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Mucopolysaccharidosis type I (MPS I) is an autosomal recessive

lysosomal storage disorder that is caused by a deficiency of the

enzyme a-L-iduronidase (IDUA). Of the 21 Czech and Slovak

patients who have been diagnosed with MPS I in the last 30 years,

16 have a severe clinical presentation (Hurler syndrome), 2 less

severe manifestations (Scheie syndrome), and 3 an intermediate

severity (Hurler/Scheie phenotype). Mutation analysis was per-

formed in 20 MPS I patients and 39 mutant alleles were identi-

fied. There was a high prevalence of the null mutations p.W402X

(12 alleles) and p.Q70X (7 alleles) in this cohort. Four of the

13 different mutations were novel: p.V620F (3 alleles), p.W626X

(1 allele), c.1727þ 2T>G (1 allele) and c.1918_1927del (2 alleles).

The pathogenicity of the novel mutations was verified by tran-

sient expression studies in Chinese hamster ovary cells. Seven

haplotypes were observed in the patient alleles using 13 intra-

genic polymorphisms. One of the two haplotypes associated with

the mutation p.Q70X was not found in any of the controls.

Haplotype analysis showed, that mutations p.Q70X, p.V620F,

and p.D315Y probably have more than one ancestor. Missense

mutations localized predominantly in the hydrophobic core of

the enzyme are associated with the severe phenotype, whereas

missense mutations localized to the surface of the enzyme are

usually associated with the attenuated phenotypes. Mutations in

the 130 C-terminal amino acids lead to clinical manifestations,

which indicates a functional importance of the C-terminus of the

IDUA protein. � 2009 Wiley-Liss, Inc.
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INTRODUCTION

Mucopolysaccharidosis type I (MPS I) is an autosomal recessive

lysosomal storage disorder which is caused by a deficiency of the

enzyme a-L-iduronidase (IDUA, EC 3.2.1.76; OMIM *252800).

This leads to widespread accumulation of the sulfated glyco-

saminoglycans (GAGs) dermatan sulfate and heparan sulfate inside

lysosomes [Hopwood and Morris, 1990; Neufeld and Muenzer,

2001].

Additional supporting information may be found in the online version of

this article.
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Although there is a continuous spectrum of MPS I clinical

phenotypes of varying severity, patients are usually classified into

three clinical subtypes (Hurler syndrome, MPS IH, OMIM

#607014; Scheie syndrome, MPS IS, OMIM #607016; Hurler/Scheie

phenotype, MPS IH/S, OMIM #607015). The subtypes are differ-

entiated by the presence or absence of mental retardation, the

severity of visceral manifestation, the age of onset and life span.

Clinical diagnosis of all MPS I subtypes is confirmed by elevated

levels of dermatan and heparan sulfate in the urine and deficiency of

IDUA enzyme activity in leukocytes or fibroblasts [Neufeld and

Muenzer, 2001].

Hematopoietic stem cell transplantation is the method of choice

for patients with a high risk of mental retardation [Vellodi et al.,

1997; Peters et al., 1998; Boelens et al., 2007], while enzyme

replacement therapy (ERT) is restricted to the patients with the

less severe forms of the disease [Kakkis et al., 2001; Wraith et al.,

2004; El Dib and Pastores, 2007]. Genotype analysis of the IDUA

gene in MPS I families provides prognostic counseling for treat-

ment options and reproductive planning.

To date, over 100 different pathogenic mutations in the IDUA

gene have been reported in the Human Genome Mutation Database

(HGMD; http://www.hgmd.cf.ac.uk/). Moreover, 30 nonpatho-

genic polymorphisms, seven of them changing an amino acid

residue, have been described [Scott et al., 1995; Beesley et al.,

2001; Terlato and Cox, 2003].

Despite the high degree of molecular heterogeneity, some mu-

tations show a higher prevalence in certain geographic locations.

Among Caucasian patients, two mutant alleles, p.W402X and

p.Q70X, are prevalent [Bunge et al., 1994, 1995; Gort et al.,

1998], while p.P533R is frequent in Mediterranean patients [Alif

et al., 1999; Chkioua et al., 2007]. The mutations p.W402X and

p.Q70X are regularly associated with the most severe phenotype and

apparently have the highest genotype–phenotype correlation.

The IDUA gene has been extensively studied in patients from

various nations and ethnicities [Scott et al., 1995; Lee-Chen et al.,

1998; Alif et al., 1999; Venturi et al., 2002; Laradi et al., 2005]. With

the exception of one article [Voskoboeva et al., 1998], there is

no report concerning the IDUA gene in the Slavic nations. This

report comprises patients from former Czechoslovakia, the Czech

Republic, and Slovakia.

MATERIALS AND METHODS

Subjects
During the last 30 years, MPS I has been diagnosed in 21 patients

from 20 Czech and Slovak families (15 millions inhabitants total).

Sixteen patients had the severe form of the disease (MPS IH),

two siblings had the less severe form (MPS IS) and three had

the intermediate MPS IH/S. The frequency of MPS I, estimated

according to the method used by Poorthuis et al. [1999], is

0.7:100,000 in the Czech Republic and 1.32:100,000 in Slovakia

[Poupetova et al., unpublished work].

The patient phenotypes were assessed according to the age of

onset of clinical symptoms and their progression [Pastores et al.,

2007]. The clinical data of the patients enrolled in this study are

summarized in Table I. The primary clinical diagnosis was con-

firmed biochemically both by the demonstration of an increased

excretion of urinary dermatan sulfate and heparan sulfate

[Dembure and Roesel, 1991] and by a deficiency of IDUA

activity in leukocytes of peripheral blood using the artificial

substrate 4-methylumbelliferyl a-L-iduronide (Glycosynth Ltd.,

Warrington, Cheshire, England) [Young, 1992]. There was either

no or very low residual enzyme activity in all patient samples,

regardless of their phenotype.

Peripheral white blood cell DNA from 20 patients was screened

for IDUA gene mutations. This study was approved by an Institu-

tional Review Board of the General University Hospital in Prague

and was conducted in accordance with institutional guidelines.

DNA from umbilical cord blood samples from 100 Czech anony-

mous controls was used for the investigation of polymorphisms and

haplotypes in the general population.

Sample Preparation
Genomic DNA and total RNA were extracted from peripheral white

blood cells. Genomic DNA was isolated using QIAamp columns

(Qiagen GmbH, Hilden, Germany). The method of Chomczynski

and Sacchi [1987] with Trizol lysis (Invitrogen, Carlsbad, CA) was

used for total RNA extraction [Chomczynski and Sacchi, 1987].

Messenger RNA was reverse-transcribed using SuperScriptII re-

verse transcriptase (Invitrogen) and oligo dT18 according to the

manufacturer’s instructions.

IDUA Mutation Analysis
The IDUA gene was amplified from genomic DNA in 13 fragments

which covered the entire IDUA coding region, exon–intron bound-

aries and some of the 50- and 30-untranslated regions. Primers and

PCR reaction conditions have been previously described [Beesley

et al., 2001].

PCR products were gel-purified, extracted using Wizard�SV Gel

and PCR Clean-Up System (Promega, Madison, WI) and directly

sequenced on automated fluorescent sequencers Alf Express

(Pharmacia, Piscataway, NJ), ABI 3100-Avant (Applied Biosys-

tems, Carlsbad, CA) or MegaBACE capillary DNA sequencer

(Amersham Biosciences, Amersham, UK). PCR products contain-

ing mutations were re-sequenced in both directions and the muta-

tions were further confirmed by restriction analysis. If the mutation

did not alter a restriction enzyme site, one was created artificially by

the amplification created restriction site (ACRS) method [Haliassos

et al., 1989], specific primers shown in Supplementary Material.

Heterozygous deletions were characterized by cloning of the ap-

propriate PCR products into pCR�2.1-TOPO plasmid using the

TOPO TA Cloning kit (Invitrogen) and by sequencing of clones

containing either of the two alleles.

IDUA Polymorphism Analysis
Polymorphisms occurring in patients were identified by DNA

sequencing. When heterozygous polymorphic markers were found,

parental samples were analyzed for haplotype determination. Fre-

quent polymorphisms p.A8, p.A20, p.Q33H, p.R105Q, and p.L118

were examined in control samples. Polymorphisms p.A8, p.A20,

and p.Q33H were analyzed by direct sequencing of exon 1, for

p.R105Q an ARMS method (see supporting information for details

966 AMERICAN JOURNAL OF MEDICAL GENETICS PART A



TA
B

LE
I.

Cl
in

ic
al

Ch
ar

ac
te

ri
za

ti
on

an
d

G
en

ot
yp

es
of

th
e

Cz
ec

h
an

d
Sl

ov
ak

Pa
ti

en
ts

W
it

h
M

P
S

I

Pa
ti

en
t

n
um

be
r/

se
x

Ph
en

ot
yp

e

Ag
e

at
w

hi
ch

cl
in

ic
al

si
gn

s
w

er
e

fi
rs

t
n

ot
ed

/a
ge

of
dg

/A
ge

at
re

vi
ew

Sh
or

t
st

at
ur

e/
m

ac
ro

ce
ph

al
y/

jo
in

t
st

if
fn

es
s

M
en

ta
l

D
ev

el
op

m
en

t
H

ep
at

om
eg

al
y/

sp
le

n
om

eg
al

y
Ca

rd
ia

c
di

se
as

e
O

th
er

s
P

at
ho

ge
n

ic
va

ri
at

io
n

s
O

th
er

ch
an

ge
s

1
/M

H
4

m
/2

y/
2

y
Ye

s/
ye

s/
ye

s
D

Q
5

4
–

6
2

at
2

y
þ
þ
þ

/þ
þ
þ

H
yp

er
tr

op
hi

c
ca

rd
io

m
yo

pa
th

y,
sy

st
ol

ic
m

ur
m

ur
3

/6

U
m

b
ili

ca
l

h
er

n
ia

,
re

sp
ir

at
or

y
in

fe
ct

io
n

s;
la

rg
e

to
n

gu
e;

d
ie

d
at

p
re

sc
h

oo
l

ag
e

p
.W

4
0

2
X,

p
.W

4
0

2
X

—

2
/M

H
1

y/
1

3
m

/5
y

N
o/

n
o/

ye
s

N
or

m
al

de
ve

lo
pm

en
t

ti
ll

1
y,

D
Q

7
9

at
2

y
B

ef
or

e
H

SC
T

þ
þ

/þ
þ

;
af

te
r
þ

/þ

Sy
st

ol
ic

m
ur

m
ur

1
/6

,
EF

6
8

%
at

4
y

U
m

b
ili

ca
l

an
d

in
gu

in
al

h
er

n
ia

,
h

ea
ri

n
g

lo
ss

,
la

rg
e

to
n

gu
e,

H
SC

T
in

2
y

(c
h

im
er

is
m

)

p
.W

4
0

2
X,

p
.W

4
0

2
X

—

3
/F

H
6

m
/1

3
m

/1
4

m
N

o/
n

o/
n

o
D

Q
9

2
in

1
3

m
þ
þ

/þ
H

yp
er

ec
ho

ge
n

ic
m

it
ra

l
va

lv
e

w
it

h
in

su
ffi

ci
en

cy
of

1
st

–
2

n
d

gr
ad

e

H
SC

T
at

1
6

m
(p

er
fo

rm
ed

in
M

ar
ch

2
0

0
8

)
p

.W
4

0
2

X,
p

.W
4

0
2

X
—

4
/M

H
3

m
/5

m
/8

m
U

/y
es

;
pr

og
re

ss
iv

e
hy

dr
oc

ep
ha

lu
s

si
n

ce
3

m
/U

D
el

ay
ed

si
n

ce
3

m
þ
þ

/þ
N

o
at

8
m

Q
u

ad
ru

hy
p

er
re

fl
ex

y
at

8
m

;
d

ie
d

at
2

y
p

.W
4

0
2

X,
p

.A
3

2
7

P
—

5
/M

H
1

y/
3

y/
3

y
U

/U
/y

es
D

el
ay

ed
si

n
ce

2
n

d
y

þ
þ

/þ
þ

LV
hy

pe
rt

ro
ph

y
at

3
y

G
la

u
co

m
a

p
.W

4
0

2
X,

p
.V

6
2

0
F

p
.R

1
0

5
Q

,
p

.N
1

8
1

,
p

.A
3

1
4

,
p

.T
4

1
0

,
p

.V
4

5
4

I,
p

.R
4

8
9

6
/M

H
1

m
/1

8
m

/1
8

m
N

o/
n

o/
ye

s
D

el
ay

ed
si

n
ce

1
y

þ
þ

/n
o

LV
hy

pe
rt

ro
ph

y
at

3
y

In
gu

in
al

b
ila

t.
an

d
u

m
bi

lic
al

h
er

n
ia

,
gl

au
co

m
a

p
.W

4
0

2
X,

n
.i.

p
.A

8
,

p
.A

2
0

,
p

.N
2

9
7

7
/F

H
8

m
/1

0
m

/5
y

N
o/

ye
s

at
8

m
/

ye
s

at
8

m
D

Q
1

1
0

at
1

y;
D

Q
1

1
5

at
5

y
B

ef
or

e
H

SC
T
þ
þ
þ

/þ
;

at
5

y
þ

/n
o

N
o

at
dg

,
n

o
at

5
y

U
m

b
ili

ca
l

h
er

n
ia

,
H

SC
T

at
1

y;
4

y
ea

rs
af

te
r

H
SC

T:
n

or
m

al
p

sy
ch

om
ot

or
d

ev
el

op
m

en
t,

h
ea

ri
n

g
p

ro
b

le
m

s,
st

ra
b

is
m

u
s,

n
or

m
al

ID
U

A
ac

ti
vi

ty
in

le
u

co
cy

te
s,

ge
n

ua
va

lg
a;

ca
rp

al
tu

n
n

el
sy

n
d

ro
m

e

p
.W

4
0

2
X,

c.
1

6
5

0
þ

5
G
>

A
(s

p
lic

in
g

er
ro

r)

—

8
/M

H
/S

2
,5

y/
3

,5
y/

1
6

y
N

o/
ye

s/
ye

s
B

or
de

rl
in

e
D

Q
at

3
y;

IQ
9

7
at

1
5

y
B

ef
or

e
H

SC
T
þ

/þ
;

af
te

r
H

SC
T

n
o/

n
o

N
o

at
3

y,
he

m
od

yn
am

ic
n

on
si

gn
ifi

ca
n

t
fi

n
di

n
gs

on
ao

rt
ic

an
d

m
it

ra
l

va
lv

es
w

it
ho

ut
pr

og
re

ss
io

n
at

1
6

y

U
m

b
ili

ca
l

h
er

n
ia

,
H

SC
T

at
5

y,
n

or
m

al
ID

U
A

ac
ti

vi
ty

at
1

6
y

;
ca

rp
al

tu
n

n
el

sy
n

d
ro

m
e

p
.W

4
0

2
X,

p
.E

6
4

0
Cf

s
—

9
/F

H
/S

3
–

4
y/

4
y/

2
0

y
N

o/
ye

s/
ye

s,
se

ve
re

an
d

pr
og

re
ss

iv
e

U
n

ev
en

de
ve

lo
pm

en
t

at
2

y;
IQ

1
1

7
at

1
2

y
At

dg
þ
þ
þ

/n
o;

at
1

2
y
þ

/þ
N

or
m

al
at

4
y;

pr
og

re
ss

iv
e

hy
pe

rt
ro

ph
ic

ca
rd

io
m

yo
pa

th
y

ER
T

si
n

ce
1

8
y

;c
ar

p
al

tu
n

n
el

sy
n

dr
om

e;
la

rg
e

to
n

gu
e;

d
ie

d
ac

ci
de

n
ta

lly
at

2
1

y

p
.W

4
0

2
X,

p
.E

6
4

0
fs

—

1
0

/M
H

2
m

/2
m

/2
m

U
/n

o/
U

D
el

ay
ed

si
n

ce
ea

rl
y

in
fa

n
cy

þ
þ

/þ
þ

U
U

m
b

ili
ca

l
h

er
n

ia
,

la
rg

e
to

n
gu

e;
H

SC
T

at
5

m
;

d
ie

d
at

6
m

d
u

e
to

se
ve

re
G

VH
D

p
.Q

7
0

X,
p

.Q
7

0
X

p
.Q

3
3

H
/Q

3
3

H
,

p
.L

1
1

8
/L

1
1

8

1
1

/M
H

2
0

m
/3

y/
9

y
N

o/
ye

s/
ye

s
D

el
ay

ed
si

n
ce

2
n

d
y;

D
Q

7
3

b
ef

or
e

H
SC

T;
m

en
ta

l
re

gr
es

s
af

te
r

H
SC

T,
D

Q
4

5
at

5
y

B
ef

or
e

H
SC

T
þ
þ

/þ
þ

;
at

9
y

n
o/

n
o

N
o

U
m

b
ili

ca
l

h
er

n
ia

,
se

n
so

ri
n

eu
ra

l
h

ea
ri

n
g

lo
ss

;
H

SC
T

at
3

y;
se

ve
re

ac
u

te
G

VH
D

,
n

or
m

al
ID

U
A

ac
ti

vi
ty

p
.Q

7
0

X,
p

.Y
1

6
7

X
p

.Q
3

3
H

/Q
3

3
H

,
p

.R
1

0
5

Q
,

p
.N

1
8

1
,

p
.A

3
1

4
,

p
.T

4
1

0
,

p
.V

4
5

4
I,

p
.R

4
8

9
1

2
/F

H
5

m
/5

y/
5

y
Ye

s/
ye

s/
ye

s
D

el
ay

ed
þ
þ
þ

/þ
þ

U
U

m
b

ili
ca

l
h

er
n

ia
,

p
ro

gr
es

si
ve

d
ea

fn
es

s;
d

ie
d

at
7

y
p

.Q
7

0
X,

p
.D

3
1

5
Y

p
.A

8
,

p
.A

2
0

,
p

.Q
3

3
H

,
p

.L
1

1
8

1
3

/F
H

In
fa

n
cy

/1
,5

y/
5

y
U

/U
/y

es
D

el
ay

ed
Ye

s
U

Ca
rp

al
tu

n
n

el
sy

n
dr

om
e

p
.Q

7
0

X,
c.

1
6

5
0
þ

5
G
>

A
(s

p
lic

in
g

er
ro

r)

p
.Q

3
3

H
,

p
.R

1
0

5
Q

,
p

.N
1

8
1

,
p

.A
3

1
4

,
p

.T
4

1
0

,
p

.V
4

5
4

I,
p

.R
4

8
9

(C
on

ti
nu

ed
)

VAZNA ET AL. 967



TA
B

LE
I.

(C
on

ti
n

ue
d

)

Pa
ti

en
t

n
um

be
r/

se
x

Ph
en

ot
yp

e

Ag
e

at
w

hi
ch

cl
in

ic
al

si
gn

s
w

er
e

fi
rs

t
n

ot
ed

/a
ge

of
dg

/A
ge

at
re

vi
ew

Sh
or

t
st

at
ur

e/
m

ac
ro

ce
ph

al
y/

jo
in

t
st

if
fn

es
s

M
en

ta
l

D
ev

el
op

m
en

t
H

ep
at

om
eg

al
y/

sp
le

n
om

eg
al

y
Ca

rd
ia

c
di

se
as

e
O

th
er

s
P

at
ho

ge
n

ic
va

ri
at

io
n

s
O

th
er

ch
an

ge
s

1
4

/M
H

2
4

m
/3

y/
8

y
Ye

s/
ye

s/
ye

s
D

el
ay

ed
si

n
ce

in
fa

n
cy

þ
þ
þ

/þ
þ

Ca
rd

io
m

yo
pa

th
y,

in
vo

lv
em

en
t

of
va

lv
es

In
gu

in
al

h
er

n
ia

,
vi

si
on

an
d

h
ea

ri
n

g
im

p
ai

rm
en

t,
ea

r
in

fl
am

m
at

io
n

s,
le

uk
od

ys
tr

op
hy

in
M

R
I,

ce
rv

ic
al

ca
n

al
st

en
os

is
in

M
R

I
at

7
y

,
la

rg
e

to
n

gu
e,

tr
ac

he
os

to
m

y
;

d
ie

d
at

9
y

p
.Q

7
0

X,
p

.W
6

2
6

X
p

.Q
3

3
H

/Q
3

3
H

,
p

.L
1

1
8

1
5

/F
H

/S
In

fa
n

cy
/1

0
m

/1
2

y
Ye

s/
ye

s/
ye

s
D

el
ay

ed
þ
þ

/þ
þ

Sy
st

ol
ic

m
ur

m
ur

3
–

4
/6

In
gu

in
al

h
er

n
ia

,
la

rg
e

to
n

gu
e;

af
te

r
E

R
T:

d
ec

re
as

ed
ill

n
es

s
(o

b
st

ru
ct

iv
e

b
ro

n
ch

it
is

),
d

ec
re

as
ed

ex
cr

et
io

n
of

G
AG

s
in

th
e

u
ri

n
e,

d
ec

re
as

ed
or

ga
n

om
eg

al
y

,
in

cr
ea

se
d

m
ob

ili
ty

p
.Q

7
0

X,
p

.R
6

2
8

X
p

.A
8

,
p

.A
2

0
,

p
.Q

3
3

H
,

p
.L

1
1

8

1
6

/M
H

In
fa

n
cy

/2
,5

y/
3

y
N

o/
ye

s;
hy

dr
o-

ce
ph

al
us

/U
D

el
ay

ed
si

n
ce

in
fa

n
cy

;
at

3
y

D
Q

6
8

þ
þ

/n
o

M
ild

LV
hy

pe
rt

ro
ph

y
Fr

eq
u

en
t

re
sp

ir
at

or
y

in
fe

ct
io

n
s,

la
rg

e
to

n
gu

e.
Af

te
r

E
R

T:
d

ec
re

as
ed

ill
n

es
s

(o
b

st
ru

ct
iv

e
b

ro
n

ch
it

is
),

d
ec

re
as

ed
ex

cr
et

io
n

of
G

AG
s

in
th

e
u

ri
n

e,
d

ec
re

as
ed

or
ga

n
om

eg
al

y
,

in
cr

ea
se

d
m

ob
ili

ty
;

d
ie

d
at

5
y

p
.A

3
2

7
P

,
c.

1
7

2
7
þ

2
T
>

G
(s

p
lic

in
g

er
ro

r)

p
.Q

3
3

H

1
7

/F
S

9
y/

1
0

y/
1

0
y

Ye
s/

n
o/

n
o

VI
Q

9
2

;
PI

Q
8

4
;

CI
Q

8
6

þ
þ

/n
o

M
ild

se
pt

al
hy

pe
rt

ro
ph

y;
m

it
ra

l
va

lv
e

dy
sp

la
si

a
U

m
b

ili
ca

l
h

er
n

ia
p

.Q
3

8
0

R
,

p
.Q

3
8

0
R

p
.A

8
/A

8
,

p
.A

2
0

/A
2

0
1

8
/M

S
1

5
y/

1
5

y/
1

5
y

Ye
s/

n
o/

ye
s

At
7

y
D

Q
9

3
;

at
1

5
y

VI
Q

7
7

;
CI

Q
7

9
þ
þ

/þ
N

o
U

m
b

ili
ca

l/
ca

rp
al

tu
n

n
el

sy
n

dr
om

e
p

.Q
3

8
0

R
,

p
.Q

3
8

0
R

p
.A

8
/A

8
,

p
.A

2
0

/A
2

0
1

9
/F

H
In

fa
n

cy
/3

y/
1

7
y

Ye
s/

U
/y

es
D

el
ay

ed
þ
þ
þ

/þ
þ
þ

Sy
st

ol
ic

m
ur

m
ur

3
/6

/c
om

bi
n

ed
de

fe
ct

of
m

it
ra

l
va

lv
e

U
m

b
ili

ca
l

h
er

n
ia

,
h

ir
su

ti
sm

,
la

rg
e

to
n

gu
e

p
.H

5
3

9
Tf

sX
2

1
,

c.
1

6
5

0
þ

5
G
>

A
(s

p
lic

in
g

er
ro

r)

p
.A

8
,

p
.A

2
0

,
p

.Q
3

3
H

2
0

/F
H

In
fa

n
cy

/2
y/

2
y

Ye
s/

U
/U

D
el

ay
ed

si
n

ce
ea

rl
y

in
fa

n
cy

Ye
s

M
ild

LV
hy

pe
rt

ro
ph

y
Fr

eq
u

en
t

re
sp

ir
at

or
y

in
fe

ct
io

n
s,

vi
si

on
im

pa
ir

m
en

t
an

d
h

ea
ri

n
g

lo
ss

p
.V

6
2

0
F,

p
.V

6
2

0
F

p
.R

1
0

5
Q

/R
1

0
5

Q
,

p
.N

1
8

1
/N

1
8

1
,

p
.A

3
1

4
/A

3
1

4
,

p.
A3

6
1

T/
A3

6
1

T,
p.

T3
8

8
/T

3
8

8
,

p.
T4

1
0

/T
4

1
0

,
p

.V
4

5
4

I/
V4

5
4

I,
p

.R
4

8
9

/R
4

8
9

2
1

/M
H

1
m

/1
m

/1
2

m
U

/U
/n

o
D

el
ay

ed
si

n
ce

in
fa

n
cy

At
dg

þ
/n

o;
at

1
2

m
n

o/
n

o
M

ild
LV

hy
pe

rt
ro

ph
y

In
gu

in
al

b
ila

t.
,

u
m

b
ili

ca
l

h
er

n
ia

N
D

Pa
ti

en
ts

1
7

an
d

1
8

ar
e

si
bl

in
gs

.
þ

,
M

ild
;
þ
þ

,
m

od
er

at
e;
þ
þ
þ

,
se

ve
re

.
Co

ar
se

fa
ci

al
fe

at
ur

es
pr

es
en

t
in

al
l

pa
ti

en
ts

,
ve

ry
m

ild
in

Pa
ti

en
t

n
o

7
,

m
ild

in
Pa

ti
en

ts
1

7
an

d
1

8
.

Al
l

pa
ti

en
ts

ha
d

dy
so

st
os

is
m

ul
ti

pl
ex

.
Al

l
pa

ti
en

ts
ex

ce
pt

Pa
ti

en
t

1
8

ha
d

co
rn

ea
l

cl
ou

di
n

g.
U

,
un

kn
ow

n
;

n
.i.

,
n

ot
id

en
ti

fi
ed

;
G

VH
D

,
gr

af
t

ve
rs

us
ho

st
di

se
as

e;
H

SC
T,

he
m

at
op

oi
et

ic
st

em
ce

ll
tr

an
sp

la
n

ta
ti

on
;

D
Q

,
de

ve
lo

pm
en

ta
l

qu
ot

ie
n

t;
VI

Q
,

ve
rb

al
IQ

;
PI

Q
,

pe
rf

or
m

an
ce

IQ
;

EF
,

ej
ec

ti
on

fr
ac

ti
on

.

968 AMERICAN JOURNAL OF MEDICAL GENETICS PART A



which may be found in the online version of this article) was

optimized [Ferrie et al., 1992]. Polymorphism p.L118 was analyzed

by PCR/RFLP using KpnI digestion (Takara Bio Inc., Otsu, Shiga,

Japan).

Site-Directed Mutagenesis
The mutations were introduced into the wild-type IDUA cDNA,

which was cloned into the plasmid vector pSP72 (Promega), using

the QuikChange� Site-Directed Mutagenesis Kit (Stratagene, La

Jolla, CA) (see supporting information for details which may

be found in the online version of this article). Each clone used for

the expression study was sequenced to confirm that no other

sequence changes had been introduced. The mutant transcript was

removed from the pSP72 vector by EcoRI digestion, gel purified

(Qiagen) and ligated into the mammalian expression vector

pIRES2-EGFP (Clontech, Mountain View, CA). Correct orienta-

tion of the mutant IDUA gene was confirmed by KpnI digestion

(NEB, Ipswich, MA).

Transfection of CHO Cells and Enzyme Assay
Chinese Hamster Ovary (CHO) cells were cultured in Dulbecco’s

Modified Eagle’s Medium (Invitrogen) at 37�C in a 5% CO2/air

atmosphere. Cells were transfected with either the wild-type or a

mutant cDNA construct using Lipofectamine (Invitrogen). For

each experiment, 2� 105 cells were seeded 24 hr prior to transfec-

tion. Each construct was transfected in triplicate using 0.4 mg DNA

and 5 ml Lipofectamine (Invitrogen). Transfection complexes were

removed after 6 hr and replaced with full growth medium. After

24 hr the efficiency of transfection was estimated by the number of

cells expressing EGFP, visualized using an inverted fluorescent

microscope. Cells were removed and washed twice with phosphate-

buffered saline (PBS) and re-suspended in 1 ml PBS. After centri-

fugation at 2,000 rpm for 10 min, the cells were re-suspended in

50 ml of sterile water and freeze-thawed three times. IDUA enzyme

activity was measured as described [Young, 1992], using the

artificial substrate 4-methylumbelliferyl alpha-L-iduronide. After

incubation for 1 hr at 37�C, the reaction was terminated by the

addition of 1.14 ml of 0.25 M glycine NaOH buffer, pH 10.4.

The fluorescence of released 4-methylumbelliferone was measured

using a Luminescence Spectrometer Model LS50B (Perkin Elmer,

Waltham, MA), with an excitation wavelength 365 nm and an

emission wavelength of 450 nm. The protein concentration was

determined using bicinchoninic acid [Smith et al., 1985].

Multiple Alignments
Residues 523–653 of the human IDUA sequence were submitted to

a protein BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/)

FIG. 1. Multiple alignment of proteins homologous to residues 523–653 of the human IDUA protein. The C-terminus of the human IDUA, which does not

have a counterpart in many of the proteins from the glycohydrolase family 39, is conserved among multiple species. The residues affected by

mutations in MPS I are shown by the arrows. The numbering of residues corresponds to human IDUA. Accession numbers of the sequences used in the

alignment: Homo sapiens: NP_000194.2, Canis familiaris: Q01634, Bos taurus: XP_877410.2, Mus musculus: NP_032351.1, Tetraodon nigroviridis:

CAG12584.1, Gallus gallus: NP_001026604.1, Danio rerio: CAM46905.1, Xenopus laevis: AAH77919.1, Strongylocentrotus purpuratus: XP_796813.2,

Anopheles gambiae: XP_314521.3, Aedes aegypti: EAT44203.1, Drosophila pseudoobscura: XP_001356788.1, Drosophila melanogaster:

NP_609489.1. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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and sequences of proteins with significant homology were retrieved

from the databases and aligned using ClustalW. Multiple alignment

was visualized using Jalview (Fig. 1) [Clamp et al., 2004]. The

positions of missense mutations in the predicted 3D structure of

IDUA were examined using UCSF Chimera http://www.cgl.

ucsf.edu/chimera [Pettersen et al., 2004], which was also used for

the preparation of Figure 2.

RESULTS

Identification and Characterization
of Mutations
We identified both mutant alleles in 19 patients from 18 families.

In Patient 6, only one mutation was detected (Table I). Of the 13

different mutations, 9 have been described previously and 4 were

novel (p.V620F, p.W626X, c.1727þ 2T>G and c.1918_1927del).

The prevalent Caucasian mutations p.W402X and p.Q70X were

also the most frequent among our patients, and represented 47% of

the total number of patient alleles (Table II). Four of the patients

(Patient 1, 2, 3, and 10) were homozygous for one of these

mutations, while only five patients had neither p.W402X nor

p.Q70X (Table I). In addition to the prevalent mutations, four

other mutant alleles were recurrent, two of them novel (p.V620F

and c.1918_1927del).

The mutation c.1727þ 2T>G was further analyzed on the

transcript level. The insertion of four intronic nucleotides

resulted in the shift of the splice donor site of intron 12

(r.1727_1728ins1727þ 1_1727þ 4), presumably leading to a

frameshift, which started at 577th amino acid residue and ended

at a premature stop codon 15 amino acid residues downstream

(p.C577GfsX15).

Three novel mutations (p.V620F, p.W626X, and

c.1918_1927del) and a previously described mutation, p.D315Y,

were analyzed further by expression studies. The null allele

p.W402X was used as a positive control. The results are summarized

in Table III and show that the mutations p.D315Y, p.V620F and

p.W626X lead to undetectable enzyme activity, whereas the dele-

tion of 10 bases in the last exon (c.1918_1927del) produced

measurable residual enzyme activity.

TABLE II. Characterization of Mutated Alleles in Czech and Slovak MPS I Patients

Location
Nucleotide

changea
Predicted effect

on protein Codon change Frequencyb
Restriction

enzymec Refs.
Exon 2 c.208C > T p.Q70X CAG > TAG 7 (17%) BfaI/FspBI Scott et al. [1992b]
Exon 5 c.501C> A p.Y167X TAC > TAA 1 (3%) RsaI Beesley et al. [2001]
Exon 7 c.943G > T p.D315Y GAC> TAC 1 (3%) RsaI Scott et al. [1995],

Li et al. [2002]
Exon 8 c.979G > C p.A327P GCG > CCG 2 (5%) BstUI Bunge et al. [1994]
Exon 8 c.1139A > G p.Q380R CAG > CGG 4 (10%) PvuII Scott et al. [1995]
Exon 9 c.1205G > A p.W402X TGG > TAG 12 (30%) BfaI/FspBI Scott et al. [1992a]
Exon 11 c.1614delG p.H539TfsX21 1 (3%) ApaLI Scott et al. [1993a]
Intron 11 c.1650þ 5G > A

(IVS11þ 5G > A)
Splicing error 3 (7%) NdeI (ACRS) Venturi et al. [2002]

Intron 12 c.1727 þ 2T> G
(IVS12þ 2T > G)

Splicing error
p.C577GfsX15

1 (3%) Novel

Exon 14 c.1858G> T p.V620F GTT> TTT 3 (7%) Tsp509I (ACRS) Novel
Exon 14 c.1877G > A p.W626X TGG > TAG 1 (3%) BfaI Novel
Exon 14 c.1882C > T p.R628X CGA > TGA 1 (3%) ApaI Beesley et al. [2001]
Exon 14 c.1918_1927del p.E640Cfs del.GAGGTCCCTG 2 (5%) Novel
aNovel variants in boldface type.
bThe total number of alleles N¼ 40 used for frequency estimation includes also unspecified mutated allele.
cACRS, amplification created restriction site.

FIG. 2. Missense mutations in the 3D structure of the IDUA model of

Rempel et al. [2005]. The mutated residues are shown in red and

the residues depicted in green are predicted to be within the active

site. The model does not display the structure of the 130 amino

acids at the C terminus (523–653). The last shown residue is

G522 (for explanation please see the text). [Color figure can be

viewed in the online issue, which is available at

www.interscience.wiley.com.]
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Analysis of Polymorphisms and Haplotypes
By analyzing the entire IDUA coding sequence, we identified

13 previously described polymorphisms (Table I). The analysis of

SNPs in patient and parental samples enabled us to derive hap-

lotypes in 34 of the mutant alleles. The haplotypes are determined

mainly by five SNPs located in exons 1–3 (p.A8, p.A20, p.Q33H,

p.R105Q, and p.L118), while eight remaining SNPs of exons 5–10

(p.N181, p.N297, p.A314, p.A361T, p.T388, p.T410, p.V454I,

p.R489) show little heterogeneity with a high prevalence of T-C-

G-G-G-C-G-C nucleotides.

Although the haplotype for p.V620F could not be determined in

Patient 5, it differs from the p.V620F haplotype of Patient 20 in

polymorphisms p.A361T and p.T388 (Table I).

The polymorphisms p.A8, p.A20, p.Q33H, p.R105Q, and

p.L118, which were found to be frequent in patients, were examined

in 200 control alleles. A substantial heterogeneity was found with

the frequencies of polymorphic alleles of 43%, 45%, 21%, 13%, and

26%, respectively.

From the total number of 100 control samples, 28 were homo-

zygous for the studied polymorphic markers (p.A8, p.A20, p.Q33H,

p.R105Q, and p.L118) and 2 were heterozygous in one marker.

Therefore, 30 samples (60 alleles) could be used to define haplo-

types occurring in the Czech population (Table IV). In patients,

haplotypes based on the 5 polymorphisms could be determined in

34 alleles.

Table IV indicates that the two most abundant haplotypes

(I and II) show reverse frequencies in the control and patient

group, respectively. The haplotypes V and VI were found only in

control alleles while the haplotype VIII was linked only with two

p.Q70X alleles.

DISCUSSION

Mutation Analysis
The full genotype of 19 MPS I patients (including 2 siblings) from 19

Czech and Slovak families has been established, while only 1 mutant

allele was found in 1 patient (Patient 6). The second mutation of

this patient was not identified but it could be located deep within the

intron affecting splicing or in the promoter region affecting

transcription.

Nine previously known and four novel mutations were found in

our patients. Mutation analysis confirmed the prevalence of two

mutations, p.W402X and p.Q70X, which have been found in several

different patient groups of European origin [Scott et al., 1995;

Gort et al., 1998; Beesley et al., 2001; Li et al., 2002]. In our cohort

of patients, the p.W402X and p.Q70X alleles represented 30% and

17%, respectively, which is similar to the frequencies in German and

Dutch patients [Scott et al., 1995].

TABLE IV. Haplotypes in Mutated and Control Alleles (Based on 5 Exonic Polymorphisms)

Haplotype A8 A20 Q33H R105Q L118

Frequency
in control

alleles

Frequency
in mutated

alleles
Association of haplotype with

mutation (Patient no)
I A A G G C 27 (45%) 7 (20%) p.D315Y (12), p.Q380R (17,18),

p.R628X (15), allele with
n.i. mutation (6)

II C G G G C 13 (22%) 17 (50%) p.W402X (1,2,3,4,6,7,8,9),
c.1650 þ 5G > A (7,13),

p.A327P (4,16), c.1918_1927del (8,9)
III C G T G T 9 (15%) 4 (12%) p.Q70X (10,12,15)
IV C G T G C 3 (5%) 2 (6%) p.Y167X (11), c.1727 þ 2T > G (16)
V C G G G T 4 (7%) 0 —
VI A A T G C 1 (1%) 0 —
VII C G G A C 3 (5%) 2 (6%) p.V620F (20)
VIII C G T A C 0 2 (6%) p.Q70X (11,13)

Haplotypes of mutated alleles were determined by analysis of patient and parental samples. Control alleles heterozygous at most in one polymorphic marker were used.
Total number of control alleles ¼ 60.
Total number of mutated alleles¼ 34.

TABLE III. a-L-Iduronidase Activity in CHO Cells Transiently

Transfected With Wild-Type (wt) or Mutagenized cDNAs

Transfection vector
a-L-iduronidase activity

(nmol/h/mg cell protein)
Associated
phenotype

CHO 4.1
pIRES2 4.7
pIRES2/wt 1005.7
pIRES2/W402X

(control null mutation)
6.1 IH

pIRES2/D315Y 4.2 IH
pIRES2/V620F 8.2 IH
pIRES2/W626X 4.6 IH
pIRES2/E640Cfs 29.1 IH/S

Values are the mean of 6 experiments.
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The deleterious effects of three novel and one previously

described mutation (p.V620F, p.W626X, c.1918_1927del, and

p.D315Y) were confirmed by functional assay. The fourth novel

mutation, c.1727þ 2T>G, was proved to be a donor splice site

mutation presumably leading to a frameshift and premature ter-

mination 15 amino acid residues downstream from the first affected

amino acid. The analogous mutation c.1727þ 2T>A has been

described previously [Yogalingam et al., 2004]. Therefore, it is

highly probable that the novel mutation c.1727þ 2T>G is

pathogenic.

Polymorphisms and Haplotypes
Besides the pathogenic mutations, 13 previously described non-

pathogenic sequence variants were identified in this cohort. All

of them were exonic and four changed an amino acid residue.

SNPs changing the amino acid sequence are of particular interest

because it has been suggested that they may modulate the pheno-

type by affecting IDUA protein stability and/or its catalytic activity

[Yogalingam et al., 2004]. According to the literature, the poly-

morphism p.A361T is suggested to potentiate the deleterious effect

of the p.R89Q mutation [Scott et al., 1993b]. In our patient cohort,

the polymorphism p.A361T was identified only in Patient 20, who is

homozygous for the p.V620F mutation as well as the p.A361T

polymorphism. The substitution p.V620F was found to be a severe

mutation, which corresponds well to the Hurler phenotype of

the patient. However, the potentiating effect of p.A361T cannot

be excluded.

The prevalent mutation p.W402X has been reported in associa-

tion with three different haplotypes [Scott et al., 1995], while only

one was found in our group of patients. The same haplotype was

found also in association with the novel mutation c.1918_1927del.

On the other hand, the second prevalent mutation p.Q70X and

a novel mutation p.V620F were associated with two different

haplotypes. Moreover, the haplotype associated with p.D315Y in

Patient 12 is different from that which can be deduced from the

published data [Li et al., 2002]. These findings enlarge the list of

mutations associated with more than one haplotype as reviewed in

Scott et al. [1995] and show that there is an increasing number of

IDUA gene mutations that might have more than one origin.

Genotype–Phenotype Correlation
The correlation between genotype and phenotype is not straight-

forward in MPS I patients even though there is remarkable intra-

familial clinical presentation. It is generally accepted that the

combination of two null alleles usually leads to the severe Hurler

phenotype, while the less severe Hurler/Scheie and Scheie forms of

the disease are associated with at least one mild allele that produces

some residual enzyme activity [Scott et al., 1995; Beesley et al., 2001;

Terlato and Cox, 2003]. The resulting phenotype may be modified

by genetic background including functional polymorphisms and

haplotypes, and environmental factors. Genetic background may

influence various intracellular processes, like nonsense mediated

decay or alternative splicing effects [Scott et al., 1993b, 1995;

Yogalingam et al., 2004].

Although the clinical spectrum in MPS I patients is continuous

and the phenotypic determination is influenced by the effect of

therapy in some of our patients, a genotype–phenotype correlation

may be observed in several cases. Patients 1, 2, 3, 10, 11, and 14 who

carry nonsense mutations on both alleles presented with the severe

phenotype. These findings are in accordance with the previously

published data [Scott et al., 1995; Beesley et al., 2001; Terlato and

Cox, 2003]. However, recently a patient homozygous for p.W402X

presenting with the less severe Scheie phenotype was described

[Pereira et al., 2008]. Unfortunately, no additional data concerning

the patient’s IDUA gene characterization were published.

We observed discrepancy between genotype and phenotype

in Hurler/Scheie Patient 15, who has two nonsense mutations,

p.Q70X/p.R628X (the compound heterozygosity was confirmed by

analysis of parental samples). Haplotype 4 associated with p.R628X

was found in patients with different phenotypes (Patients 12, 15, 17,

18) and does not seem to influence the clinical features significantly.

Three patients homozygous for p.R628X have been described in the

literature; two of them had the Hurler phenotype [Beesley et al.,

2001] and one had the MPS IH/S phenotype [Venturi et al., 2002].

The slightly milder phenotype observed in some patients may be

related to the fact that the TGA codon created by the mutation,

p.R628X, is a stop codon that has the highest natural read-through

potential in comparison with the other two TAA and TAG termi-

nation codons [Hein et al., 2004].

In our study, mutation p.Q380R was found homozygously in

two siblings with the Scheie phenotype (Patients 17, 18), whilst the

same mutation in combination with p.R621X was found in a

Hurler/Scheie patient [Beesley et al., 2001]. This suggests that

p.Q380R may lead to the production of an enzyme with a residual

activity.

Patients 4 and 7 from our cohort had the same combination of

mutations and a similar phenotype to two patients previously

published by Bunge et al. [1994] and Venturi et al. [2002],

respectively.

Patients 8 and 9 who have the MPS IH/S phenotype are com-

pound heterozygotes for p.W402X and the novel deletion

(c.1918_1927del). The deletion is predicted to result in a frameshift,

which abolishes the natural stop codon, but does not create a new

one. Hence, the transcript is predicted to extend towards the 30 end

and an elongated protein will be synthesized. Although deletions are

usually associated with a severe phenotype [Terlato and Cox, 2003],

the deletion of 10 nucleotides in near proximity to the natural

termination of translation appears to permit some functional

enzyme to be produced (a residual enzyme activity,�3% of normal,

was detected). This would explain the milder phenotypes of both

patients.

Rempel et al. [2005] constructed a homology model of the IDUA

protein on the basis of the crystal structure of another glycosyl

hydrolase family 39 protein, beta-xylosidase from Thermoanaer-

obacterium saccharolyticum (E.C. 3.2.1.37). This model showed that

missense mutations associated with the severe MPS I phenotypes

were localized predominantly in the active site or in the hydropho-

bic core of the protein model, whilst the majority of missense

mutations localized to the surface lead to the attenuated phenotype.

The previously described mutations p.A327P and p.D315Y located

in the core were found in Hurler patients 4, 12, and 16. Mutation
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p.Q380R which can be considered a less severe mutation [this

study and Beesley et al., 2001] is situated on the surface of the

protein (Fig. 2).

The model does not predict the 3D structure of the C-terminus of

the protein since the residues 523–653 of the human IDUA enzyme

do not have a counterpart in the sequence of xylosidase. The

function of the C-terminus is not known, although, as pointed

out by Rempel et al. [2005], its similarity to some fibronectin III

domains may suggest that it plays a role in protein–protein

interactions. Whatever its function, the 130 C-terminal amino

acids appear to be important. This suggestion is supported by the

identification of causative mutations in this region [Beesley et al.,

2001; Lee-Chen et al., 2002]. Even missense mutations, such as the

p.V620F identified in this study and p.R619G, p.R628P [Lee-Chen

et al., 1999; Matte et al., 2003], are associated with the severe

phenotype. This region is conserved among mammalian IDUAs

and to a lesser degree also in orthologous proteins from Danio rerio,

Drosophila, Anopheles, and Tetraodon (Fig. 1). Residues affected by

the above missense mutations are highly conserved among multiple

species.

To highlight some of the findings, our data show that (1)

mutations p.Q70X, p.V620F and p.D315Y might have arisen more

that once, (2) the genotype correlated well with the phenotype in

the majority, but not in all of the described patients, and (3) the

C-terminus, which has no counterpart in the sequence of IDUA

orthologs, is apparently important for IDUA enzyme function in

humans.

Note: After submission of the manuscript, two other MPS IH

patients were diagnosed. They were homozygous for p.Q70X and

p.W402X, respectively.

ACKNOWLEDGMENTS

This work was supported by grants GA UK 154/2004/C/PrF, VZ

MSM CR 0021620806, 1M6837805002l, VZ MZ CR 64165, and The

Society for Mucopolysaccharide Diseases with funds raised by the

charity Jeans For Genes. Research at the Institute of Child Health

and Great Ormond Street Hospital for Children NHS Trust benefits

from R&D funding received from the NHS Executive.

REFERENCES

Alif N, Hess K, Straczek J, Sebbar S, N’Bou A, Nabet P, Dousset B. 1999.
Mucopolysaccharidosis type I: Characterization of a common mutation
that causes Hurler syndrome in Moroccan subjects. Ann Hum Genet
63:9–16.

Beesley CE, Meaney CA, Greenland G, Adams V, Vellodi A, Young EP,
Winchester BG. 2001. Mutational analysis of 85 mucopolysaccharidosis
type I families: Frequency of known mutations, identification of 17 novel
mutations and in vitro expression of missense mutations. Hum Genet
109:503–511.

Boelens JJ, Wynn RF, O’Meara A, Veys P, Bertrand Y, Souillet G, Wraith JE,
Fischer A, Cavazzana-Calvo M, Sykora KW, Sedlacek P, Rovelli A,
Uiterwaal CS, Wulffraat N. 2007. Outcomes of hematopoietic stem cell
transplantation for Hurler’s syndrome in Europe: A risk factor analysis
for graft failure. Bone Marrow Transplant 40:225–233.

Bunge S, Kleijer WJ, Steglich C, Beck M, Zuther C, Morris CP, Schwinger E,
Hopwood JJ, Scott HS, Gal A. 1994. Mucopolysaccharidosis type I:
Identification of 8 novel mutations and determination of the frequency

of the two common alpha-L-iduronidase mutations (W402X and Q70X)
among European patients. Hum Mol Genet 3:861–866.

Bunge S, Kleijer WJ, Steglich C, Beck M, Schwinger E, Gal A. 1995.
Mucopolysaccharidosis type I: Identification of 13 novel mutations of
the alpha-L-iduronidase gene. Hum Mutat 6:91–94.

Chkioua L, Khedhiri S, Jaidane Z, Ferchichi S, Habib S, Froissart R, Bonnet
V, Chaabouni M, Dandana A, Jrad T, Limem H, Maire I, Abdelhedi M,
Laradi S. 2007. Mucopolysaccharidosis type I: Identification of alpha-L-
iduronidase mutations in Tunisian families. Arch Pediatr 14:1183–1189.

Chomczynski P, Sacchi N. 1987. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal Bio-
chem 162:156–159.

Clamp M, Cuff J, Searle SM, Barton GJ. 2004. The Jalview Java alignment
editor. Bioinformatics 20:426–427.

Dembure P, Roesel R. 1991. Screening for mucopolysaccharidoses by
analysis of urinary glycosaminoglycans. In: Hommes FA, editor. Tech-
niques in diagnostic human biochemical genetics: A laboratory manual.
New York: Wiley-Liss, Inc. p 77–86.

El Dib RP, Pastores GM. 2007. Laronidase for treating mucopolysacchar-
idosis type I. Genet Mol Res 6:667–674.

Ferrie RM, Schwarz MJ, Robertson NH, Vaudin S, Super M, Malone G,
Little S. 1992. Development, multiplexing, and application of ARMS
tests for common mutations in the CFTR gene. Am J Hum Genet 51:
251–262.

Gort L, Chabas A, Coll MJ. 1998. Analysis of five mutations in 20
mucopolysaccharidosis type 1 patients: High prevalence of the W402X
mutation. Mutations in brief no. 121. Online. Hum Mutat 11:332–333.

Haliassos A, Chomel JC, Tesson L, Baudis M, Kruh J, Kaplan JC, Kitzis A.
1989. Modification of enzymatically amplified DNA for the detection of
point mutations. Nucleic Acids Res 17:3606.

Hein LK, Bawden M, Muller VJ, Sillence D, Hopwood JJ, Brooks DA. 2004.
alpha-L-iduronidase premature stop codons and potential read-through
in mucopolysaccharidosis type I patients. J Mol Biol 338:453–4462.

Hopwood JJ, Morris CP. 1990. The mucopolysaccharidoses. Diagnosis,
molecular genetics and treatment. Mol Biol Med 7:381–404.

Kakkis ED, Muenzer J, Tiller GE, Waber L, Belmont J, Passage M, Izykowski
B, Phillips J, Doroshow R, Walot I, Hoft R, Neufeld EF. 2001. Enzyme-
replacement therapy in mucopolysaccharidosis I. N Engl J Med 344:
182–188.

Laradi S, Tukel T, Erazo M, Shabbeer J, Chkioua L, Khedhiri S, Ferchichi S,
Chaabouni M, Miled A, Desnick RJ. 2005. Mucopolysaccharidosis I:
Alpha-L-Iduronidase mutations in three Tunisian families. J Inherit
Metab Dis 28:1019–1026.

Lee-Chen GJ, Wang CK, Huang SF, Day KR. 1998. Human alpha-L-
iduronidase (IDUA) gene: Correlation of polymorphic DNA haplotype
and IDUA activity in Chinese population. Proc Natl Sci Counc Repub
China B 22:31–38.

Lee-Chen GJ, Lin SP, Tang YF, Chin YW. 1999. Mucopolysaccharidosis
type I: Characterization of novel mutations affecting alpha-L-iduroni-
dase activity. Clin Genet 56:66–70.

Lee-Chen GJ, Lin SP, Chen IS, Chang JH, Yang CW, Chin YW. 2002.
Mucopolysaccharidosis type I: Identification and characterization of
mutations affecting alpha-L-iduronidase activity. J Formos Med Assoc
101:425–428.

Li P, Wood T, Thompson JN. 2002. Diversity of mutations and distribution
of single nucleotide polymorphic alleles in the human alpha-L-iduro-
nidase (IDUA) gene. Genet Med 4:420–426.

Matte U, Yogalingam G, Brooks D, Leistner S, Schwartz I, Lima L, Norato
DY, Brum JM, Beesley C, Winchester B, Giugliani R, Hopwood JJ. 2003.

VAZNA ET AL. 973



Identification and characterization of 13 new mutations in mucopoly-
saccharidosis type I patients. Mol Genet Metab 78:37–43.

Neufeld EF, Muenzer J. 2001. The mucopolysaccharidoses. In: Scriver CR,
Beaudet AL, Sly WS, Valle D, editors. The Metabolic and Molecular Bases
of Inherited Diseases. New York: McGraw Hill, Inc. p 3421–3452.

Pastores GM, Arn P, Beck M, Clarke JT, Guffon N, Kaplan P, Muenzer J,
Norato DY, Shapiro E, Thomas J, Viskochil D, Wraith JE. 2007. The MPS
I registry: Design, methodology, and early findings of a global disease
registry for monitoring patients with Mucopolysaccharidosis Type I. Mol
Genet Metab 91:37–47.

Pereira VG, Martins AM, Micheletti C, D’Almeida V. 2008. Mutational
and oxidative stress analysis in patients with mucopolysaccharidosis
type I undergoing enzyme replacement therapy. Clin Chim Acta 387:
75–79.

Peters C, Shapiro EG, Anderson J, Henslee-Downey PJ, Klemperer MR,
Cowan MJ, Saunders EF, deAlarcon PA, Twist C, Nachman JB, Hale GA,
Harris RE, Rozans MK, Kurtzberg J, Grayson GH, Williams TE, Lenarsky
C, Wagner JE, Krivit W. 1998. Hurler syndrome: II. Outcome of HLA-
genotypically identical sibling and HLA-haploidentical related donor
bone marrow transplantation in fifty-four children. The Storage Disease
Collaborative Study Group. Blood 91:2601–2608.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng
EC, Ferrin TE. 2004. UCSF Chimera—A visualization system for explor-
atory research and analysis. J Comput Chem 25:1605–1612.

Poorthuis BJ, Wevers RA, Kleijer WJ, Groener JE, de Jong JG, van Weely S,
Niezen Koning KE, van Diggelen OP. 1999. The frequency of lysosomal
storage diseases in The Netherlands. Hum Genet 105:151–156.

Rempel BP, Clarke LA, Withers SG. 2005. A homology model for human
alpha-l-iduronidase: Insights into human disease. Mol Genet Metab 85:
28–37.

Scott HS, Litjens T, Hopwood JJ, Morris CP. 1992a. A common mutation
for mucopolysaccharidosis type I associated with a severe Hurler syn-
drome phenotype. Hum Mutat 1:103–108.

Scott HS, Litjens T, Nelson PV, Brooks DA, Hopwood JJ, Morris CP. 1992b.
alpha-L-iduronidase mutations (Q70X and P533R) associate with a
severe Hurler phenotype. Hum Mutat 1:333–339.

Scott HS, Litjens T, Nelson PV, Thompson PR, Brooks DA, Hopwood JJ,
Morris CP. 1993a. Identification of mutations in the alpha-L-iduronidase
gene (IDUA) that cause Hurler and Scheie syndromes. Am J Hum Genet
53:973–986.

Scott HS, Nelson PV, Litjens T, Hopwood JJ, Morris CP. 1993b. Multiple
polymorphisms within the alpha-L-iduronidase gene (IDUA): Implica-
tions for a role in modification of MPS-I disease phenotype. Hum Mol
Genet 2:1471–1473.

Scott HS, Bunge S, Gal A, Clarke LA, Morris CP, Hopwood JJ. 1995.
Molecular genetics of mucopolysaccharidosis type I: Diagnostic, clinical,
and biological implications. Hum Mutat 6:288–302.

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH,
Provenzano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk DC.
1985. Measurement of protein using bicinchonic acid. Anal Biochem
150:76–85.

Terlato NJ, Cox GF. 2003. Can mucopolysaccharidosis type I disease
severity be predicted based on a patient’s genotype? A comprehensive
review of the literature. Genet Med 5:286–294.

Vellodi A, Young EP, Cooper A, Wraith JE, Winchester B, Meaney C,
Ramaswami U, Will A. 1997. Bone marrow transplantation for muco-
polysaccharidosis type I: Experience of two British centres. Arch Dis
Child 76:92–99.

Venturi N, Rovelli A, Parini R, Menni F, Brambillasca F, Bertagnolio F,
Uziel G, Gatti R, Filocamo M, Donati MA, Biondi A, Goldwurm S. 2002.
Molecular analysis of 30 mucopolysaccharidosis type I patients: Evalua-
tion of the mutational spectrum in Italian population and identification
of 13 novel mutations. Hum Mutat 20:231.

Voskoboeva EY, Krasnopolskaya XD, Mirenburg TV, Weber B, Hopwood
JJ. 1998. Molecular genetics of mucopolysaccharidosis type I: Mutation
analysis among the patients of the former Soviet Union. Mol Genet Metab
65:174–180.

Wraith JE, Clarke LA, Beck M, Kolodny EH, Pastores GM, Muenzer J,
Rapoport DM, Berger KI, Swiedler SJ, Kakkis ED, Braakman T, Chad-
bourne E, Walton-Bowen K, Cox GF. 2004. Enzyme replacement therapy
for mucopolysaccharidosis I: A randomized, double-blinded, placebo-
controlled, multinational study of recombinant human alpha-L-idur-
onidase (laronidase). J Pediatr 144:581–588.

Yogalingam G, Guo XH, Muller VJ, Brooks DA, Clements PR, Kakkis ED,
Hopwood JJ. 2004. Identification and molecular characterization of
alpha-L-iduronidase mutations present in mucopolysaccharidosis type
I patients undergoing enzyme replacement therapy. Hum Mutat 24:
199–207.

Young EP. 1992. Prenatal diagnosis of Hurler disease by analysis of alpha-
iduronidase in chorionic villi. J Inherit Metab Dis 15:224–230.

974 AMERICAN JOURNAL OF MEDICAL GENETICS PART A


