a highly sensitive test for
the detection and diagnosis of patients with MPS IVA.
However, elevated urine KS levels are not specific to patients
with this condition. Patients with other LSDs such as beta-
galactosidase deficiency (including MPS IVB), Mucolipido-
sis II, II/III, or III, MPS I, MPS II, and fucosidosis may also
excrete higher levels of urine KS than age-matched controls,
in some cases to the same degree as patients with MPS IVA.
Therefore, caution is advised when interpreting elevated
urine KS results. The results should be interpreted within the
context of the patient’s clinical features, and an abnormal
urine KS result should always be followed by enzyme
analysis to make a definitive diagnosis.
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