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Here we report the characterization of a knock-in mouse model for the autosomal recessive disorder
mucopolysaccharidosis type I-Hurler (MPS I-H), also known as Hurler syndrome. MPS I-H is the most
severe form of a-L-iduronidase deficiency. a-L-iduronidase (encoded by the IDUA gene) is a lysosomal
enzyme that participates in the degradation of dermatan sulfate and heparan sulfate. Using gene replace-
ment methodology, a nucleotide change was introduced into the mouse Idua locus that resulted in a non-
sense mutation at codon W392. The Idua-W392X mutation is analogous to the human IDUA-W402X
mutation commonly found in MPS I-H patients. We found that the phenotype in homozygous Idua-
W392X mice closely correlated with the human MPS I-H disease. Homozygous W392X mice showed
no detectable a-L-iduronidase activity. We observed a defect in GAG degradation as evidenced by an
increase in sulfated GAGs excreted in the urine and stored in multiple tissues. Histology and electron
microscopy also revealed evidence of GAG storage in all tissues examined. Additional assessment
revealed bone abnormalities and altered metabolism within the Idua-W392X mouse. This new mouse will
provide an important tool to investigate therapeutic approaches for MPS I-H that cannot be addressed
using current MPS I-H animal models.

Published by Elsevier Inc.
Introduction

The mucopolysaccharidosis (MPS) diseases are a group of
lysosomal storage disorders caused by a deficiency in one of the
lysosomal enzymes that catalyzes the degradation of glycosamino-
glycans (GAGs). Lysosomal accumulation of GAGs results in cellular
dysfunctions, organ abnormalities, and metabolic defects through
mechanisms that are not entirely understood [1–4]. Currently,
there are eleven known lysosomal enzyme deficiencies that lead
to seven distinct MPS diseases. MPS I is caused by a deficiency of
a-L-iduronidase (EC 3.2.1.76, encoded by the IDUA gene) that leads
to the lysosomal accumulation of dermatan sulfate and heparan
sulfate. Depending upon the amount of residual a-L-iduronidase
activity, the severity of the MPS I phenotype can vary widely.
Consequently, MPS I has been categorized as having three distinct
phenotypic subtypes: MPS I-Hurler (MPS I-H), the severe form;
MPS I-Scheie (MPS I-S), the mild form; and MPS I-Hurler/Scheie
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(MPS I-HS), an intermediate form. MPS I-H is a progressive disorder
with multiple organ and tissue involvement that includes skeletal
deformities, hearing loss, corneal clouding, heart failure and
mental retardation. Patients usually die within their first decade
as a result of obstructive airway disease, respiratory infection, or
cardiac complications [2].

Two naturally occurring MPS I-H animal models have previ-
ously been characterized. The first was a feline model with a
three-nucleotide deletion in the Idua gene that results in the loss
of a single amino acid in the a-L-iduronidase protein [5,6]. A canine
model was later identified with a splice site mutation that causes
retention of an intron in the Idua mRNA and leads to premature
termination of a-L-iduronidase protein synthesis [7–9]. In addition,
two MPS I-H mouse models have been generated using knock-out
strategies that disrupt the Idua gene using an insertion cassette
[10,11]. The MPS I-H animal models have phenotypes that are gen-
erally consistent with the disease manifestations of MPS I-H pa-
tients, including deficiency of a-L-iduronidase activity [11,12],
accumulation of GAGs in most tissues [6,10,11,13,14], increased
urine GAG excretion [11,15], accumulation of GM2 and GM3 gan-
gliosides in the brain [16,17], abnormal facial appearance [16,18],
bone deformities [11,19], neuropathology [20,21], and cardiac
manifestations [22,23].

http://dx.doi.org/10.1016/j.ymgme.2009.08.002
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These existing animal models have proven to be valuable tools to
investigate the pathogenesis of MPS I-H, and to evaluate several
therapeutic strategies such as stem cell transplantation [12], en-
zyme replacement therapy [24], and gene therapy [15,19]. How-
ever, the current animal models are not useful in evaluating the
effectiveness of other promising therapeutic approaches. In partic-
ular, the lack of MPS I-H mouse models that carry mutations identi-
fied in MPS I-H patients limits many prospective investigations
since some therapeutic approaches target a specific mutation or
mutation type. In order to obtain an MPS I-H animal model that
can be used to investigate a wider range of therapeutic approaches,
we generated an Idua-W392X knock-in mouse model that carries a
nonsense mutation corresponding to the IDUA-W402X mutation,
the most common mutation found in MPS I-H patients. Here we re-
port the characterization of the IDUA-W392X mouse. We evaluated
the phenotype of Idua-W392X mice at three ages and found that mu-
tant mice developed a quantifiable disease progression. We found
evidence of biochemical, metabolic, and morphological abnormali-
ties that correlate closely with the phenotype described for other
MPS I-H animal models [10,11,14] as well with the human MPS I-
H disease [2]. Thus, the Idua-W392X mouse will allow us to evaluate
the efficacy of therapeutic approaches that previously have been
limited by the availability of a suitable MPS I-H animal model.
Materials and methods

Generation of the Idua-W392X knock-in mouse

The Idua-W392X targeting construct was made using a 129/Sv
mouse genomic DNA fragment containing Idua exons 3–14 [11].
The W392X mutation (TGG ? TAG) was introduced into exon 9
of the Idua gene by site-directed mutagenesis and was verified
by sequencing. A viral thymidine kinase negative selectable marker
was placed directly upstream of Idua exon 3, and a loxP-flanked
neomycin-resistance positive selectable marker was cloned into
the BstZ17I restriction site within the intron between exons 8
and 9. The targeting construct was electroporated into 129/Sv
mouse ES cells that were subsequently cultured in 250 lg/ml
G418 and 2 lM gancyclovir to select for recombinants. The ES cells
bearing the integrated Idua-W392X construct as determined by
Southern blot were introduced into C57BL/6J mouse blastocysts
and then transferred to a pseudopregnant female. Chimeric pups
carrying Agouti coat color were crossed with C57BL/6J mice to
identify offspring that transmitted the Idua-W392X allele through
the germ line. The Idua-W392X allele was detected by PCR-ampli-
fying the region from Idua exon 8 to the 30 end of the neo cassette
(oriented 30 to 50 relative to the Idua allele) using primers DB1109
50-GCCTGGCACA TCCTGTATTG-30 and DB1101 50-GCGAATGGGC
TGACCGCTTC-30. The floxed neo cassette was excised by crossing
Idua-W392X mice with C57BL/6-Tg(Zp3-cre)93Knw/J mice. The
34 bp loxP site that remained after the excision was utilized to con-
firm removal of the neo cassette and to distinguish the Idua-W392X
allele from the wild-type Idua allele by PCR using primers DB1109
50-GCCTGGCACA TCCTGTATTG-30 and DB0943 50-GTAGGGGCTG
CTGAGTTGAT-30. Heterozygous Idua-W392X mice were back-
crossed six more generations (eight generations total) against the
C57BL/6J background to obtain congenic Idua-W392X mice. All ani-
mal protocols used in this study were reviewed and approved by
the University of Alabama at Birmingham Institutional Animal Care
and Use Committee.
Enzymatic assays

a-L-iduronidase assays were performed using a protocol de-
scribed by Hopwood et al. [25]. b-D-glucuronidase and b-D-hexosa-
minidase assays were performed as described by Birkenmeier et al.
[26] and Wendeler and Sandhoff [27], respectively. Tissue was
homogenized in T-Per Tissue Protein Extraction Reagent (Pierce)
using a rotor–stator homogenizer (Biospec). a-L-iduronidase assays
were performed using 4-methyl-umbelliferyl-a-L-iduronide (Gly-
cosynth) and D-saccharic acid 1,4-lactone monohydrate (Sigma).
b-D-glucuronidase and b-D-hexosaminidase reactions were
performed using 4-methyl-umbelliferyl-b-D-glucuronide and 4-
methyl-umbelliferyl-N-acetyl-b-D-glucosaminide, respectively
(Sigma).

Urine GAG assays

Animals were fed with Peptamen Liquid Elemental Diet (Nestle)
for 1 week before being individually housed in a diuresis cage (Nal-
gene) to obtain urine for a 24-h period. Urine was collected, filtered
through a sterile 0.45 lM filter (Whatman), and stored at 4 �C until
assay. Urinary GAG excretion was quantitated using a 1,9-dimeth-
ylmethylene blue chloride (DMB) (Sigma) assay as previously de-
scribed [28,29] and normalized to creatinine. 50–100 microliters
of each urine sample was used to perform the assay.

Tissue GAG assays

Tissue was homogenized and delipidated in chloroform: meth-
anol (2:1) using a rotor–stator homogenizer (Biospec) and then
dried in a speed vac. The GAGs were released from the defatted,
dried tissue by incubation with papain at 60 �C overnight. The level
of sulfated GAGs was determined by the Alcian Blue precipitation
method described by Kobayashi et al. [30]. Fifty microliters of each
cleared tissue lysate was used for the assay.

Quantitive real time PCR (qRT-PCR)

Total RNA was isolated from wild-type and mutant mouse tis-
sues using TRI reagent (Sigma) followed by Qiagen RNeasy col-
umns. The RNA was reverse-transcribed into cDNA using AMV
reverse transcriptase (Promega). Equal amounts of cDNA were
used to perform qRT-PCR with the iQ5 Real Time PCR Detection
System using the iQ SYBR Green Supermix (Bio-Rad). Primers used
to amplify iduronidase were: DB3192 50-TGACAATGCC
TTCCTGAGCT ACCA-30 and DB3193 50-TGACTGTGAG TACTGGCTTT
CGCA-30. Mouse actin mRNA was used as a reference gene to nor-
malize gene expression and amplified using DB2783 50-CTTCTGC
ATC CTGTCAGCAA T-30 and DB2784 50-GAGGCTCTTTTCCAGCCTTC
C-30. PCR efficiency was found to be between 95% and 105% for
both iduronidase and actin reactions. The relative gene expression
was determined by the Livak method [31].

Histology

Mice were sacrificed by exsanguination under deep anesthesia
induced by intraperitoneal injection of 100 mg/kg pentobarbital.
Liver, spleen, kidneys, heart, lungs and brain were collected and
fixed in neutral buffered 10% formalin or buffered ethanolic forma-
lin containing 75% ethanol and 10% formalin. Tissues were
trimmed thus: liver, center of the left lobe and right portion of
the median lobe; spleen, hemisectioned longitudinally; kidneys,
hemisectioned longitudinally through the pelvis; heart, hemisec-
tioned through the long axis and perpendicular to the septum;
lung, multiple cross sections across all lobes; and brain, entire or-
gan cut into 2 mm blocks including cuts at the optic chiasm and
the midpoint of the cerebellum. Tissues were processed routinely
for paraffin sectioning, sectioned at 5 lm thickness, and stained
with hematoxylin and eosin (HE). Duplicate sections were stained
with periodic acid-Schiff and hematoxylin (PASH). Selected tissues



9.9 kb 

4.2 kb 

WT F8 H4 

B 

Sp
ec

ifi
c 

Ac
tiv

ity
 

(n
m

ol
e/

m
g/

hr
) 

100 

200 

300 
400 

500 

WT F8 H4 
0 

C 

W392X RI 4.2 kb 

3 9 14 

neo 

A 

9.9 kb 
3 9 14 

RI 

probe 

tk 

RI 

WT 

D 

W392X 

-/- +/+ +/- 

genotype 

WT 
610 bp 
576 bp 

Fig. 1. Generation of the Idua-W392X knock-in mouse. (A) The Idua-W392X
targeting construct (upper) was integrated into the mouse Idua locus (lower) by
homologous recombination (dashed lines). The bold horizontal lines indicate the
targeted region. The bold vertical lines indicate exons (not shown to scale). Exons 3,
9, and 14 are numbered. The W392X mutation was introduced into exon 9. The
sizes of the genomic DNA fragments after EcoRI digestion in both wild-type and
targeted Idua loci are indicated as well as the region of probe binding used in
Southern blotting. tk, thymidine kinase gene; neo, neomycin-resistance gene
(flanked by loxP sites shown as gray bars). (B) Southern blot of wild-type and two
targeted ES cell clones (denoted as F8 and H4) resulted in a 9.9 kb fragment from
the wild-type Idua locus and a 4.2 kb fragment from the targeted Idua locus. (C) a-L-
iduronidase specific activity determined in wild-type and two targeted ES cell
clones. (D) PCR of the Idua allele using genomic DNA derived from tail snips
(following Cre recombinase-mediated excision of the neo cassette) results in a
576 bp product from the wild-type Idua allele and a 610 bp product from the
W392X allele.
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were digitally photographed using a Nikon E600 microscope and
SPOT Insight� digital camera (Diagnostic Instruments, Inc., Sterling
Heights, MI).

Transmission electron microscopy

Mice were perfused first with PBS and then with a modified
Karnovsky’s solution (2% paraformaldehyde and 2.5% glutaralde-
hyde in 0.1 M phosphate buffer). Tissue specimens were fixed with
the modified Karnovsky’s solution, post fixed with 1% osmium
tetroxide in phosphate buffer and embedded (Embed 812, EMS,
Fort Washington, PA). The embedded specimens were thick sec-
tioned and stained with Toluidine Blue, thin sectioned and stained
with uranyl acetate-lead citrate and placed on copper grids. After
drying the grids were viewed on a Tecnai Twin 120kv TEM (FEI,
Hillsboro, OR) and digital images were taken with an AMT CCD
camera.

Radiography

Mice were anesthetized with isoflurane and examined using a
Specimen Radiography System MX-20 (Faxitron X-ray Corporation,
Lincolnshire, IL) at 26 kV for 10 s.

Dual-energy X-ray absorptiometry (DXA)

Mice were anesthetized with isoflurane (3% in oxygen) and
placed prostrate on the imaging plate. The legs were extended
away from the body. Scanning was performed using the GE-Lunar
PIXImus (Madison, WI) with software version 1.45. Due to the
small imaging area, the heads of the mice were excluded from all
analysis.

Statistical analysis

All statistical analyses were performed using the two-tailed t-
test (InStat software) with the exception of the survival curves.
The survival curves were constructed using the Kaplan–Meier
method and were compared using the two-tailed log-rank test
(GraphPad Prism software).

Results

Replacement targeting of the Idua locus in murine ES cells

A replacement-targeting construct was generated using a 129/
Sv mouse genomic DNA fragment containing Idua exons 3–14
(Fig. 1A) [11]. The W392X mutation (TGG ? TAG), which corre-
sponds to the W402X mutation found in MPS I-H patients, was
introduced into exon 9 of the Idua gene. Thymidine kinase and
neomycin-resistance genes were introduced into the targeting
construct to provide a means of identifying ES cell clones that
had undergone homologous recombination. After transfecting
129/Sv ES cells with the linearized targeting construct and cultur-
ing in the presence of gancyclovir and G418, several resistant
clones were isolated. Southern blotting was used to verify the
integration of the Idua-W392X targeting construct into the Idua
locus. An EcoRI digest of mouse genomic DNA that resulted in a
9.9 kb fragment from the wild-type Idua allele and a 4.2 kb frag-
ment from the Idua-W392X targeted allele (Fig. 1A and B) was
used to identify several ES cell clones that showed recombination
of the Idua-W392X allele into the genomic Idua locus (the F8 and
H4 clones are shown). In order to verify that a duplication of the
Idua locus had not occurred during the recombination of the Idua-
W392X allele, ES cell clones were further assayed biochemically to
confirm the level of a-L-iduronidase activity. The F8 and H4 ES
cells were observed to produce only 50% of the enzymatic activity
present in wild-type ES cells (Fig. 1C), confirming that a proper
recombination event had occurred. The F8 and H4 targeted ES cell
clones were identified as heterozygous for the Idua-W392X allele
and used to generate Idua-W392X mice.

Generation of Idua-W392X mice

Idua-W392X mice were generated from two ES cell lines, F8 and
H4. Preliminary characterization showed that mice derived from
the two independent ES cell lines had an identical phenotype. All
further characterization was done using the Idua-W392X mouse
derived from the H4 ES cell line. The floxed neo resistance cassette
in the targeted allele was removed by Cre-mediated recombination
to avoid the possibility that a cryptic splice site inside the cassette
might cause the Idua-W392X allele to be alternatively spliced. The
34 bp loxP site that remained within the intron between exons 8
and 9 after excision of the neo cassette was used to distinguish
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the targeted Idua-W392X allele (610 bp) from the wild-type Idua
allele (576 bp) by PCR (Fig. 1D). The Idua-W392X mice derived from
the targeted H4 ES cell clone were crossed against C57BL/6J mice
for eight generations and were used in all subsequent experiments.
Since heterozygotes were phenotypically normal, we used both
homozygous (Idua+/+) and heterozygous (Idua+/�) mice as wild-
type controls for all characterization assays with the exception of
a-L-iduronidase enzymatic assays and mRNA quantitation.
Biochemical characterization of Idua-W392X mice

a-L-iduronidase activity
The W402X nonsense mutation identified in MPS I-H patients

has been reported to eliminate the activity of a-L-iduronidase
since the mutation leads to the premature termination of a-L-idu-
ronidase protein synthesis [32]. We predicted that the mouse
Idua-W392X mutation, located at the analogous codon as the hu-
man W402X mutation, would also severely reduce the function
of a-L-iduronidase. To evaluate a-L-iduronidase function, we
performed assays to determine the specific activity of a-L-iduron-
idase in brain and liver homogenates from 5-, 10- and 30-week-
old homozygous wild-type (Idua+/+) and homozygous
Idua-W392X (Idua�/�) mice (Table 1). While we could reproduc-
ibly detect a normal level of a-L-iduronidase activity in homoge-
nates from wild-type mice, the level of enzyme activity in
corresponding samples from homozygous mutant mice was be-
low the level of detection of our fluorescent assay. Heterozygous
(Idua+/�) mice were found to have approximately 50% of the a-L-
iduronidase activity found in homozygous wild-type (Idua+/+)
mice (data not shown).
Urine GAG excretion
Since a-L-iduronidase is required for the degradation of heparan

sulfate and dermatan sulfate, the primary biochemical defect in
homozygous Idua-W392X mice was expected to be GAG accumula-
tion. Accumulation of GAGs in MPS diseases often results in an in-
crease in the amount of GAGs excreted in the urine [2]. To
determine if urinary GAG levels were elevated in the Idua-W392X
mouse, a dimethylmethylene blue assay was performed to mea-
sure the level of sulfated GAGs that were excreted in the mouse ur-
ine [28,29]. The level of urine GAGs was normalized to urine
creatinine levels to correct for kidney function. In all three age
groups, urine GAG levels in homozygous Idua-W392X mice were
significantly elevated relative to age-matched wild-type mice
(Fig. 2A). Urine GAG levels were elevated 2.5-fold, 3.6-fold, and
5.6-fold in 5-, 10-, and 30-week-old mutant mice, respectively.
This progressive increase in GAG excretion in mutant mice sug-
gests that the GAG storage and MPS I-H disease is progressive in
the Idua-W392X mouse.
Table 1
Lysosomal enzyme activity in mouse tissue lysates.

5 weeks 10 w

WT (n = 5) W392X (n = 5) WT

a-Idua Brain 8.4 ± 1.7 Bls 9.
Liver 4.6 ± 1.8 Bls 7.

b-Gluc Brain 17.0 ± 2.8 55.7 ± 9.1# 8.
Liver 154.5 ± 34.9 372.0 ± 88.2# 119.

b-Hex Brain 2303.5 ± 284.3 4397.1 ± 736.0# 431.
Liver 435.7 ± 159.5 3071.0 ± 718.7# 160.

Data expressed as the mean ± SD of the enzymatic specific activity (nanomoles FMU rele
sensitivity for assay.

# p < 0.001.
* p < 0.02.
Tissue GAG accumulation
In order to directly measure the level of sulfated GAGs in mouse

tissues, an Alcian Blue GAG binding assay was performed [30].
GAGs isolated from brain, heart, kidney, liver, lung, and spleen
were quantitated in mice from three age groups. Evidence of
abnormal GAG storage was present in all tissues assayed from all
three age groups of Idua-W392X mice (Fig. 2B and Table 2). The
increase in GAG accumulation among the various tissues from mu-
tant mice ranged from 1.2- to 7.5-fold for 5-week-old mice, 1.5- to
9.6-fold for 10-week-old mice, and 1.6- to 17.7-fold for 30-week-
old mice. For all three age groups, the organ with the lowest in-
crease in GAG accumulation was the brain and the organ with
the highest increase in GAG accumulation was the liver. While
the increase in GAGs observed in 5-week-old mutant mice re-
mained relatively constant for brain, kidney, and lung tissues as
the mice aged, a progressive increase in GAGs was observed in
the heart, liver, and spleen as the mice became older (Fig. 2B).
These data suggest a continual accumulation of GAGs in these or-
gans with the MPS I-H disease progression.
Idua mRNA quantitation
Premature stop mutations have been found to lead to a reduc-

tion in steady state mRNA levels [33]. The W402X nonsense muta-
tion has previously been shown to cause a reduction in steady state
IDUA mRNA levels in human cells [34]. In order to determine if the
W392X mutation leads to a reduction in steady state mouse Idua
mRNA levels, we isolated total mRNA from brain, liver, and spleen
tissues in homozygous wild-type and mutant mice. The mRNA was
reverse-transcribed to cDNA and then subjected to real-time quan-
titative PCR analysis using primers specific for the mouse Idua
mRNA. We found that the steady state Idua mRNA level was re-
duced in mutant mice by 30–50%, indicating that the W392X
mutation leads to a reduction in the steady state level of mouse
Idua mRNA (Table 3).
Microscopic analysis of tissues

Histology
In order to determine the effects of GAG storage in tissues at the

cellular level, histological staining was performed using tissues
from age-matched Idua-W392X and wild-type mice. The tissues
examined included the brain (cerebellum and medulla), liver,
spleen, heart (myocardium and aorta), kidney, and lung. Represen-
tative histological samples from 30-week-old Idua-W392X mice are
shown in Fig. 3. Cytoplasmic inclusions representing lysosomal
storage materials were found in the Purkinje cells of the cerebel-
lum (A), and in neurons of the medulla (B). In Purkinje cells, we
also consistently observed the retention of stained material inside
the cytoplasmic inclusions (A). Foamy macrophages distended by
eeks 30 weeks

(n = 6) W392X (n = 5) WT (n = 4) W392X (n = 4)

6 ± 1.3 Bls 11.3 ± 0.4 Bls
1 ± 1.0 Bls 5.6 ± 0.9 Bls

8 ± 1.5 13.4 ± 3.0* 8.4 ± 0.5 18.7 ± 2.3#

8 ± 12.5 394.0 ± 42.6# 117.4 ± 4.2 635.8 ± 29.8#

3 ± 52.0 1486.8 ± 231.4# 413.2 ± 36.9 2087.5 ± 151.1#

6 ± 31.1 1547.3 ± 309.2# 140.5 ± 10.3 2417.5 ± 226.5#

ased per milligram total protein per hour); n = number of mice; bls = below level of
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Table 3
Idua mRNA levels in Idua-W392X mouse tissues.

Tissue Percent of wild-type Idua mRNA levels

Brain 54.3 ± 6.3
Liver 65.9 ± 8.5
Spleen 9.3 ± 5.6

Quantitation of steady state Idua mRNA levels in tissues from homozygous wild-
type and mutant mice was performed using quantitative real time PCR. Each
reaction was performed in quadruplicate using tissues from at least two mice. The
data is expressed as the average ± SD of the percent of Idua mRNA levels from Idua-
W392X mice relative to Idua mRNA levels from wild-type mice.
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GAG accumulation were observed in the liver (C), spleen (D), myo-
cardium (E), aorta (F), kidney (G), and lung (H) tissues from homo-
zygous mutant mice. None of these abnormalities were found in
wild-type tissues. Consistent with the progressive nature of MPS
Table 2
Tissue GAG levels.

5 weeks 10 weeks

WT (n = 5) W392X (n = 5) WT (n = 7)

Brain 3.24 ± 0.24 4.01 ± 0.36# 2.53 ± 0.45
Heart 1.38 ± 0.31 3.14 ± 0.40# 1.60 ± 0.98
Kidney 3.02 ± 0.53 11.23 ± 2.14# 3.05 ± 0.71
Liver 1.38 ± 0.20 10.38 ± 0.86# 1.23 ± 0.32
Lung 4.39 ± 1.08 13.75 ± 1.17# 3.92 ± 1.04
Spleen 4.87 ± 2.20 8.90 ± 1.96* 6.87 ± 1.28

Tissue GAG values are represented as the mean ± SD of the micrograms of GAGs per mi
# p < 0.004.
* p 6 0.02.
I-H, vacuolation and foamy macrophage infiltration was markedly
less severe in younger mice (data not shown).

Electron microscopy
While histological analysis of spleen and liver tissues from

older Idua-W392X mice revealed substantial foamy macrophage
infiltration and cytoplasmic inclusions, these features were not
as readily detected in tissues from younger MPS I-H mice. We
therefore employed electron microscopy (EM) to compare spleen
and liver tissues from 14-week-old wild-type and mutant mice
at the cellular level to determine the extent of vacuolation
caused by GAG storage. EM analysis of liver and spleen tissues
from homozygous Idua-W392X mice revealed significant vacuola-
tion (Fig. 4). Foamy macrophage infiltration could also be de-
tected in these samples as shown in the liver specimen in
Panel A.

Additional lysosomal markers

It was previously shown that the depletion of one lysosomal
hydrolase often leads to increased activity of other lysosomal en-
zymes through poorly understood mechanisms [12,13,35]. For
example, increased b-D-hexosaminidase activity was documented
in an Idua knock-out mouse model [12,35]. We investigated
whether b-D-glucuronidase and b-D-hexosaminidase activities are
elevated in brain and liver tissue lysates in the Idua-W392X mouse.
b-D-glucuronidase degrades dermatan sulfate and heparan sulfate
(the same substrates as a-L-iduronidase) as well as chondroitin-
4-sulfate and chondroitin-6-sulfate. b-D-hexosaminidase degrades
GM2 gangliosides. We found increases in the activities of both
enzymes in Idua-W392X mice (Fig. 5 and Table 1). The b-D-glucu-
ronidase activity increased 1.5- to 3.3-fold in the brain and
2.4- to 5.4-fold in the liver tissues of mutant mice. The b-D-hexos-
aminidase activity increased 1.9- to 5.1-fold in the brain and 7.0- to
17.2-fold in the liver tissues among the mutant mice. In general,
the fold-increase in enzyme activity correlated with increasing
age, suggesting disease progression. The only exception to this
observation occurred with the b-D-glucuronidase activity in brain,
30 weeks

W392X (n = 7) WT (n = 8) W392X (n = 8)

3.86 ± 1.25* 2.80 ± 0.27 4.50 ± 0.51#

5.08 ± 1.95# 0.84 ± 0.12 5.16 ± 0.45#

10.95 ± 1.26# 2.59 ± 0.51 10.03 ± 1.53#

11.79 ± 2.04# 1.11 ± 0.13 19.62 ± 2.80#

13.31 ± 2.84# 3.49 ± 0.32 8.50 ± 0.49#

13.78 ± 2.33# 4.21 ± 1.02 13.50 ± 1.80#

lligram of defatted, dried tissue. n = number of mice.
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Fig. 3. Representative histopathology of tissues from 30-week-old Idua-W392X mice. Arrows indicate inclusions representing GAG accumulation in (A) the cytoplasm of
Purkinje cells in the cerebellum; and (B) the cytoplasm of a neuron in the medulla. Foamy macrophages distended by GAG accumulation are observed in (C) liver, (D) spleen,
(E) myocardium, (F) aorta, (G) kidney, and (H) lung. Panels A and B were stained with PAS-hematoxylin, original magnification 80�; (C, F, G, and H) were stained with HE,
original magnification 20�; (D and E) were strained with HE, original magnification 40�.
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which showed a higher level in 5-week-old mice than in 10- or 30-
week-old mice (Fig. 5 and Table 1).

Morphological characterization of Idua-W392X mice

Facial features
Bone abnormalities are often associated with lysosomal storage

diseases, including MPS I-H [2]. We therefore monitored homozy-
gous Idua-W392X mice for evidence of morphologic abnormalities
and bone defects. At birth, the facial features of homozygous Idua-
W392X mice were morphologically normal and indistinguishable
from wild-type littermates (data not shown). At 10–15 weeks of
age, mutant mice gradually showed a slightly broadened snout,
which became more prominent at 35-weeks-old (Fig. 6A, upper
panels). Radiography revealed a mild thickening of the zygomatic
arch in mice at 15-weeks-old (data not shown) and a more pro-
nounced zygomatic arch thickening in 35-week-old Idua-W392X
mice (Fig. 6A, lower panels). This abnormal appearance was
consistent with other MPS I-H animal models and the coarse facial
features observed in MPS I-H patients [11].

Bone development
Additional abnormalities were observed in the long bones of

homozygous Idua-W392X mice. We were able to quantitate
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Fig. 4. Representative electron micrographs of tissues from 14-week-old Idua-
W392X mice. Arrows indicate vacuolation and a foamy macrophage in (A) liver and
vacuolation in (B) spleen. White bars (in upper right of each panel) represent 2 lm.
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Fig. 5. Additional lysosomal enzyme activities in Idua-W392X mouse tissue lysates.
b-D-glucuronidase (b-Gluc) and b-D-hexosaminidase (b-Hex) activities were mea-
sured. Each bar indicates the mean ± standard deviation of the fold-increase in
lysosomal enzyme specific activities in Idua-W392X tissue lysates relative to wild-
type. Each assay was performed using at least four mice. The dashed, horizontal line
indicates the normalized levels of wild-type activity.
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Fig. 6. Morphological assessment of Idua-W392X mice. (A) Photographs showing a
broadened snout (upper) and radiographs showing a thickened zygomatic arch
(lower, white arrows) in a 35-week-old Idua-W392X mouse. (B) Radiographs
showing a shortened femur in a 5-week-old Idua-W392X mouse, and a widened
femur in a 35-week-old Idua-W392X mouse. Arrows indicate the regions of bone
length (left) and width (right) measured, respectively. (C) Quantitation of femur
measurements. Each bar indicates the mean ± standard deviation of the length or
width of the femur in Idua-W392X mice relative to wild-type. The dashed line
indicates normalized wild-type values. Each measurement contains at least five
mice. *p < 0.01.
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age-dependent differences in the femur length and width in homo-
zygous Idua-W392X mice compared to age-matched wild-type
controls. In 5-week-old W392X mice, the femur was 15% shorter
than in age-matched wild-type controls (Fig. 6B and C); however,
this decrease in femur length is less evident in 15-week-old mu-
tant mice and was no longer detectable in 35-week-old mutant
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mice. No difference was found in the femur width between wild-
type and mutant 5-week-old mice. However, the femur was found
to be wider than normal in both 15- and 35-week-old mutant mice
with a 1.13-fold and 1.37-fold increase in femur width, respec-
tively (Fig. 6B and C).
Fig. 8. Survival curves. 14 wild-type (WT) (indicated by the thick line) and 15 Idua-
W392X (W392X) (indicated by the thin line) mice were monitored to calculate the
percent survival of each group, respectively. The circles represent spontaneous
death events. The squares represent live mice that are counted for percent survival
calculations during the time of their current ages.
Dual-energy X-ray absorptiometry (DXA) analysis

To identify other disease markers suitable for non-invasive
evaluation of therapeutic effects, we performed DXA analysis to
examine bone mineral density (BMD) and body composition. Pre-
vious studies showed that in an Idua knock-out mouse model,
BMD increased [19,36] while percent body fat decreased [37].
While we found no significant differences in the BMD or percent
body fat between mutant mice and wild-type controls at 5- or
15-weeks of age, we did observe that 35-week-old homozygous
Idua-W392X mice showed a 24% increase in femur BMD (Fig. 7A)
and a 28% decrease in the percent body fat (Fig. 7B). In general,
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Fig. 7. DXA analysis of Idua-W392X mice. (A) Increased bone mineral density of
femur in 35-week-old Idua-W392X mice. (B) Decreased percent body fat in 35-
week-old Idua-W392X mice. Each bar represents mean ± standard deviation from at
least five mice. *p < 0.01.
these results agree with data obtained with previous MPS I-H ani-
mal models.

Survival

Previous studies have shown that the lifespan of a MPS I-H
knock-out mouse model is abbreviated compared to wild-type
control mice [16]. In order to determine whether Idua-W392X mice
have a reduced lifespan, we observed the survival of 14 wild-type
and 15 Idua-W392X mice (Fig. 8). We observed that Idua-W392X
mice have a significantly reduced survival rate compared to wild-
type controls (p = 0.0011), with a median lifespan estimated to
be 69 weeks.

Discussion

In this study, we report the generation and characterization of
an Idua-W392X knock-in mouse model of MPS I-H. The Idua-
W392X mutation is analogous to the IDUA-W402X mutation found
in MPS I-H patients. We found that this mouse has a phenotype
similar to other MPS I-H animal models and to human MPS I-H.
The Idua-W392X mutation results in loss of a-L-iduronidase activ-
ity, leading to a significant increase in GAG levels in multiple tis-
sues and an increase in urine GAG excretion. Abnormal tissue
and cell morphology was observed in mutant samples using histo-
logical analysis and electron microscopy. In addition, abnormal
metabolism in mutant mice was evidenced by an increase in other
lysosomal enzymes, a decrease in body fat, and an increase in bone
density in mutant mice. Bone abnormalities such as thickening of
the zygomatic arch and aberrations in the length and width of
the femur were also observed.

By analyzing the Idua-W392X mouse at three ages, we also ob-
served a distinct progression in the severity of the MPS I-H pheno-
type in this animal model. This included a progression in the
primary biochemical defect of GAG accumulation in the heart, li-
ver, and spleen and an increase in urine GAG excretion. We also
saw a distinct progression in the severity of the morphological
abnormalities of the mice that included broadening of the face
and thickening of the zygomatic arch. An increase in the level of
lysosomal enzyme activity was also observed with age progression.

Small animal models with mutations that differ from those
found in patients can pose a problem for testing novel therapeutic
approaches in vivo. For example, the previous MPS I-H mouse mod-
els were generated by the insertion of a neomycin cassette into
exon 6 of the Idua gene [10,11]. This provided a mouse model
that allowed investigators to learn about the pathophysiology of
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MPS I-H. While these animal models were helpful to examine the
effectiveness of some therapies, they are not useful to investigate
novel therapeutic approaches designed to target a specific muta-
tion (or a specific type of mutation). By introducing the W392X
point mutation into the mouse Idua locus, we have made a small
animal model that contains a mutation analogous to the W402X
nonsense mutation frequently found in MPS I-H patients. Since this
mouse model contains a more physiologically relevant mutation, it
can be used to test a variety of therapeutic approaches that target
specific mutations such as oligonucleotide mutation repair strate-
gies [38] or nonsense suppression strategies [39–41].

A large number of studies suggest that nonsense suppression
therapy may be a useful therapeutic approach to treat genetic dis-
eases caused by nonsense mutations [39–41]. Suppression therapy
utilizes compounds that induce the ribosome to suppress transla-
tion termination specifically at nonsense mutations to restore at
least a fraction of normal protein function. Several drugs known
to induce suppression of premature stop codons have been found
to be effective in restoring a-L-iduronidase function in human cells
that carry nonsense mutations in the IDUA gene [42–44]. Current
treatments for MPS I-H that include stem cell transplantation
and enzyme replacement therapy have been able to alleviate the
disease phenotype in many tissues. However, stem cell transplan-
tation is currently the only therapy shown to prevent neurological
deterioration in MPS I-H patients, since exogenously supplied a-L-
iduronidase cannot cross the blood–brain barrier [45,46]. Because
some of the compounds previously shown to suppress premature
stop mutations can cross the blood–brain barrier to some extent
[47–52], this therapeutic approach might be a way to alleviate
the neurological phenotype in MPS I-H patients that carry non-
sense mutations. Since the Idua-W392X mouse has several quanti-
fiable phenotypes that could be conveniently monitored, this
mouse model may provide a useful tool to evaluate the effective-
ness of suppression therapy for MPS I-H, either alone or in conjunc-
tion with other therapeutic approaches.

We also have evidence that the W392X mutation leads to a de-
crease in the level of mouse Idua mRNA. This decrease in Idua
mRNA is most likely due to an mRNA degradation pathway called
nonsense-mediated mRNA decay (NMD). NMD is a conserved
eukaryotic mRNA surveillance mechanism that targets mRNAs
containing premature stop codons for degradation [53]. NMD
has been shown to reduce IDUA mRNA levels in fibroblasts from
MPS I-H patients that carry the common Q70X and W402X non-
sense mutations [34]. NMD may contribute to the severity of
the MPS I-H phenotype since it reduces the level of Idua transcript
available for translation. Thus, strategies to inhibit the degrada-
tion of Idua transcripts that contain nonsense mutations may also
modulate the severity of the MPS I-H disease. In addition, strate-
gies to inhibit NMD may also enhance the efficacy of suppression
therapy, since it would make more nonsense-containing mRNA
available for translation and subsequent suppression. Thus, the
Idua-W392X mouse will provide a good model to investigate the
relationship between NMD and the severity of the MPS I-H
phenotype, as well as the relationship between NMD and
nonsense suppression in vivo.
Conclusions

The Idua-W392X mouse was found to have biochemical, meta-
bolic, and morphologic defects that are consistent with the MPS
I-H disease phenotype. These quantitative phenotypes are highly
reproducible and relatively convenient to measure, thus serving
as excellent markers to monitor therapeutic effects. Most impor-
tantly, the Idua-W392X mouse is suitable for evaluating therapeu-
tic interventions that target premature stop mutations and NMD.
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