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Abstract

Background: Mucopolysaccharidoses (MPS) are lysosomal storage diseases in which mutations of genes encoding

for lysosomal enzymes cause defects in the degradation of glycosaminoglycans (GAGs). The accumulation of GAGs

in lysosomes results in cellular dysfunction and clinical abnormalities. The early initiation of enzyme replacement

therapy (ERT) can slow or prevent the development of severe clinical manifestations. MPS I and II newborn screening

has been available in Taiwan since August 2015. Infants who failed the recheck at recall were referred to MacKay

Memorial Hospital for a detailed confirmatory diagnosis.

Methods: From August 2015 to November 2017, 294,196 and 153,032 infants were screened using tandem mass

spectrometry for MPS I and MPS II, respectively. Of these infants, 84 suspected cases (eight for MPS I; 76 for MPS II)

were referred for confirmation. Urinary first-line biochemistry examinations were performed first, including urinary GAG

quantification, two-dimensional electrophoresis, and tandem mass spectrometry assay for predominant disaccharides

derived from GAGs. If the results were positive, a confirmative diagnosis was made according to the results of leukocyte

enzymatic assay and molecular DNA analysis. Leukocyte pellets were isolated from EDTA blood and used for fluorescent

α-iduronidase (IDUA) or iduronate-2-sulfatase (IDS) enzymatic assay. DNA sequencing analysis was also performed.

Results: Normal IDS and IDUA enzyme activities were found in most of the referred cases except for four who were

strongly suspected of having MPS I and three who were strongly suspected of having MPS II. Of these infants, three with

novel mutations of the IDS gene (c.817C > T, c.1025A > G, and c.311A > T) and four with two missense mutations of the

IDUA gene (C.300-3C > G, c.1874A > C; c.1037 T > G, c.1091C > T) showed significant deficiencies in IDS and IDUA enzyme

activities (< 5% of mean normal activity), respectively. Urinary dermatan sulfate and heparan sulfate quantitative analyses

by tandem mass spectrometry also demonstrated significant elevations. The prevalence rates of MPS I and MPS II in

Taiwan were 1.35 and 1.96 per 100,000 live births, respectively.

Conclusions: The early initiation of ERT for MPS can result in better clinical outcomes. An early confirmatory diagnosis

increases the probability of receiving appropriate medical care such as ERT quickly enough to avoid irreversible

manifestations. All high risk infants identified in this study so far remain asymptomatic and are presumed to be affected

with the attenuated disease variants.

Keywords: Mucopolysaccharidoses, Glycosaminoglycans, Tandem mass spectrometry, α-iduronidase, Iduronate-2-

sulfatase, DNA sequencing analysis, MPS newborn screening

* Correspondence: ccchiang@cfoh.org.tw; cck@mmh.org.tw

Chih-Kuang Chuang and Hsiang-Yu Lin contributed equally to this work.
5The Chinese Foundation of Health, Neonatal Screening Center, Taipei,

Taiwan
1Division of Genetics and Metabolism, Department of Medical Research,

MacKay Memorial Hospital, Taipei, Taiwan

Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Chuang et al. Orphanet Journal of Rare Diseases  (2018) 13:84 

https://doi.org/10.1186/s13023-018-0816-4

http://crossmark.crossref.org/dialog/?doi=10.1186/s13023-018-0816-4&domain=pdf
mailto:ccchiang@cfoh.org.tw
mailto:cck@mmh.org.tw
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Strengths and limitations of this study

� Newborn screening for Mucopolysaccharidoses I

and II has been available in Taiwan since August

and October 2015, respectively.

� Infants with suspected MPS were referred to

MacKay Memorial Hospital for MPS type

confirmation by leukocyte enzymatic assay and

molecular DNA analysis.

� Four and three infants with the attenuated variants

of MPS I and MPS II respectively were identified; all

remain asymptomatic to date.

� The prevalence rates of MPS I and MPS II in

Taiwan were 1.35 and 1.96 per 100,000 live births,

respectively.

Background
Mucopolysaccharidoses (MPS), a group of rare genetic

diseases known as lysosomal storage disorders (LSDs),

are caused by the deficiency of enzymes that catalyze the

stepwise degradation of glycosaminoglycans (GAGs).

Mucopolysaccharidosis I (MPS I; Hurler, Hurler-Scheie,

Scheie syndrome) and MPS II (Hunter syndrome) are

diseases characterized by deficiencies in the enzymes α-

iduronidase (IDUA; EC 3.2.1.76) and iduronate-2-

sulfatase (IDS), respectively. A deficiency in the activity

of either one of these enzymes can lead to excessive

lysosomal storage of dermatan sulfate (DS) and heparan

sulfate (HS) resulting in devastating manifestations such

as coarse facial features, developmental delay and de-

cline, gibbus, hepatosplenomegaly, cardiac valve disease,

umbilical and inguinal hernias, joint deformity with a re-

stricted range of motion, airway dysfunction with com-

plications, sleep apnea, recurrent otitis media, and

premature death [1–4]. Initial symptoms often present

during the first 5 years of life depending on the severity

of disease and age at diagnosis. MPS I is differentiated as

MPS I and MPS I attenuated. MPS II phenotypes are

defined as attenuated and severe forms according to

their clinical severity [1–4]. All types of MPS are

autosomal recessive disorders except for MPS II,

which is X-linked, and the defective gene is transmit-

ted from the mother to son.

Few studies have investigated the incidence (or preva-

lence) of MPS. The overall birth incidence for all

patients with MPS was reported to be 2.04 per 100,000

live births in Taiwan [5]. Of these cases, MPS II had the

highest birth incidence of 1.07 per 100,000 live births

(2.05 per 100,000 male live births), comprising 52% of all

diagnosed MPS cases. In addition, the birth incidence rate

of MPS I was 0.11 per 100,000 live births, accounting for

6% of all cases of MPS [5]. Compared to the rates reported

in different populations, the overall incidence rates of

MPS in European countries are very similar, ranging from

1.75 (Sweden) to 4.5 (the Netherlands) per 100,000 live

births [6–8].

Recently, several experimental and approved treat-

ments have been reported for MPS subtypes, including

hematopoietic stem cell transplantation [9, 10], enzyme

replacement therapy (ERT) [11–13], premature stop

codon read-through [14, 15], and vector-mediated gene

therapy [16–18]. ERTs are available for MPS I, MPS II,

MPS IVA and MPS VI. However, the optimal benefits

from ERT, particularly for patients with MPS who suffer

from devastating soft tissue storage and skeletal diseases

with or without central nervous system (CNS) involve-

ment, require commencing treatment before the onset

of irreversible clinical disease. In general, the earlier the

initiation of ERT for MPS the better the clinical out-

comes. One previous study reported notable scoliosis in

an affected female child, whereas her little brother re-

ceived ERT just after birth and appeared to be normal

[19]. In addition, another study reported that the early

initiation of laronidase treatment prior to the onset of

symptoms in patients with attenuated MPS I could slow

or prevent the development of severe clinical manifesta-

tions [20]. With the exception of cases where there is a

family history of the disease, the pre-symptomatic de-

tection of MPS can only be achieved by newborn

screening (NBS). Recent progress in newborn screen-

ing programs for LSDs has shown promise for their

early detection [21–23].

MPS is diagnosed by a decrease in or loss of enzyme

activity, usually involving a fluorescent-tagged artificial

substrate such as 4-methylumbelliferone (4MU) or a nat-

ural substrate in which a fragment of biological substrate

is labeled with a radio-stable isotope [24–26]. Homoge-

nates of cultured fibroblasts and leukocytes have been

widely used to make a definitive diagnosis of MPS. The

use of dried blood filter paper samples offers several ad-

vantages in terms of cost, transportation and suitability

of sample collection from neonates. We previously re-

ported findings from a pilot study of newborn screening

for MPS I in Taiwanese infants using the 4MU fluores-

cent enzymatic assay in which we analyzed more than

35,285 samples from 2008 to 2013. According to the

results of that study, the incidence of MPS I in Taiwan

was about 1/17,643 [21], which is very close to that (1:

14567) reported in a 2015 Missouri pilot study which

used a multiplexed fluorometric enzymatic assay (digital

microfluidics assay) [27]. Recently, the usage of tandem

mass spectrometry to screen multiple LSDs has been

established and been shown to be feasible for newborn

screening purposes including MPS I. Another two repre-

sentative and large-scale NBS programs for multiplexed

LSDs have been conducted in Illinois and Kentucky

since 2014 and 2016, respectively [28, 29], and reported

that the incidence and detection rates of MPS I were 1
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in 219,793 and 1 in 55,161, respectively. In addition, the

tandem mass spectrometry assay for MPS II NBS has

been established and extensively used due to a more

stable IDS substrate being available [30–33]. An early

diagnosis can be achieved by NBS, and MPS I and II

NBS programs have been available nationwide at three

NBS centers in Taiwan since August 2015. Tandem mass

spectrometry for the direct assay of lysosomal enzymes

including IDUA and IDS in dried blood spots (DBS) is

used in these screening programs. From August 1, 2015

to November 30, 2017, a total of 294,196 and 153,032

infants were analyzed by tandem mass spectrometry

assay for MPS I and MPS II, respectively. All DBS speci-

mens were collected with informed parental consent. An

abnormal NBS result is first dealt with by repeating the

NBS test before additional diagnostic studies are con-

ducted. If the result of the preliminary analysis is posi-

tive, it means that the enzyme activity of either IDUA or

IDS in DBS is reduced and usually lower than the cut-

off value of the first test, and the retest is performed

using the same initial DBS sample. The cut-off value of

the second test is lower than that of the first test in

order to exclude the possibility of false positive cases. If

the infants do not pass the retest, the parents of high-

risk infants receive a recall notice for the collection of a

second DBS sample for tandem mass spectrometry

retesting. If the result of the second DBS is positive, the

case is considered to be high risk and is referred to gen-

etic referral centers for further evaluation, confirmatory

testing and diagnosis. The reasons for the additional col-

lection of a repeat NBS specimen and retesting are care-

fully explained to the infant’s parents if the initial result

of NBS for MPS I or II is positive. Of these infants, 84

suspected cases including eight for MPS I and 76 for

MPS II were referred to MacKay Memorial Hospital

for further confirmation. The cut-off values were set

at < 3.0 μmol/L/H for the first and second tests for

MPS I, and < 6.5 and < 2.2 μmol/L/H for MPS II, re-

spectively [32]. The aim of this study was to investi-

gate the current status of several genotypes that may

cause pseudo deficiencies in IDS enzyme activity, and

also to report the positive findings of MPS I and

MPS II through confirmatory diagnostic experiments.

Methods
The algorithm of an MPS diagnosis is illustrated in Fig. 1.

Suspected cases with a reduction in enzyme activity in

DBS detected by tandem mass spectrometry were referred

to Mackay Memorial Hospital for further confirmation.

The aim of the confirmatory testing was to rule out the

possibility of an MPS and to provide an accurate diagno-

sis. The cut-off values were 3.0 μmol/L/h for the initial

and second DBS for MPS I, and 6.5 μmol/L/h for the ini-

tial and 2.2 μmol/L/h for the second DBS for MPS II. If

the results were far below the cut-off values, the case was

defined as being highly suspected, and the recall process

was carried out by a genetic counselor with the arrange-

ment of an outpatient department (OPD) visit and

specimen collection. For a laboratory diagnosis, urinary

first-line biochemistry examinations were performed first,

including GAG quantification, two-dimensional electro-

phoresis (2-D EP), and the quantitative analysis of relevant

GAG-derived disaccharides using tandem mass spectrom-

etry such as chondroitin sulfate (CS), DS, and HS. If the

results of the first-line biochemistry examinations were

negative, the possibility of MPS could confidently be ruled

out. However, if the results were positive, for instance, an

increased quantity of GAGs with either DS +HS, or DS

only, or HS only, the case was highly suspected of having

MPS. Confirmative diagnoses also included leukocyte

enzymatic assay and molecular analysis.

The tandem mass spectrometry methods used for

MPS I and II NBS have been reported previously

[30–33]. The tandem mass spectrometry assay is used

due to several advantages, including high through-put,

high specificity, high sensitivity, prompt measurement,

simple experimental protocol, and the availability of

high quality commercial substrates. At present, MPS I

and II NBS services are available nationwide at three

Newborn Screening Centers in Taiwan. Written con-

sent was obtained from the parents for screening of

their newborn for LSDs.

Samples for confirmation

Suspected cases with a reduction in either IDUA or IDS

enzyme activity in DBS detected by tandem mass spec-

trometry assay were referred to MacKay Memorial Hos-

pital for MPS confirmation after the first and repeat

NBS tests. A total of 84 suspected cases including eight

for MPS I and 76 for MPS II were analyzed for further

confirmation in this study. The samples required for

the assay included urine (10-20 mL) and EDTA blood

(2 tubes, 3-5 mL in each). Urine samples were stored

at − 20 °C prior to GAG analysis, and the blood sam-

ples were kept at room temperature and 4 °C before

leukocyte isolation for enzymatic assay and molecular

DNA analysis, respectively.

Urinary quantitative GAG analysis

The dimethylmethylene blue method (DMB/creatinine ratio)

GAGs were determined quantitatively in urine in a reac-

tion with the dye dimethylmethylene blue (DMB) that did

not require prior precipitation of the GAGs. The color

was measured rapidly at a wavelength of 520 nm. The

DMB ratio was obtained by dividing urine creatinine by

the volume of GAGs in mg/L, and the ratio was expressed

as mg/mmol creatinine [34, 35]. The quantitative DMB

method can give a ratio of excretion of GAGs relative to
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creatinine, which is age-dependent. A high ratio relevant

to age indicates the possibility of having MPS. The urine

creatinine level is proportional to age but inversely

proportional to the DMB/CRE ratio. A higher DMB/

CRE ratio was due mostly to the very young age

group (< 6 months), whereas it was lower and nearly con-

stant in the adult group. The normal reference values for

the infants in this study were 13.6-66.1 mg/mmol creatin-

ine (39.9±13.1) (< 6 months) and 0-55.2 mg/mmol creatin-

ine (23.3±15.9) (0.6-2 years).

Two-dimensional electrophoresis

GAGs were precipitated from urine using Alcian blue

(AB) containing sodium acetate. Sodium chloride and

methanol were used to dissolve MPS-AB complexes.

Sodium carbonate was then sequentially added to dis-

sociate the MPS complex and AB. Finally, ethanol

was used to re-precipitate MPS. After drying, the

samples were ready for 2-D EP to separate them into

component GAGs on cellulose acetate sheets. Electro-

phoresis was carried out in pyridine-acetic acid buffer

in the first direction and barium acetate buffer in the

second. The GAGs were visualized by staining with

Alcian blue [34].

Liquid chromatography/tandem mass spectrometry (LC-MS/

MS) to detect predominant GAG-derived disaccharides in

urine

LC-MS/MS for the relevant GAG-derived disaccharides,

i.e. CS, DS and HS, was performed using methanolysis

as described previously [36–38]. The GAGs were precip-

itated and then degraded to uronic acid-N-acetylhexosa-

mine dimers. Methanolysis was performed by adding

3 N HCl in methanol (200 μL). The methyl group (CH3)

would bind to the COO− (carboxyl group) of C6 of L-

iduronate and to the C1 negative oxide ion of N-acetyl-

galactosamine-4-sulfate. One particular disaccharide for

each GAG was selected. The m/z (mass to charge) of

the parent ion and its daughter ion after collision was

426.1→ 236.2 for DS and 384.2→ 161.9 for HS. The in-

ternal standards including [2H6] DS, [
2H6] CS, and [2H6]

HS were prepared in-house by deuteriomethanolysis of

GAG standards (CS, DS, and HS) [38]. The mass

spectrum of the deuteriomethanolysis products of DS

and HS showed the incorporation of + 6 atoms of deu-

terium. Therefore, the m/z was 432.0→ 239.0 for [2H6]

DS and 390.4→ 162.5 for the [2H6] HS dimer. Tandem

mass spectrometry assay for urinary GAG-derived disac-

charides is an excellent approach that can be used to

follow up NBS results for possible MPS I and MPS II.

Fig. 1 The algorithm of MPS diagnosis. The suspected cases with reductions in enzyme activity in DBSs detected by tandem mass spectrometry

were referred to Mackay Memorial Hospital for further confirmation. The cut-off values were 3.0 μmol/L/h for the initial and second DBS for MPS I.

For MPS II, the cut-off values were 6.5 μmol/L/h for the initial and 2.2 μmol/L/h for the second DBS. If the result was far below the cut-off value,

the case was highly suspected of having MPS, and the recall process was started by the genetic counselor
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Leukocyte enzyme assay for MPS I and MPS II

Differential diagnoses of MPS can be achieved using an

enzymatic assay [39, 40]. Leukocyte isolation and protein

determination are required prior to performing the en-

zyme assay. Leukocytes were isolated from EDTA blood

by centrifugation through Ficoll-Paque (Sigma-Aldrich,

Inc., St. Louis, MO, USA) at 18 °C for 40 min at

2500 rpm. By removing the upper layer, the white cell

ring from the interface was removed and transferred to

a 5 mL centrifuge tube, followed by the addition of 0.9%

NaCl to the top, mixing, and centrifugation for 10 min

at 2000 rpm at 4 °C. Cell lysates were prepared by sus-

pending leukocyte pellets in 0.2 mL of 0.85% NaCl and

disrupted by six cycles of freeze-thawing. Proteins were

determined using Coomassie Plus protein assay (Pierce,

Thermo Fisher Scientific Inc., Waltham, MA, USA). The

assay for individual enzyme activity was performed using

4-methylumbelliferyl substrate. Enzyme activity was

proportional to the amount of liberated fluorescence de-

tected (μmol enzyme activities/g protein/hour). Individ-

ual enzyme activity which was 5% lower than normal

was defined as a marked reduction in that enzyme

activity.

Leukocyte β-iduronidase (IDUA; MPS I)

The principle of the IDUA enzymatic assay is illustrated

in Fig. 2 (A). Hydrolysis of the synthetic substrate 4-

methylumbelliferyl-α-L-iduronide at acidic pH was

followed by measuring the fluorescence of the liberated

4MU after stopping the reaction with alkaline buffer.

The fluorescence produced was measured using a fluor-

imeter (Luminescence Spectrometer, Perkin Elmer LS

30, USA). The excitation wavelength was set at 365 nm

with an emission of 450 nm. The method used 4-

methylumbelliferyl-α-L-iduronide substrate that was hy-

drolyzed by IDUA into the highly fluorescent product

4MU. The rate of fluorescence increase was directly pro-

portional to enzyme activity [39].

Leukocyte iduronate-2-sulfate sulfatase (IDS; MPS II)

The principle of the assay is illustrated in Fig. 2b. The

enzymatic liberation of fluorochrome from 4MU-α-L-

iduronide-2-sulfate requires the sequential action of IDS

and α-iduronidase. A normal level of α-iduronidase ac-

tivity was insufficient to complete the hydrolysis of the

reaction intermediate 4-methylumbelliferyl-α-iduronide

formed by IDS [40].

Molecular DNA analysis

Genomic DNA was prepared from peripheral blood leu-

kocytes by high-salt extraction. Polymerase chain reac-

tions (PCRs) of exons found in individual MPS types

including adjacent intronic regions were performed with

various primers and conditions. PCR amplification of

cDNA or genomic DNA in patients and unaffected con-

trols was carried out using oligonucleotide primers, i.e.

IDUA (NG_008103.1) exon 1-14, and IDS (NG_011900.2)

exon 1-9. PCR products were purified and sequenced

using a DNA sequencer. All amplified fragments flanking

the exons were analyzed to identify variations. The result-

ant sequences were imported into Sequence Navigator

software (Sequence Scanner Software 2, Applied Biosys-

tems Inc., CA. USA) for alignment, editing, and mutation

analysis [41–43].

Results
A total of 294,196 and 153,032 newborn infants were

screened by tandem mass spectrometry assay for MPS I

and MPS II, respectively. Of these infants, 84 suspected

cases were referred to MacKay Memorial Hospital for

further confirmation due to values of either IDUA or

Fig. 2 a The method utilizes 4-methylumbelliferyl-α-L-iduronide substrate that is hydrolyzed by IDUA into a highly fluorescent product,

4-methylumbelliferone (4MU). The rate of fluorescence increase is directly proportional to enzyme activity. b The enzymatic liberation of

the fluorochrome from 4MU-α-L-iduronide-2sulfate requires the sequential action of IDS and α-iduronidase
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IDS data being remarkably lower than the cut-off values,

including eight for MPS I and 76 for MPS II.

Urinary GAG quantification, 2D EP and disaccharide units

of GAGs detected by LC-MS/MS assay

The quantitative DMB method can give the ratio of ex-

creted GAGs relative to creatinine, which is age dependent.

A high ratio relative to age indicates the possibility of hav-

ing MPS. According to our data, the urine creatinine level

was proportional to age but inversely proportional to the

DMB/CRE ratio. A higher DMB/CRE ratio was mostly

noted in the very young group (< 2-year-old infants),

whereas it was lower and nearly constant in the adult

group. The normal reference values for the infants

were 13.6-66.1 mg/mmol creatinine (< 6 months), and

0-55.2 mg/mmol creatinine (0.6-2 years). The DMB/

CRE ratio of most of the referred cases in this study

ranged from 29.5 to 65.6 mg/mM creatinine (mean ± SD

= 47.6 ± 18.0 mg/mM creatinine) except for a few cases

with highly suspected MPS I and MPS II that were much

higher than the upper limit of the reference value (Fig. 3).

Most of the referred cases had a normal 2D EP pattern,

and only CS was present. With regards to the LC-MS/MS

quantitative assay, seven highly suspected cases of MPS

out of the 84 referred cases exhibited marked elevations of

DS and HS (Fig. 4). The average DS and HS values of the

normal population were 0.17 (±0.23) and 0.11 (±0.21), re-

spectively, whereas the DS and HS values were 4.76-99.61

and 2.93-15.38 μg/mL in the cases with suspected MPS I,

and 7.39-21.21 and 1.83-103.44 μg/mL in those suspected

of having MPS II.

Leukocyte IDUA and IDS enzymatic assay

After the urinary first-line biochemistry examinations,

the possibility of MPS could be confidently ruled out in

the referred cases with negative results. However, if the

results were positive, i.e. increased levels of GAGs with

DS +HS, or DS only, or HS only, the cases were highly

suspected of having MPS. Leukocyte enzymatic assays

were then performed in order to make a confirmative

diagnosis of either MPS I or MPS II. In this study, both

leukocyte IDUA and IDS enzymatic assays were analyzed

including the eight cases with suspected MPS I and 76

with suspected MPS II. For the IDUA enzyme activity

assay, four of the eight infants showed a marked

reduction of 0.46 to 1.60 μmol/g protein/h (reference

range: 4.87 to 54.70 μmol/g protein/h) that corre-

sponded well with the results obtained from urinary

first-line biochemistry examinations. The diagnoses of

the four suspected cases were then proven. For the other

Fig. 3 The DMB/CRE ratio of most of the referred cases in this study ranged from 29.5 to 65.6 mg/mM creatinine (mean ± SD = 47.6 ± 18.0 mg/

mM creatinine) except for a few cases who were strongly suspected of having MPS I (n = 4) and MPS II (n = 7) with much higher values than the

upper limit of the reference value
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four cases, three had significant reductions in IDUA en-

zyme activity (1.20, 1.50, and 2.06 μmol/g protein/h),

and the other was normal (21.60 μmol/g protein/h);

however these results did not correspond well with the

results obtained from 2D EP and disaccharide LC-MS/

MS assay. A further follow-up inspection and genotyping

determination were thus required to exclude the possi-

bility of MPS.

In the leukocyte IDS enzymatic assay of the 76 infants

with suspected MPS II, 18 had normal values ranging

from 12.80 to 40.80 μmol/g protein/4 h (reference

value: 12.89-131.83 μmol/g protein/4 h) with negative

urinary GAG examinations, 46 had marked reductions

(3.86 ± 2.24 μmol/g protein/4 h) with negative urinary

GAG assays, and the remaining three infants demon-

strated definite deficiencies in IDS enzyme activities

(0.20, 0.32, and 0.40 μmol/g protein/4 h) with positive

urinary GAG first-line biochemistry examinations. Even

though these three infants were confirmed as having MPS

II by leukocyte enzymatic assay, no typical clinical presen-

tations were noted. Molecular genetic analysis was then

performed to determine the genotype.

Molecular analysis of IDUA and IDS genes

The results of molecular IDUA and IDS gene analysis

showed 12 and 11 major variation alleles in the IDUA

and IDS genes, respectively (Fig. 5a and b). Of these,

four of 12 IDUA mutations (c.300-3C > G, c.1874A > C,

c.1037 T > G, c.1091C > T) were identified as being

pathogenic and caused marked reductions in IDUA en-

zyme activity in three infants [44, 45], two of whom were

brother and sister, and two were twin sisters (Table 1).

Most importantly, the results of the confirmatory diagno-

ses in either the leukocyte enzymatic assay or molecular

gene analysis all corresponded well with the urinary GAG

first-line biochemistry examinations. Other variations in-

cluding c.343G > A, c.2 T > C [46]; c.355G > T [21], c.

617C > T; and c.1081G >A [47], c.1395delC resulted in re-

ductions in IDUA activity, and the urinary GAG first-line

biochemistry examinations were all negative accordingly.

In IDS molecular analysis, three mutation alleles

(c.817C > T, c.1025A >G, and c.311A > T) were recognized

as being pathogenic and to have possibly caused marked

reductions in IDS enzyme activity (Table 2). The other

IDS variation alleles or polymorphisms including c.103 +

34_56dup, c.301C > T [48], c.1499C > T [49], c.1478G > A,

c.589C > T, c.890G > A, c.851C > T [50], c.103 + 34_56dup

+ c.851C > T, and c.103 + 34_56dup + c.851C > T+ c.1180

+ 184 T > C were proven to be non-pathogenic and to

possibly lead to a pseudo-deficiency of IDS enzyme activ-

ity, and demonstrated negative results in the urinary GAG

first-line biochemistry examinations. The possibility of

having MPS II could confidently be ruled out in these 73

suspected patients.

Variation allele c.103 + 34_56dup

A total of 49 infants (Table 2, infant number 1-49) sus-

pected of having MPS who underwent MPS NBS with

tandem mass spectrometry assay were referred to MacKay

Memorial Hospital for further confirmation (n = 49; 64.5%

of 76 referred cases). A novel IDS variation allele, c.103 +

34_56dup, located between exon 1 and exon 2 (intron-1)

Fig. 4 The average DS and HS values of the normal population were 0.17 (±0.22) and 0.11 (±0.21), respectively, whereas the DS and HS values

were 4.76 to 99.61 and 2.93 to 15.38 μg/mL for the infants suspected of having MPS I, and 7.39 to 21.21 and 1.83 to 103.44 μg/mL for those

suspected of having MPS II, respectively
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down-stream of the 34 to 56 region had a repeat sequence,

CCTTCCTCCCTCCCTTCCTTCCT (Fig. 6). This vari-

ation allele caused significant decreases in IDS enzyme

activity in the initial and second DBS, ranging from

0.75 to 1.84 μmol/L/h which were significantly lower

than the cut-off values of 6.5 μmol/L/h for the first

test and 2.2 μmol/L/h for the second test. However,

the leukocyte enzyme activity was low at an average

4.19 (±1.33) μmol/g protein/4 h and did not meet the

diagnostic criteria of deficiency (less than 5% of the

mean IDS enzyme activity in the normal population).

Most notably, the results of urinary first-line bio-

chemistry examinations were all negative, including

the DMB/CRE ratio (46.74 ± 11.09 mg/mmol creatin-

ine), 2-D EP (CS pattern only), and the disaccharides

derived from GAGs as detected by LC-MS/MS (DS:

0.12 ± 0.14 μg/mL; and HS: 0.08 ± 0.10 μg/mL).

Another two suspected cases (infant number 76 and

77) who had the c.103 + 34_56dup variation allele also

had the variation allele c.851C > T [p.P284L], and the

variation allele c.851C > T [p.P284L] plus the variation

allele c.1180 + 184 T > C, respectively. Reductions in

leukocyte IDS enzyme activity were clearly found in both

infants at 1.29 and 4.50 μmol/g protein/4 h, respectively,

and both had negative urinary first-line biochemistry

examinations.

Fig. 5 Molecular IDUA and IDS gene analyses. A total of 12 and 11 variation alleles of the IDUA and IDS genes were found, respectively.

Of these alleles, four of 12 IDUA mutations (c.300-3C > G, c.1874A > C, c.1037 T > G, and c.1091C > T) were identified as being pathogenic

and causing marked reductions in IDUA enzyme activity. In IDS gene molecular analysis, three mutation alleles (c.817C > T, c.1025A > G,

and c.311A > T) were verified as being pathogenic genes that may cause deficiencies in IDS enzyme activity. The most common IDS

variation allele found in this study was c.103 + 34_56dup, and the IDS enzyme activity appeared to be lower than 10 to 15% of normal

when encoded with this variation allele

Table 1 Summary of the biochemical and molecular findings in the MPS I newborn screening test (IDUA gene)

Infant
numbers

Sex Ages (Ms) of
the test

Ages (Yrs) at last
follow up

Nucleotide (a) Protein (b) Exons KnownRef./
Novel

IDUA enzyme
activity (c)

GAG
tests (d)

1 Female [c.2 T > C]
+ [c.343G > A]

[p.M1T]
+ [p.D115N]

1, 3 K [46]/N 1.20 Negative

2 Female [c.76G > A]
+ [c.911delT]

[p.A26T]
+ [V304Gfs*13]

1, 7 N/N 21.60 Negative

3 MaleB 1.1 1.8 [c.300-3C > G]
+ [1874A > C]

[−] + [p.Y625S] 3, 14 K [44]/N 1.60 Positive

4 Male [c.355G > T]
+ [c.617C > T]

[p,D119Y]
+ [p.S206 L]

3, 6 K [21]/N 2.06 Negative

5 FemaleT 1.4 0.6 [c.1037 T > G]
+ [c.1091C > T]

[p.L346R]
+ [p.T364 M]

8, 8 K [44]/K
[45]

0.81 Positive

6 FemaleT 1.4 0.6 [c.1037 T > G]
+ [c.1091C > T]

[p.L346R]
+ [p.T364 M]

8, 8 K [45]/K
[45]

0.75 Positive

7 FemaleS 4.5 0.6 [c.300-3C > G]
+ [1874A > C]

[−] + [p.Y625S] 3, 14 K [44]/N 0.46 Positive

8 Male [c.1081G > A]
+ [1395delC]

[p.A361T] + [−] 8, 9 K [47]/N 1.50 Negative

E indicates Brother; S indicates Sister; T indicates Twin
(a) Nucleotide variations [allele 1]+[allele 2]
(b) Protein variations [allele 1]+[allele 2]
(c) IDUA enzyme activity (Ref. 4.87 ~ 54.70 μmol/g protein/h)
(d) GAG tests including GAG quantification (DMB/Cre ratio), 2-dimensional electrophoresis, and quantitative analyses of GAG-derived disaccharides (DS and HS) by

tandem mass spectrometry assay
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Variation allele c.301C > T [p.R101C]

Six suspected infants (infant number 50-56) had the

variation allele c.301C > T [p.R101C]. The IDS missense

mutation was a rare polymorphism in our patients and

did not affect IDS enzyme activity as verified by compar-

isons with the IDS activity in extracts of COS-7 cells ex-

pressing IDS from wild-type and mutant cDNA [48, 51].

The average IDS enzyme activity was 25.82 ± 9.04 μmol/

g protein/4 h, and all of the results of urinary first-line

biochemistry examinations were normal.

Variation allele c.1499C > T [p.T500I]

Eight infants (infant number 57-66) had the variation allele

c.1499C >T [p.T500I]. This allele could induce relatively

lower levels of IDS enzyme activity in DBS compared with

the normal level (2.49 ± 0.47 vs. < 2.2 μmol/L/h); however,

the IDS enzyme activity in leukocytes seemed to be at the

lower limit of normal, about 17.15 ± 3.69 μmol/g protein/

4 h with negative results in the urinary first-line biochemis-

try examinations. The single-nucleotide polymorphism

(SNP) database of The National Center for Biotechnology

Table 2 Summary of the biochemical and molecular findings in the MPS II newborn screening test (IDS gene)

Infant
numbers

Sex Ages (Ms) of
the test

Ages (Yrs) at
last follow up

Nucleotide Variation(s) Protein
Variation(s)

Exon KnownRef./
Novel

IDS enzyme
activity a

GAG
tests b

1-49 Male [c.103 + 34_56dup] [−] 1~ 2
(Intron-1)

Novel 3.86 ± 2.24 Negative

50-56 Male [c.301C > T] [p.R101C] 3 Known [48] 25.82 ± 9.04 Negative

57-66 Male [c.1499C > T] [p.T500I] 9 Known [49] 17.15 ± 3.69 Negative

67-70 Male [c.1478G > A] [p.R493H] 9 Novel 26.37 ±
10.98

Negative

71 Male 0.9 0.7 [c.817C > T] [p.R273W] 6 Novel 0.20 Positive

72 Male [c.589C > T] [p.P197S] 5 Novel 7.80 Negative

73 Male 1.6 0.3 [c.1025A > G] [p.H342R] 8 Novel 0.40 Positive

74 Male 0.9 0.3 [c.311A > T] [p.D104V] 3 Novel 0.32 Positive

75 Male [c.851C > T] [p.P284L] 6 Known [50] 0.51 Negative

76 Male [c.103 + 34_56dup] + [c.851C > T] [−]
+ [p.P284L]

1~ 2
(Intron-1),
6

Novel/ Known
[50]

1.29 Negative

77 Male [c.103 + 34_56dup] + [c.851C >
T] + [c.1180 + 184 T > C]

[−]
+ [p.P284L]

1~ 2
(Intron-1),
6
8~ 9
(Intron-8)

Novel/ Known
[50]/Novel

4.50 Negative

78 Male [c.890G > A] [p.R297H] 7 Novel 9.20 Negative

aIDS enzyme activity (Ref. 12.89 ~ 131.83 μmol/g protein/4 h)
bGAG tests including GAG quantification (DMB/Cre ratio), 2-dimensional electrophoresis, and quantitative analyses of GAG-derived disaccharides (DS and HS) by

tandem mass spectrometry assay

Fig. 6 Variation allele, c.103 + 34_56dup, a novel IDS variation located between exon 1 and exon 2 (intron-1) which was down-stream of the 34

to 56 region had a repeat sequence, CCTTCCTCCCTCCCTTCCTTCCT
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Information (NCBI) showed that the variation (c.1499C >

T) was a SNP, and no previous study has reported that it is

pathogenic to cause MPS II [reference SNP: rs200120998].

Variation allele c.1478G > A [p.R493H]

Four infants (infant number 67-70) had the variation al-

lele c.1478G > A [p.R493H], which caused relatively

lower levels of IDS enzyme activity in DBS compared

with the normal value (2.96 ± 0.71 vs. < 2.2 μmol/L/h);

however, the leukocyte IDS enzymatic assay showed a

normal result (26.37 ± 10.98 μmol/g protein/4 h) with

negative results in the urinary first-line biochemistry ex-

aminations. No study has reported that the variation is

pathogenic to cause MPS II.

Variation alleles c.817C > T, c.1025A > G, and c.311A > T

Three infants (infant number 71, 73, and 74) with sus-

pected MPS had either the variation allele c.817C > T [p.

R273W], c.1025A >G [p.H342R], or c.311A > T [p.

D104V]. These alleles could induce very low IDS enzyme

activity in the DBS compared with normal values (0.39,

0.44, and 0.11 μmol/L/h, respectively vs. < 2.2 μmol/L/h).

These novel IDS missense mutations were inherited from

the infants’ mothers, and affected the synthesis of IDS

protein leading to dramatic deficiencies in leukocyte IDS

enzyme activity (0.20, 0.40, and 0.32 μmol/g protein/4 h,

respectively). Urinary GAG biochemistry examinations

were all positive, including distinct DS and HS patterns by

2D EP, critical elevations of DS and HS detected by tan-

dem mass spectrometry assay, and high GAG/CRE ratios.

The quantities of urinary DS and HS found in the

suspected infants with variation alleles c.817C > T, c.

1025A > G, and c.311A > T were 7.39, 21.21, 15.62

and 1.83, 12.06, 103.44 μg/mL, respectively (Fig. 4).

Variation alleles c.890 G > A, c.589C > T, and c.851C > A

Two of three suspected infants (infant number 78 and

72) with the variation alleles c.890G > A and c.589C > T

had moderate reductions in IDS enzyme activity of

about 9.20 and 7.80 μmol/g protein/4 h, respectively.

Both were novel missense mutations, and no previous

study has reported that these variation alleles are patho-

genic to cause MPS II. The other infant (infant number

75) had the c.851C > A variation allele and had a marked

reduction in IDS enzyme activity (0.51 μmol/g protein/

4 h). Even though the IDS enzyme activity was low, the

urinary GAG analysis showed negative results, meaning

that this case may have had a pseudo-deficiency of MPS

II. This variation allele has been reported to be an atten-

uated phenotype [52]; however, Sawada et al. reported at

the ACIMD conference in 2012 that this variation allele

was not pathogenic to cause MPS II.

Discussion
The MPS NBS program in Taiwan was initiated on August

1, 2015, and since then more than 294,196 and 153,032 in-

fants have been screened for MPS I and MPS II, respect-

ively. A total of 15 and 169 infants failed the first test for

MPS I and MPS II in NBS, respectively (with cut-off values

of < 3.0 for MPS I and < 6.5 μmol/L/h for MPS II), and

were recalled for second DBS collection and second tests.

Of these infants, eight and 76 failed the MPS I and II sec-

ond test, respectively (with cut-off values of < 3.0 for MPS I

and < 2.2 μmol/L/h for MPS II). The estimated recall rates

were 0.005% for MPS I and 0.11% for MPS II. All of the 84

suspected infants were referred to MacKay Memorial Hos-

pital for further confirmation, including regular physical ex-

aminations, urinary first-line biochemistry examinations,

leukocyte enzymatic assay, and molecular genetic analysis.

Four of the eight infants, including a brother and sister and

twin sisters were confirmed to have MPS I, and three of the

79 cases with no related family members had MPS II. The

positive predictive values of MPS I and II NBS were 26.7%

(4/15) and 1.8% (3/169), respectively, which are relatively

higher than that reported in Missouri (11%, with 4 pending)

[27], and lower than that reported in Kentucky (50%). The

Kentucky study showed that the number of cases requiring

repeat analysis and a second-tier test such as GAG-derived

disaccharides detected by tandem mass assay could drastic-

ally reduce false-positive outcomes [29]. In summary, the

prevalence rates of MPS I and MPS II were 1.35 and 1.96

per 100,000 live births, respectively. No typical symptoms

or signs of MPS have been noted in these infants to date,

and detailed inspections every 6 months are still ongoing.

In this study, a large number of suspected infants were

identified with the variation allele c.103 + 34_56dup (n =

49, about 64.5%), and this variation caused a pseudo-

deficiency of IDS enzyme activity. Because this variation

allele is located between exon 1 and exon 2 (intron-1), the

effectiveness of IDS enzyme activity was difficult to esti-

mate according to the expression of IDS with c.103 + 34_

56dup in COS-7 cells. In order to overcome this issue,

RNA analysis was then performed. The cDNA sequencing

analysis showed normal results, and there was no signifi-

cant difference in RNA expression in real-time PCR ana-

lysis. In addition, we thoroughly investigated the male

family members with the same variation via maternal in-

heritance from five different families. Most of the male

maternal members including brothers and fathers did not

have the same variation allele except for one family (Fig. 7).

Four-generation pedigree showed that a 94-year-old great

grandfather carried the same variation allele, and he was

healthy without any clinical presentations.

Two suspected cases (infant number 66 and 67) were

notable; one had the c.103 + 34_56dup variation allele ac-

companied with c.851C > T in exon 6, and the other had

the variation allele c.851C > T plus c.1180 + 184 T > C.

Chuang et al. Orphanet Journal of Rare Diseases  (2018) 13:84 Page 10 of 14



Sawada et al. reported that this variation may be a pseudo-

gene of IDS and may cause structural modeling of the en-

zyme protein. A study of IDS with P284L confirmed

that these amino acid substitutions are non-pathogenic.

In addition, another study reported that the missense

mutation c.851C > T caused an attenuated type of MPS

II according to the exhibition of some clinical presenta-

tions [50].

Although the results from both MPS I and MPS II

NBS were positive, the confirmation of MPS was diffi-

cult due to the asymptomatic presentations. In these

conditions, performing expression experiments of IDUA

or IDS novel mutations in COS-7 cells [48, 51], or gene

related structural modeling experiments on the tertiary

structure of IDUA and IDS enzymes [52, 53] is import-

ant to reveal whether or not the mutant is pathogenic to

cause MPS. In addition, the clinical management of the

suspected infants found in this study includes follow-up

every 6 months, in particularly regular physician exami-

nations for the earliest presenting symptoms such as oti-

tis media, abdominal hernia, and facial features [54].

The gold standard for the diagnosis of MPS I and

MPS II relies on the deficiency of IDUA and IDS activity

in leukocytes, fibroblasts, or plasma with an unusual

clinical presentation or a phenotype finding that does

not match the results of GAG testing [55]. In the

current study, several hemizygous non-pathogenic or

pathogenic variants of the IDS gene were found with

marked reductions in IDS enzyme activity; however, no

typical clinical presentations were detected, and some of

the infants had negative GAG test results. A definitive

diagnosis of MPS II was thus difficult to make. Many

studies have reported that the initial clinical signs and

symptoms of MPS II emerge between the ages of

18 months and 4 years, depending on disease severity

[55–57], and substantial delays have been reported in in-

dividuals with attenuated forms of MPS II. It is thus rea-

sonable that the infants with suspected MPS II in this

study had no clear clinical presentations due to their

relatively young ages, ranging from 0.3 to 0.7 years at

last follow-up. From the LC-MS/MS results of urinary

GAG-derived disaccharides, the cases with either signifi-

cant elevations of DS (MPS I #6) or HS (MPS II #74)

should be more closely monitored in follow-up clinical

inspections. This is because the gross accumulation of

DS can affect and lead to soft tissue abnormalities such

as cardiac valve, connective tissue, blood vessel, corneal,

and skeletal deformities [58, 59], and HS may involve

central nervous system (CNS) dysfunction [60, 61].

Conclusion
MPS I and MPS II NBS programs have been available

nationwide in Taiwan since August 2015, and these

large-scale NBS programs are the first of their type.

Since 2013, there have been three representative, large-

scale NBS for lysosomal storage diseases including MPS

I conducted in Missouri, Illinois, and Kentucky, USA,

resulting in the development of an integrated screening

Fig. 7 Four-generation pedigree showed that a great grandfather carried the same variation allele, c.103 + 34_56dup, but was healthy without

any clinical presentations
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algorithm and workflow. The entire diagnostic process

including a first tier newborn screening test by tandem

mass spectrometry assay and second tier confirmatory

analysis are comprehensive, facile, and cost effective.

Most importantly, it can provide the great benefits of

health assurance with a very accurate diagnosis and

allow for therapy in very early life, particularly when the

irreversible MPS symptoms or clinical presentations

have yet to occur. However, the positive predictive

values of MPS I and II NBS are low, and the down-

stream emotional and financial cost of NBS tests should

be carefully considered. Infants suspected of having

MPS with a positive laboratory diagnosis but without

any clinical presentations are required to undergo long-

term regular physician examinations and laboratory tests

in order to be able to give appropriate treatment in a

timely fashion.
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