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Molecular analysis of the novel IDS allele in a Thai family with
mucopolysaccharidosis type II: The ¢.928C>T (p.GIn310%)
transcript is sensitive to nonsense-mediated mRNA decay
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Abstract. Hunter syndrome (or mucopolysaccharidosis type
II, MPS 1I) is an X-linked recessive disorder induced by a
deficiency of the iduronate 2-sulfatase (IDS) enzyme, resulting
in the accumulation of glycosaminoglycan substrates, heparan
sulfate and dermatan sulfate, in the lysosomes. The progres-
sive accumulation of undegraded metabolites induces cell and
tissue dysfunction, leading to multi-systemic pathology. The
heterogeneity of clinical phenotypes, ranging from mild to
severe forms, results from different mutations in the /DS gene.
To date, >550 MPS II causal mutations have been reported in
the IDS gene, of which ~10% are nonsense mutations that lead
to premature protein termination. In the present study, the IDS
mutation causing MPS II in an extended Thai family was iden-
tified using IDS enzyme assay and IDS gene exon sequencing.
Three family members were enzymatically confirmed to have
MPS 1II and to carry the novel IDS nonsense allele ¢.928C>T
(p-GIn310%). The IDS mRNA levels were evaluated by reverse
transcription-quantitative polymerase chain reaction, which
demonstrated that all patients exhibited a reduction of IDS
mRNA, suggesting its degradation by nonsense-mediated
mRNA decay. Expression of wild type and mutant IDS in
COS-7 cells revealed that the IDS p.GIn310* mutant lacked
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IDS activity, consistent with production of a nonfunctional,
prematurely truncated protein. Taken together, these results
indicate that the IDS ¢.928C>T (p.GIn310*) mutation is a
severe disease-causing mutation for MPS II.

Introduction

Hunter syndrome, which is also known as mucopolysacchari-
dosis type II (MPS II; OMIM #309900) is a rare, X-linked
recessive disorder caused by a deficiency of the lysosomal
enzyme iduronate 2-sulfatase (IDS; EC 3.1.6.13) (1). IDS acts
in the catabolism of heparan sulfate and dermatan sulfate,
and defects in the enzyme lead to systemic accumulation
and increased excretion of these mucopolysaccharides in the
urine (2). MPS II has a broad spectrum of clinical phenotypes
ranging from mild to severe forms. The severe phenotype
or early progressive form is characterized by short stature,
facial dysmorphism, bone abnormalities, hepatosplenomegaly,
mental retardation, heart valve disease and mortality in the
second decade of life, whereas the most mild or attenuated
form exhibits no association with the central nervous system
and a near normal life expectancy of 50-60 years (3).

MPS II has an incidence of ~0.3-0.71 in 100,000 live
births (4). The prognosis is very serious in MPS II and no
curative therapy is currently available. Enzyme replacement
therapy (ERT) and bone marrow transplantation (BMT) are the
two current therapeutic approaches available for MPS II (5).
The evidence supporting both therapies remains limited: It
has been demonstrated that ERT with iduronate sulfatase is
effective in relation to functional capacity (distance walked in
six min and forced vital capacity), liver and spleen volumes
and urine glycosaminoglycan excretion (6). To the best of
out knowledge, there is no evidence available regarding the
outcomes, such as improvement in growth, sleep apnoea,
cardiac function, quality of life and mortality. Furthermore,
iduronate sulfatase therapy is extremely expensive and must
be continued to maintain its benefits. Trials of haematopoi-
etic stem cell transplantation have had mixed results with
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evidence of biochemical/dermatological amelioration which
does not necessarily translate into clinical improvement (7,8).
Alternative approaches may become available depending on
the mutation effect, for instance, nonsense mutations may be
rescued by ribosomal read-through induced by small molecules
that increase read-through at these premature stop signals to
enable the production of full-length proteins (9). Classic gene
therapy using a retroviral vector may still offer future hope
of yielding a definitive treatment (10). However, a number of
challenges remain and more basic knowledge on the molecular
basis of the disease is required to improve effective therapy.

The human /DS gene spans ~24 kb on chromosome Xq28
and contains nine exons (1). The open reading frame is 1,653 bp
encoding a polypeptide of 550 amino acids. A pseudogene is
located ~25 kb telomeric to the functional gene, with regions
homologous to /DS exons 2 and 3 and /DS introns 2, 3 and 7,
and this pseudogene appears to be responsible for increasing
susceptibility to various types of complex recombination
events (11-13). According to the Human Genome Mutation
Database (14), >550 different mutations causing MPS II have
been characterized; including >280 missense and nonsense
mutations.

IDS mutation heterogeneity in the Thai population has
previously been described by the current authors (15,16). A total
of 21 different mutations, including 9 missense, 3 nonsense,
3 splice site alterations, 1 deletion, 2 indels, and 1 rearrange-
ment, were identified, 10 of which were novel (p.R101C,
p.D148V, p.G224A, p.K227E, p.E254X, p.W337X, p.R88C,
p'Y348X, c.440_442delinsTT and ¢.720_731delinsTTTCAGA
TGTTCTCCCCAG). In the present study, a novel /DS allele
[c.928C>T; (p.GIn310%)] was identified, which is associated
with early progressive MPS II. The impact of the mutation was
analyzed via its expression in the COS-7 cell line.

Materials and methods

Patients and MPS Il diagnosis. Patient P1 presented at
Thammasat University Hospital, at 2 years of age for recur-
rent upper respiratory tract infection, and was noted to have
generalized overgrowth. Developmental delay and attention
deficit, facial coarsening, claw hands, generalized joint stiff-
ness and mild hepatosplenomegaly became evident at the
age of 3. Analysis of leukocyte enzyme activity confirmed
Mucopolysaccharidosis type II (MPS II). At the age of 7, the
patients development was equivalent to 3-4 years of age, as
evaluated by the Mullen Scale of Early Learning (17).

Patient P2 presented to Ramathibodi Hospital at the age of 3
for declining speech and psychomotor skill over the preceding
year. Review of medical history indicated overgrowth since
6 months of age, snoring, and hyperactivity. Physical exami-
nation revealed storage phenotypes, suggesting MPS II. The
patients echocardiogram indicated a thickening of the mitral
and aortic valve, mitral valve prolapse and mild mitral regur-
gitation with left ventricular ejection fraction (LVEF) of 67%.

Patient P3, at the age of 1 years and 7 months, accompanied
an older brother (patient P2) to the hospital. The patient was
noted to have overgrowth, mild facial coarsening, joint stiff-
ness and an umbilical hernia. Therefore, leukocyte enzyme
analysis for MPS II were recommended and confirmed the
disorder. Subsequently, slow psychomotor regression was
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reported. There was thickening of mitral and aortic valve with
LVEF of 61%, as demonstrated by echocardiogram.

The family history of P2 and P3 revealed multiple
affected males in older generations and suggested their
relation to P1 (Fig. 1); therefore, the three patients and their
relatives were invited to participate in genetic analysis, when
P1,P2, and P3 were 7, 4, and 3 years old, in respective order.
Written informed consents were obtained from each partici-
pant following the protocol approved by the Ramathibodi
Hospital Institutional Review Board. Written informed
consent forms were obtained from all the participants. The
study was conducted following the protocol approved by the
Ramathibodi Hospital Institutional Review Board (protocol
ID 01-51-14).

Leukocyte preparation. Blood samples were collected from
patients, their parents, and unaffected relatives. The blood
samples were collected into BD Vacutainer™ Plastic Blood
Collection Tubes with K2EDTA (BD Biosciences, Franklin
Lakes, NJ, USA) and mixed promptly to avoid sample clot-
ting, for the 3 patients, their parents and unaffected relatives
and used for leukocyte preparation. Briefly, 15 ml of buffer
EL (Qiagen GmbH, Hilden, Germany) was added into 3 ml
of blood samples (ratio of 5:1). The mixture was incubated
on ice for 15 min to lyse red blood cells. The mixture was
centrifuged at 400 x g for 10 min at 4°C. The supernatant was
removed and washed with buffer EL until the white blood
cells turned white (2-3 times). The white cell pellets were
further washed with 0.9% NaCl and centrifuged at 400 x g for
10 min at 4°C. Finally, the pellet was resuspended in 200 pl
0.9% NaCl with 2 1 100 mM phenylmethylsulfonyl fluoride
(PMSF; Sigma-Aldrich; Merck KGaG, Darmstadt, Germany)
and sonicated at 30% output, pulse on-off 5 sec for a total of
20 sec (U200H control sonicator; IKA Labortechnik, Staufen,
Germany). The lysed cells were processed for the enzyme
assay and protein determination.

Enzyme assay. IDS activity was measured via the hydro-
lysis of 4-methylumbelliferyl-a-iduronide-2-sulfate (4-MU;
Moscerdam Substrates, Oegstgeest, The Netherlands) in
homogenates of leukocytes and transfected COS-7 cells (see
below), as previously described (18). The IDS activities from
23 unaffected Thai controls were obtained from collecting
samples between February 2010 and January 2016, in the
Ramathibodi Hospital. An inclusion criterion for the study
was that the history family of all participants is not effected by
MPS 1II. All participants signed an informed consent prior to
their participation. They comprised 15 males, aged 11-32 years
and 8 females, aged 15-30 years.

Genomic DNA and complementary DNA analysis of the
IDS gene. Genomic DNA was isolated from leukocytes
with the QIAamp DNA Mini kit (QIAGEN GmbH). Total
RNA preparation and cDNA synthesis were performed
as previously described (15). IDS gene exons and flanking
splicing-sites were amplified with the following primers:
IDS Exon 1: 5'-GCAGTGGCTGAATCGCTATACC-3' and
IDSRI1: 5-GGATGAAAGAAGGAATGGTAGGAGAG-3',
exon 2; IDSF2: 5-GAGGGAGGGTTCAGTGTCAGTG-3'
and IDSR2: 5'-CCATCTGACAATAGCTGAAGCTCC-3',
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exon 3; IDSF3: 5-GCGGTTGCTTGGTTACCTAAGAG-3'
and IDSR3: 5"TACCACCCGAGGAGCTGAAAG-3, exon 4;
IDSF4: 5'-CTAGAGAGTTTGGCTTTAGAGGGGAC-3' and
IDSR4: 5'-CGTGAGCACTGGGGAGCTATT C-3', exon 5;
IDSF5: 5-GTGTGTGTAGCCTTCATGGCTTC-3" and
IDSRS5: 5'-GATTCTTACATGTTCTTGGCCTTGAC-3',
exon 6; IDSF6: 5'-CATCCCAGGCTTAGAGGAAAGG-3'
and IDSR6: 5'-CTGAGAAGAGTGGTTTCACCTACG
AC-3', exon 7; IDSF7: 5'-CATCAACTAAGGGGTAGG
GATTGG-3" and IDSR7: 5-CAGGATCCCACTTTGTTT
GTGAAC-3', exon 8; IDSF8: 5'-CCGCCACAGAGTCCT
ACGTTAG-3' and IDSRS: 5-GAAGGGGGGGTCTGT
GTAACC-3', exon 9; IDSF9: 5'-ACAGGTTCCTTTACT
GCTCCTGC-3' and IDSRY9: 5-GAAATCCCATGGTCT
TAGAAACAAAAG-3'". The amplified products were sent
for direct Sanger sequencing at Macrogen, Inc. (Seoul,
Korea). The mutation identified was verified to not occur in
unaffected control X chromosomes by Sanger sequencing
of the IDS exon 7 of 100 healthy controls by Macrogen,
Inc. (Seoul, Korea). The IDS sequence was then detected
using GeneBank (https://www.ncbi.nlm.nih.gov/genbank/),
Clustalx (http://www.clustal.org/clustal2/) and BioEdit
(http://www.mbio.ncsu.edu/BioEdit/page2.html).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR) analysis. Primers were designed to yield a
product of 100 bp, specific to exons 4 and 5. The ribosomal
protein S13 (RPSI3) gene was used as a reference gene.
The primer sequences for /DS and the RPSI3 gene were as
follows: IDS, forward 5'-GGAACATCCAGCACATCCAC-3',
and reverse 5-GGAACATCCAGCACATCCAC-3"; and
RPSI3, forward 5-CGAAAGCATCTTGAGAGGAACA-3/,
and reverse 5“TCGAGCCAAACGGTGAATC-3'". Each PCR
reaction (20 ul) was composed of 10 ul KAPA SYBR FAST
gPCR kit Master mix (Kapa Biosystems, Inc., Wilmington,
MA, USA), 1 ul 5-fold diluted cDNA and 10 pmol PCR
primers. qPCR was performed using StepOnePlus Real-Time
PCR System (Applied Biosystems; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). The PCR conditions were as
follows: An initial activation step at 95°C for 10 min, followed
by 40 cycles of denaturation at 95°C for 30 sec, annealing at
58°C for 30 sec and extension at 72°C for 30 sec. Detection
data were analyzed using the 2224 method (19). The ratios
of gene expression values were normalized using that of
RPS13 (as internal control). Melting curve analysis was
used to validate the reactions. The relative mRNA expres-
sion of the IDS gene was normalized to the level of RPSI3
mRNA. All statistical data were compiled from =3 indepen-
dent experiments. Data are expressed as mean + standard
deviation, which was analyzed by using SPSS version 12.0
for Windows (SPSS, Inc., Chicago, IL, USA). The PCR
products were analyzed by 1.2% agarose gel electrophoresis,
stained in 0.5 yg/ml ethidium bromide solution and visual-
ized by UV transilluminator (Gene Genius, Bio Imaging
System). Normal controls (n=10) were used for RT-qPCR
analysis, collected between January 2015 and January 2016,
in the Ramathibodi Hospital. All participants signed an
informed consent prior to their participation. The patients
comprised 5 males, aged 22-30 years and 5 females, aged
20-30 years.
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Construction of IDS mutants and expression in COS-7 cells.
The full-length IDS cDNA of the normal healthy control and
P1 were PCR-amplified with the following cDNA primers:
Forward: 5-CGACGAGGAGGTCTCTGTG-3' and reverse:
5'-CAACTGGAAAAGATCTCC-3"; and cloned into the
pcDNA3.1/CT-GFP-TOPO plasmid (Invitrogen; Thermo
Fisher Scientific, Inc.). PCR was performed in an Applied
Biosystems Veriti™ Thermal Cycler (Applied Biosystems;
Thermo Fisher Scientific, Inc., Waltham, Ma, USA) with
the aforementioned primers. PCR was carried out for 30
cycles with an initial denaturation at 94°C for 5 min, cycles
of denaturation at 94°C for 30 sec, annealing at 55°C for
1 min and extension at 72°C for 2.5 min with a final exten-
sion for 5 min. The reaction mixture (25 ul) contained 50 ng
DNA template, 1X PCR buffer containing 1.5 mM MgCl,,
2 mM each dNTP, 10 pmol each primer and 1 Unit of High
Fidelity PCR Enzyme Mix (Thermo Fisher Scientific, Inc.).
The constructs were verified by direct DNA sequencing.
COS-7 cells were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). A total of
3x10° COS-7 cells were seeded on a 6 well plate in 2 ml of
Dulbeccos' modified Eagle's medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) 24 h prior to trans-
fection. Cells in culture plates were transfected with 4 ug
wild-type or mutant constructs with Lipofectamine 2000
Transfection Reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the supplier's protocol. Following 24 h of
incubation, at 37°C, cells were scraped and resuspended in
1 ml phosphate-buffered saline (PBS) and washed with the
same buffer 2 times by centrifugation at 400 x g for 10 min, at
4°C. Cells were resuspended in 200 u1 PBS to a concentration
of ~3x10° cells/ml and were used for western blot analysis
and IDS activity measurement following 24 h. These experi-
ments were performed in triplicate. The previously described
plasmid pcDNA3.1/CT harboring the p.Tyr348* mutant (16)
was used as a positive control of a truncated protein.

Western blot analysis. To lyse cells for analysis, 200 ul cell
suspension (3x10° cells/ml) was mixed with 2 ul 100 mM
PMSF and sonicated at 30% output, pulse on-off 5 sec, for
a total of 20 sec. The lysed cells were processed for the
enzyme assay and protein determination. Following the lysis
of leukocyte and transfected COS-7 cell samples, the protein
concentration was determined with the Bio-Rad protein assay
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). A total of
10 ug protein from cell lysates of the transfected COS-7 cells
was loaded in each lane, separated by 10% SDS-PAGE and
electrotransferred onto PVDF membranes (FluoroTrans; Pall
Corporation, Port Washington, NY, USA). Following blocking
with 10% non-fat dry milk for 1 h at room temperature,
membranes were incubated with the primary antibody, mouse
monoclonal anti-human IDS antibody (dilution 1:2,000;
#2449; R&D Systems, Inc.) at 4°C overnight. Membranes were
subsequently washed 3 times for 10 min with Tris-buffered
saline containing 0.1% Tween 20 (TBST) and then incubated
with secondary antibody, polyclonal rabbit anti-mouse immu-
noglobulin conjugated with horseradish peroxidase (dilution
1:5,000; #P0260; Dako; Agilent Technologies, Inc., Santa
Clara, CA, USA), at room temperature for 1 h. Following
washing with TBST 3 times for 10 min, membranes were
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Table I. Patient phenotypes, genotype and IDS activity.
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IDS activity (nmol

Patient/control Phenotype Genotype 4-MU/4 h/mg protein)
P1 Affected p.GIn310%/- 0.720
Mother of P1 Unaffected carrier p.GIn310%/wt 20.6

Father of P1 Unaffected Wt 40.8

Brother of P1 Unaffected Wt 344

Sister of P1 Unaffected Wt 309

P2 Affected p.GIn310%/- 0.145

P3 Affected p.GIn310%/- 0.030
Mother of P2 and P3 Unaffected carrier p.GIn310%/wt 19.0

Father of P2 and P3 Unaffected Wt 30.0

Unaffected Thai controls (n=23) indicate a range for IDS activity of 26-55 nmol 4-MU/4 h/mg protein, with mean of 33.9+9.03 nmol/4 h/mg.
IDS, iduronate 2-sulfatase; 4-MU, 4-methylumbelliferyl-a-iduronide-2-sulfate; P, patient; wt, wild type. Bold letters indicate the IDS activity

in the patients.
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Figure 1. Three generations (I, IT and III) of an extended family with Hunter
syndrome. Squares and circles indicate males and females, respectively.
Black square symbols indicate patients (P1, P2 and P3). Circled dot symbols
indicate carriers. “Mutation analysis and iduronate 2-sulfatase activity
measurement were performed. Y, years.

visualized via chemiluminescence using WesternBright elec-
trochemiluminescence reagents (Advansta Inc., Menlo Park,
CA, USA). Mouse monoclonal anti-human-f3-actin antibody
(dilution 1:20,000; #3700; Cell Signaling Technology, Inc.)
was used as a protein loading control.

Molecular modeling of IDS. A model of the IDS protein
was built using the Swiss-Model homology modeling server
(swissmodel.expasy.org) (20), which was used to construct a
three-dimensional structural model of IDS with human aryl-
sulfatase B (N-acetylgalactosamine-4-sulfatase; PDB code:
1FSU) as the template (21). Pymol version 1.7 (Schrodinger,
Inc., New York, NY, USA.) was used to display the structural
features of IDS.

Statistical analysis. Differences between the /DS mRNA
expression of patients and control group and differences
between the wild-type enzyme activity and the mutant
p.GIn310* activity were analyzed by the Student's t-test
(two-tailed) with SPSS version 12.0 for Windows (SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate
a statistically significant difference. Data is presented as
mean + standard deviation.
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Figure 2. Sequencing chromatograms and schematic diagram of ¢.928C>T
(p.GIn310*) mutation. (A) DNA sequencing revealed hemizygous T allele or
[c.928C>T (p.GIn310%)] mutation in P1, wild-type C allele in his father who
served as a normal control, and both C and T alleles in the mother, which
confirmed her carrier status. (B) Schematic diagram showing the mutation
position at 79 nucleotides upstream from the exon 7-exon 8 junction point,
resulting in loss of the C-terminal 240 amino acid residues. P1, patient 1;
IDS, iduronate 2-sulfatase.

Results

Clinical and biochemical analysis of MPS II patients. The
range of the IDS enzyme activities in leukocyte extracts of
the patients (0.03-0.70 nmol 4-MU/4 h/mg protein) was
0.08-2.06% of the mean IDS activity of unaffected Thai
controls (33.9+£9.03 nmol/4 h/mg, n=23), as presented in
Table I, thereby suggesting a serious defect in the IDS enzyme.

Mutation analysis of IDS gene. Sequencing of all nine exons
and surrounding introns of P1, P2 and P3 revealed only a
nonsense mutation ¢.928C>T located on exon 7 of the /DS
gene, resulting in a premature termination of polypeptide
synthesis at position 310, designated as p.GIn310* (Fig. 2). The
mother of P1 and the mother of P2 and P3 were confirmed
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Figure 3. Analysis of /DS mRNA expression. (A) Relative IDS mRNA level in leukocytes of patients and family members, analyzed by the 2-44% method.
The control levels were from 10 different normal males. Data are presented as the mean + standard deviation. The RT-qPCR products from P1, P2 and P3

demonstrated decreased /DS mRNA expression compared with the mean /DS mRNA expression of 10 controls.

ok

P<0.001 vs. control group. (B) Agarose gel

electrophoresis of the RT-qPCR products of /DS from P2, P3 and their relatives compared with a healthy control. RPS13 was used as a reference gene. IDS,
iduronate 2-sulfatase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; P, patient; RPS13, ribosomal protein S13.

to be carriers while the remaining family members had the
wild-type allele and unaffected phenotype (Fig. 1 and Table I).
This variant was not observed in 100 healthy control chromo-
somes of unaffected Thai individuals.

Impact of ¢.928C>T (p.GIn310*) mutation on mRNA expres-
sion. The consequence of the ¢.928C>T (p.GIn310*) mutation
was tested by RNA analysis. As premature termination codons
are typically associated with an allele-specific reduction in
mRNA levels, the role of nonsense-mediated mRNA decay
(NMD) (22) in the pathogenesis of p.GIn310* was investi-
gated. mRNA transcript levels were evaluated by RT-qPCR.
The relative /DS mRNA transcript levels for patients P1, P2
and P3 were 27.2, 37.1 and 33.0% respectively, compared with
the mean /DS mRNA expression of 10 controls, indicating
significantly lower expression (P<0.001; Fig. 3A). In addi-
tion, representative transcription products of P2 and P3 were
visualized by agarose gel electrophoresis, as described in the
methods section, demonstrating lower amounts of the product
band in P2 and P3 compared with a healthy control (Fig. 3B).

p.GIn310% expression in COS-7 cells. IDS processing appears
to be identical among human fibroblasts, human lymphoblas-
toid cell lines and COS-7 cells (23). Thus, expression of the
p-GIn310* mutant in COS-7 cells was studied, and compared

with that of the wild type and the known p.Tyr348* mutant.
Western blot analysis demonstrated that the wild-type IDS
exhibited the expected band pattern of a 75-78-kDa precursor,
and 55 and 45 kDa mature polypeptides (Fig. 4A). The
previously reported mutant, p.Tyr348%, which induces early
termination of protein synthesis (16), migrated at an apparent
molecular mass of 50 kDa. However, the p.GIn310* mutant,
which encodes a truncated protein missing the 240 C-terminal
amino acid residues, exhibited two bands in the molecular
mass range of 40-45 kDa, which may be due to the differen-
tially glycosylated or proteolytically processed forms of the
truncated IDS. The shortened polypeptide chain p.GIn310*
also appeared to cause destabilization of the protein structure,
as lower amounts were observed in comparison to those of the
wild type and p. Tyr348* mutant.

Measurement of enzyme activity in COS-7 cell extracts
indicated that the IDS with the p.GIn310* mutation had almost
no activity (0.97% of the wild-type activity; indicating signifi-
cantly lower expression (P<0.001; Fig. 4B). At present, the
crystal structure of human IDS has not been reported. Of the
17 sulfatase gene family proteins found in humans, the crystal
structures of human arylsulfatase A (24), human arylsulfatase
B (N-acetylgalactosamine-4-sulfatase; ASB) (21), and human
placental estrone/dehydroepiandrosterone sulfatase (aryl
sulfatase C (25) have been elucidated. As all human sulfatases
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Figure 4. COS-7 expression analysis and IDS homology model. (A) Western blot analysis of IDS protein in the wild type and truncated mutants (p.GIn310* and
p-Tyr348*), using B-actin as a loading control. (B) IDS activity in COS-7 cells transiently transfected with the wild type and p.GIn310* mutant was measured
using a fluorogenic substrate, 4-methylumbelliferyl-a-IDS. Values are expressed as the mean + standard deviation of the percentage of wild type enzyme
activity. ““P<0.001 vs. wild type. (C) Location of the p.GIn310* mutation on a 3D homology model. The position of the mutation is indicated by the stick
residue, light and dark gray represent the remaining and deleted amino acid residues in the mutant protein, respectively. IDS, iduronate 2-sulfatase.

exhibit a similar catalytic domain structure (26), modeling was
attempted with each of the related sulfatases; however, only
the use of ASB as a template produced a full catalytic domain
model of IDS (Fig. 4C). p.GIn310* is located in the middle
of a long a-helix in the highly conserved sulfatase catalytic
domain, which spans amino acid residues 33-420 (27); there-
fore it leads to loss of the substrate binding pocket, which
is consistent with the lack of enzyme activity in transfected
COS-7 cells.

Discussion

To date, >550 different mutations associated with MPS I1
have been identified (14). Of the mutations reported, ~60%
are point mutations (missense, 43%; nonsense, 10%; splice
site alterations, 9%) (14). Small insertion/deletions account
for 30% of the total mutations and the remainder are gross
deletions/insertions resulting from small chromosomal struc-
tural aberrations, accounting for ~11% of MPS II cases (14).
Genotype-phenotype correlation is not evident, with the
exception of the ¢.1122C>T (splice site mutation) being asso-
ciated with slowly progressive phenotype and gene deletion,

or complex rearrangement associated with early progressive
CNS manifestation (28,29). However, in the present study, the
presence of a nonsense mutation seems to be consistent with
the observed early progressive type of MPS II.

In the present study, an /DS nonsense mutation [¢.928C>T
(p-GIn310%*)] was characterized in an extended Thai family. To
the best of our knowledge, this variant has not been reported
previously elsewhere. The mutation position at 79 nucleotides
upstream from the exon 7-exon 8 junction point, reduces the
polypeptide length from the initial 550 to 310 amino acids.
This replacement of a glutamine codon with a stop codon may
lead to unstable mRNA, subject to degradation by an NMD
pathway. It has been reported that mutations that introduce a
premature translation termination codon (PTC) at a position
that is >50-55 nucleotides upstream of a splicing-generated
exon-exon junction may trigger NMD (30,31). Two previ-
ously described nonsense mutations in the /DS gene, namely
p.Leu359* and p.Ser369%*, exhibited a reduction of 30% in
IDS mRNA level in the patient's samples in comparison with
control samples (32). Those mutations were located >50-55 bp
away from the exon-exon junction, whereas an increase of
expression transcript was observed in p.Gln66*, in which the
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nonsense codon was <50 nucleotides upstream of the respec-
tive exon-exon junction point, which is in accordance with
the NMD hypothesis (32). In the present study, the p.GIn310*
transcript level was reduced to 27.2-37.1% of the mRNA level
observed in the control samples, which is consistent with
NMD.

The NMD mechanism is associated with eliminating
mRNAs containing PTCs and thus limiting the synthesis of
abnormal proteins (33). Several genes are known to produce
aberrant PTC transcripts that fulfill the known criteria; however,
some cases escape from NMD (34). The p.GIn310* mutation
fits the requirements for NMD, in terms of the distance between
the mutation position and the exon-exon junction. Although
there have been previous reports of the existence of additional,
identified (35) and unidentified (36) determinants that function
to modulate NMD sensitivity, the p.Gln310* mutation appears
to have fulfilled those criteria. Reduction of transcription
product may lead to lower protein production, which may limit
the amount of unfolded protein stress response and thereby
modulate the disease. Ribosomal read-through has previously
become a potential treatment strategy in patients with genetic
diseases caused by PTC (37,38). Development of compounds
with increased read-through capacity and reduced toxicity
remains challenging. These advanced treatments may poten-
tially benefit the present patients who have a PTC mutation.

In conclusion, the present study has identified a novel
nonsense mutation p.GIn310* in Thai patients with MPS II
using molecular genetic analysis. The finding expands the
spectrum of mutations in the /DS gene, which may improve
genetic counseling and prenatal diagnosis, and improve under-
standing of the molecular mechanisms by which the mutation
induces defects.
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