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The Sleeping Beauty (SB) transposon system is a non-
viral vector that directs transgene integration into ver-
tebrate genomes. We hydrodynamically delivered SB 
transposon plasmids encoding human α-l-iduronidase 
(hIDUA) at two DNA doses, with and without an SB 
transposase gene, to NOD.129(B6)-Prkdcscid IDUAtm1Clk/J 
mice. In transposon-treated, nonobese diabetic/severe 
combined immunodeficiency (NOD/SCID) mice with 
mucopolysaccharidosis type I (MPS I), plasma IDUA 
persisted for 18 weeks at levels up to several hundred–
fold wild-type (WT) activity, depending on DNA dose 
and gender. IDUA activity was present in all examined 
somatic organs, as well as in the brain, and correlated 
with both glycosaminoglycan (GAG) reduction in these 
organs and level of expression in the liver, the target 
of transposon delivery. IDUA activity was higher in the 
treated males than in females. In females, omission of 
transposase source resulted in significantly lower IDUA 
levels and incomplete GAG reduction in some organs, 
confirming the positive effect of transposition on long-
term IDUA expression and correction of the disease. The 
SB transposon system proved efficacious in correcting 
several clinical manifestations of MPS I in mice, including 
thickening of the zygomatic arch, hepatomegaly, and 
accumulation of foamy macrophages in bone marrow 
and synovium, implying potential effectiveness of this 
approach in treatment of human MPS I.
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Introduction
Mucopolysaccharidosis type I (MPS I), caused by deficiency of 
α-l-iduronidase (IDUA; EC3.2.1.76), is one of the most common 
MPS diseases in humans.1 MPS I is currently treated by bone 
marrow transplantation and/or enzyme replacement therapy.2,3 

However, there are significant concerns associated with these 
treatments that include limited positive outcomes and high costs 
due to the need for life-long therapy.4,5 Gene therapy represents 
a potential alternative approach, albeit one with its own atten-
dant concerns.3,6,7 Considerable progress has been made over the 
past few years in developing methods of gene transfer to treat 
MPS I using viral vectors.8–14 However, there are complications 
with viruses as gene-delivery vectors including their integration-
site preferences that may increase chances of adverse effects.15,16 
Moreover, the need for stringent purification and quality control 
to prevent replication-competent virus makes the use of these 
vectors relatively expensive.3,17 Advantages of nonviral vectors 
include the ease and relatively low cost of producing sufficient 
amounts required to meet the entire patient population, stabil-
ity during storage, and lack of immunogenicity.3,18 There are two 
major problems with nonviral, plasmid-based, gene therapy 
approaches: (i) expression of the transgene from most plasmids 
in most cell types is brief due to lack of integration and epigenetic 
responses;19 and (ii) directing DNA molecules to a specific organ 
or cell type is inefficient. The first problem can be surmounted 
by the use of the Sleeping Beauty (SB) transposon system,20,21 a 
nonviral vector that combines the advantages of viruses and 
naked DNA. The second problem can be solved using the rapid 
high-volume, hydrodynamic delivery that specifically targets the 
liver.22,23 The efficiency of hydrodynamic delivery in mice is ~10% 
of that reported for retroviral delivery.24,25 However, if the thera-
peutic expression cassette employs a powerful promoter, a low 
percentage of genetically modified cells in even a single organ can 
provide therapeutic levels of a secreted gene product sufficient to 
treat an entire animal.18,24,26

We have focused on treating MPS I in mice as a model for 
developing a therapy for humans. The available MPS I mouse 
models27,28 exhibit many of the clinical manifestations of the 
respective human disease, including organomegaly, skeletal dys-
plasia, and neurologic deficits. Recently, we demonstrated adequate 
delivery of therapeutic transgenes to mouse liver for treatment of 
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MPS I mice using the SB transposon system.24 However, as have 
others,29 we found that immune responses interfered with long-
term IDUA expression.24 In our earlier study, only about one-
third of the treated mice responded to immunomodulation and 
the levels of IDUA activity varied in a wide range. In this study 
focusing on the effectiveness of SB transposons in restoring nor-
mal phenotypes in the absence of immune responses, we used 
the MPS I mouse model bred onto an immunodeficient back-
ground (NOD.129(B6)-Prkdcscid IDUAtm1Clk/J).30 This approach has 
been useful in gene therapy studies of lysosomal storage diseases 
particularly when either the cytomegalovirus promoter or the 
cytomegalovirus-hybrid CAGGS promoter are used for high-level 
expression of therapeutic gene.31–33

Results
Correction of IDUA deficiency by hydrodynamic 
injection of IDUA-SB transposons
The pT2/CAGGS-IDUA//Ub-SB11 hyperactive T2 transposon 
has (i) the human IDUA (hIDUA) gene behind the CAGGS pro-
moter and (ii) an ubiquitin-regulated SB transposase sequence 
on the same plasmid; control plasmids lacked the SB expression 
cassette (Figure  1a). We hydrodynamically injected nonobese 
diabetic/severe combined immunodeficiency (NOD/SCID) MPS I  

mice with either of the two plasmids; littermates of plasmid-
treated mice served as untreated controls. Following injection 
of 25 µg transposon DNA, IDUA activity in plasma was high 
in all treatment groups for 18 weeks (Figure  1b, Table  1). By 
4 months IDUA was about tenfold lower in −SB females than 
in +SB females (*P = 0.049) whereas in −SB males they were only 
~70% that of +SB males. Expression was consistently higher in 
males than in females. The gender-related difference was espe-
cially striking when the injected DNA dose was reduced from 
25 to 5 µg (Figure  1c) even though gene delivery, as measured 
by initial IDUA activities, was about the same in all treatment 
groups. Within 2 weeks, plasma IDUA levels were ~30-fold 
lower in females than in males (Figure 1d). There was no statis-
tical difference in plasma IDUA activities between mice treated 
with or without SB transposase for either gender with 5 µg DNA 
(Supplementary Table S1). Thus, we observed two unexpected 
effects from injections into NOD/SCID mice: (i) a major gender 
effect that was most pronounced at lower doses of the transgene, 
and (ii) lack of a need for SB transposase to achieve sustained gene 
expression. The simplest explanation for the similar expression 
from injections with and without transposase was that prolonged 
expression of the transgenic IDUA gene came from unintegrated 
transposons that remained episomal.
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Figure 1  Sleeping Beauty (SB) transposon vectors and plasma levels of IDUA activity in mice following hydrodynamic delivery. (a) pT2/
CAGGS-IDUA//Ub-SB11 (+SB) and pT2/CAGGS-IDUA (−SB) vectors contain T2 transposon48 (inverted arrowheads) that carries the human  
(h)IDUA cDNA inserted between two EcoRI sites of the mini(m)CAGGS promoter. The integrating vector (+SB) contains an SB transposase 
expression cassette outside the transposon. Expression of the SB11 hyperactive transposase gene49 is regulated by a shortened version of the 
intermediate-strength ubiquitin (Ub) promoter.24 (b) Expression of transgenic IDUA in NOD/SCID MPS I mice injected with 25 µg of either the 
+SB or −SB plasmid. Mice aged 4–13 weeks were treated in groups of 10 for +SB females, 4 −SB females, 4 +SB males and 3 −SB males. Mice were 
euthanized 18 weeks postinjection (p.i.); (c and d) Expression of transgenic IDUA in NOD/SCID MPS I mice following injection with 5 µg of either 
of the two plasmids: (c) biweekly time-course; the values are pooled from two independent experiments with the duration of 6 and 14 weeks. The 
values on day 1 through 6 weeks represent 11 +SB females, 11 −SB females, 8 +SB males and 8 −SB males; the values at 8–14 weeks represent 
5 +SB females, 5 −SB females, 2 +SB males and 2 −SB males; (d) IDUA expression in males and females in the first 3 weeks following treatment. 
Values represent six mice/gender/treatment. Plasma IDUA levels in untreated controls were: 6.5 ± 0.7 nmol 4 MU/ml/hour, n = 7 (WT, indicated 
by the gray bars in panels b–d) and 0.4 ± 0.05 nmol 4 MU/ml/hour, n = 9 (MPS I). Symbols: +SB females, filled gray circles and solid lines; −SB 
females, open gray circles and dotted lines; +SB males, filled dark squares and solid lines; −SB males, open dark squares and dotted lines. Each 
point represents the mean IDUA activity ± SD. IDUA, α-l-iduronidase; MPS-I, mucopolysaccharidosis type I; NOD/SCID, nonobese diabetic/severe 
combined immunodeficiency; WT, wild type.
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We and others have observed24,34 that plasma IDUA activity 
directly correlates with IDUA activity in the liver (Table 1). At the 
25 µg DNA dose, plasma IDUA activity normalized per gene copy 
number in liver cells was about the same in +SB mice for both 
males and females (Supplementary Table S1). However, in −SB 
female mice treated with 25 µg DNA, normalized IDUA activity 
was ~90-fold lower than in +SB females, whereas the difference 
was only about threefold in respective male groups. In contrast, 
with 5 µg DNA, IDUA activity per gene did not differ ±SB within 
either sex although it was ~30-fold higher in males than in females 
(Figure 2a). The differences in IDUA levels in the two sexes could 
have been due to transcriptional or post-transcriptional regula-
tion. Consequently, we determined the ratio of IDUA activity to 
IDUA mRNA (Figure 2b) using reverse transcription–PCR. The 
ratios of IDUA activity to respective IDUA mRNA relative copy 
number were on average statistically the same (Figure  2b) but 
transcription was depressed 30–50-fold in females. These data are 
consistent with transcriptional repression in females compared to 
in males rather than differences in either translational regulation 
or stability of the IDUA enzyme.

If this conclusion was true, then we would not expect to see dif-
ferences in transposition activity unless there was transcriptional 
repression of the Ub promoter. Hence, we examined the livers of 
mice for evidence of transposition using the PCR-based excision 
product (EP) assay wherein the EP copy number is measured 
as a function of input plasmids, i.e., the number of SB genes.24,34 
Although the EP/SB ratio was four times lower in 5 µg–treated 
females than in males (Figure 2d), the difference was not statisti-
cally significant. Notably, transcription of the SB gene in about half 
of the female livers was below our limit of detection (Figure 2c), 
which accounted for half of the difference in SB expression seen 

between males and females. These data suggest that transcription 
of SB, when allowed, occurred at about the same rate in males and 
in females.

If transposition had occurred from ~0.1 to 1% of the plasmids 
taken up into hepatocytes,35 then as expression from episomal 
plasmids slowly decreased, we would expect that over time stable 
expression of IDUA from integrated plasmids would be evident. 
Accordingly, we calculated the half-lives of plasma IDUA in treated 
males and females. Because the decay kinetics following hydro
dynamic injection were biphasic (Figure 1b,c), we calculated the 
half-lives of plasma IDUA from the second week postinjection, 
until killing. Following injection of 25 µg DNA, the average half-life 
of plasma IDUA was ~3.5-fold lower in +SB compared to −SB mice 
(90 versus 26 days) for both genders (Figure 1b), consistent with 
our previous results in C57BL/6 MPS I mice in which transposition 
led to prolonged higher levels of gene expression.24 However, at the 
5 µg DNA dose there was no difference in the average half-life for 
plasma IDUA in either gender, ~100 days in males and 60 days in 
females. Thus, at the higher DNA doses there was a significant effect 
of transposition on the stability of IDUA expression. This conclusion 
was validated by our observations that on the C57BL/6 background, 
where the gender differences in IDUA activity were only about 
threefold, the decay rates in +SB mice were approximately twofold 
slower than in −SB mice for both sexes over the first 12 days, after 
which a rapid decline of IDUA activity occurred presumably due to 
adaptive immune responses35 (data not shown).

Table 1  IDUA activity in plasma and liver of mice treated with 
25 µg DNA

Cohort

Plasma IDUAa,b Liver IDUAb,c

1-day p.i. 18-week p.i. 18-week p.i.

Treated mice

  Females +SB,  
  n = 11

6,200 ± 3,200  
(960)d

300 ± 200  
(50)

400 ± 400  
(70)

  Females −SB,  
  n = 4

7,500 ± 5,900  
(1,160)

37 ± 30  
(6)

100 ± 32  
(20)

  Males +SB,  
  n = 4

9,600 ± 7,500  
(1,480)

1,300 ± 1,100  
(200)

2,500 ± 2,050  
(455)

  Males −SB,  
  n = 3

11,300 ± 500  
(1,730)

900 ± 500  
(140)

1,400 ± 450  
(260)

Untreated NOD/SCID mice

  WT, n = 7 6.5 ± 2.1 (1.0) 5.5 ± 2.2 (1.0)

  MPS I, n = 9 0.4 ± 0.2 (0.06) 0.24 ± 0.11 (0.04)

Abbreviations: IDUA, α-l-iduronidase; MPS I, mucopolysaccharidosis type I; NOD/
SCID, nonobese diabetic/severe combined immunodeficiency; SB, Sleeping Beauty.
aMeasured by 4-methylumbelliferyl-α-l-iduronide assay and expressed as nmol 
4 MU/ml plasma/hour. bMean ± SD are presented. At 18 weeks postinjection 
(p.i.) the difference in IDUA activity in plasma between −SB females and +SB 
females, is significant (P = 0.049), as it is between −SB males and −SB females 
(P  =  0.039). The difference between IDUA in the liver of +SB males and +SB 
females is significant (P = 0.02). cMeasured by 4-methylumbelliferyl-α-l-iduronide 
assay and expressed as nmol 4 MU/mg protein/hour. dIn parentheses: -fold  
WT level.
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Figure 2  Molecular analyses of expression of IDUA and SB transpos-
ase genes, and transposition measured by excision product (EP) 
formation following injection of transposon constructs. (a)  IDUA 
enzyme activity relative to the number of IDUA genes, from pT2/
CAGGS-IDUA//Ub-SB11 or pT2/CAGGS-IDUA, respectively, quantified 
by PCR; (b) IDUA enzyme activity relative to the level of IDUA mRNA 
quantified by reverse transcription (RT)-PCR of IDUA. There is no 
statistical difference between the mean values for any of the cohorts; 
(c) SB mRNA levels, quantified by real-time RT-PCR, relative to SB gene 
copy number; four of seven samples had mRNA levels below minimal 
detection; (d) EP formation as a function of SB gene number. Note that 
four of the female mice injected with 5 µg plasmid had no detectable 
EPs, which is consistent with the lack of transcription from the SB gene 
in these mice (c). DNA dose is 5 µg (a–c) and 5 and 25 µg (d). IDUA, 
α-l-iduronidase; SB, Sleeping Beauty.
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Biochemical and metabolic effects of treatment
Mice injected with 25 µg transposon DNA were analyzed for thera-
peutic effects of SB-mediated IDUA delivery (Tables 1 and 2). In the 
liver, IDUA activity was more than tenfold wild-type (WT) levels in 
all females, >100-fold WT in all males, and on average about four-
fold higher in +SB females than in −SB females but only 40% higher 
in +SB males than in −SB males. IDUA activity was detected in all 
examined organs in all treatment groups (Figure 3a–c). There was a 
decrease of the respective levels of β-glucuronidase (GUSB), another 
lysosomal enzyme involved in glycosaminoglycan (GAG) catabo-
lism, with the exception of the spleen. Marked clearance of GAG 
accumulation was observed in all examined tissues of mice from all 
treatment groups. Restoration of IDUA activity in somatic organs 
correlated with IDUA expression in the liver (Tables 1 and 2). Liver 
IDUA in the +SB and −SB males was ~460-fold and 260-fold WT 
levels, respectively. IDUA levels in the spleen, heart, lung, kidney, 
gonads, and aorta were up to several-fold WT levels with complete 
correction of GAG storage. In +SB-treated females, liver IDUA activ-
ity was on average 70-fold WT activity and IDUA enzyme was near 
WT levels in somatic organs. However, in −SB females we observed 
only ~10% WT IDUA activities in somatic organs and incom-
plete GAG correction in the kidney, heart, and aorta (Figure 3b). 
Nevertheless, GAG levels in +SB females were reduced to normal in 
all organs examined (Figure 3 a,b), demonstrating the positive effect 
of transposition on correction of MPS I disease.

Remarkably, IDUA levels in the brain (Figure  3c, 
Supplementary Table S2) of treated MPS I mice were significantly 
above those in untreated mice (P = 0.0048) resulting in a reduc-
tion in GAG levels (P = 0.0007) and a reduction in GUSB levels 
(P = 0.03) in comparison to untreated affected mice. Treatment 
reduced the excess GAG level in the brain by ~66%, a level that 
was significantly different from respective values in unaffected 
mice (IDUA and GUSB, P < 0.0001; GAG, P = 0.002). The cellular 
source of IDUA activity in brain was not pursued.

Clinical effects of treatment
The ratio of liver weight to total body weight in untreated MPS I 
mice was significantly elevated compared with both normal and 
25 µg plasmid-treated MPS I mice (Figure 4a). These results dem-
onstrate that IDUA gene expression from SB transposons led to 
the correction of hepatomegaly in treated animals. Moreover, 
radiographic analysis showed correction of the thickening of the 

bone of the zygomatic arch, an abnormality in untreated NOD/
SCID MPS I mice.30 Using digitized radiographs of isolated skulls, 
we found that untreated NOD/SCID MPS I mice had nearly twice 
the bone thickness compared with normal (heterozygous) ani-
mals and transposon-treated NOD/SCID MPS I mice (Figure 4b, 
Table  3). Longitudinal sections of femur and tibia revealed no 
consistent growth plate abnormalities among treatment groups. 
We did not observe consistent treatment differences in mid-dia-
physeal bone areas, cortical thickness or diameters (measured in 
histological sections), although other investigators have reported 
partial correction in diaphyseal width increases (measured radio-
graphically) in adult MPS I mice13,14 and almost complete correc-
tion in mice following neonatal gene therapy.11 We also did not 
observe osteocytes with unusually high lysosomal accumulations 
in our NOD/SCID MPS I mice, as was observed in immunocom-
petent MPS I mice.11 However, striking accumulations of cells 
with distended cytoplasms, presumed to represent accumulation 
of swollen lysosomes, were present within the bone marrow, syn-
ovium, periosteum, and skeletal muscle in sections of femur and 
tibia from the animals in the untreated NOD/SCID MPS I group 
in this study (Figure 4c). These were completely absent in sections 
from the treated MPS I and normal mice, strongly suggesting that 
the IDUA transposon treatment was successful in eliminating this 
pathological change.

Discussion
Our study demonstrates that the SB transposon system is effec-
tive in ameliorating clinical manifestations of MPS I disease in 
an immunodeficient mouse model. Although >99% of trans-
gene expression comes from the liver following hydrodynamic 
delivery,25,32 restoration of IDUA activity in somatic organs 
occurred through cross-correction that was dose-dependent on 
IDUA activity in the liver. Complete correction of GAG levels in 
tissues occurred in all +SB-treated animals and in −SB males. In 
contrast, the 20-fold WT IDUA activity in the liver of −SB females 
resulted in only ~10% WT IDUA activities in somatic organs and 
as a consequence incomplete GAG correction in kidney, heart, and 
aorta. These data demonstrate the positive effect of transposition 
on prolonged IDUA expression and correction of the disease in 
females at the dose of 25 µg/injection as well as the need to attain 
IDUA activity in the liver in the range of ~70 times WT levels 
to restore enzymatic activity in other organs. Gross necropsy of 

Table 2 R estoration of IDUA activity in mouse organs 18 weeks after injection of 25 µg DNA

Cohort

IDUA activity in organs, -fold WT, mean ± SD

Liver Spleen Heart Lung Kidney Gonad Aorta Brain

Females +SB 73 ± 75 2.1 ± 1.8 0.8 ± 0.5 0.6 ± 0.4 0.9 ± 0.6 1 ± 1.4 1 ± 0.6 0.06 ± 0.02

n = 11 n = 10 n = 11 n = 11 n = 10 n = 10 n = 2 n = 8

Females −SB 18 ± 6 0.2 ± 0.1 0.1 ± 0.05 0.06 ± 0.02 0.15 ± 0.08 0.14 ± 0.07 0.15 ± 0.09 n/a

n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 n = 4

Males +SB 455 ± 373 7.1 ± 4.8 2.3 ± 1.5 1.6 ± 1.5 2.6 ± 2.3 2.2 ± 2.4 4.6 ± 3.8 n/a

n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 n = 3

Males −SB 255 ± 81 4.4 ± 1.8 1.6 ± 1 1.0 ± 0.8 1.8 ± 0.9 2.1 ± 1 3.3 ± 3.1 n/a

n = 2 n = 3 n = 3 n = 3 n = 3 n = 3 n = 2

Abbreviations: IDUA, α-l-iduronidase; SB, Sleeping Beauty; WT, wild type.
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Figure 3 C orrection of metabolic disease in organs of NOD/SCID MPS I mice 18 weeks following injection of 25 µg DNA. Female and male 
mice were treated with 25 µg of transposon plasmid +SB (respectively, F+ and M+) or −SB (respectively, F− and M−). Clarified homogenates of the 
indicated organs were assayed for IDUA and GUSB enzyme activity and soluble GAG levels. (a) Organs apparently cleared of GAG storage: liver, 
spleen, lung, ovary, and gonads showed complete GAG correction in all treatment groups. (b) Organs incompletely cleared of GAG storage: kidney, 
heart, and aorta had complete correction in males and females receiving the full SB system (SB transposon + SB transposase), but incomplete GAG 
correction in −SB females. (c) Effects of treatment on the brain. Values are compared to the respective values in untreated NOD/SCID MPS I mice 
(black asterisks) and to WT values (gray asterisks). *P < 0.05; **P < 0.01; ***P < 0.001. IDUA activity was assayed with 4-methylumbelliferyl-α-l-
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squares, M+ and open squares, M−. Diamonds: mixed group (males + females); gray, untreated WT NOD/SCID; black, untreated MPS I NOD/SCID 
mice. GAG, glycosaminoglycan; GUSB, β-glucuronidase; IDUA, α-l-iduronidase; MPS I, mucopolysaccharidosis type I; NOD/SCID, nonobese diabetic/
severe combined immunodeficiency; SB, Sleeping Beauty; WT, wild type.
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liver specimens revealed no adverse effects on liver tissue and 
treated mice appeared healthy and their life spans were not short-
ened. Detailed studies of overexpression of two other lysosomal 
enzymes, β-glucurunidase36 and arylsulfatase A,37 demonstrated 
that therapeutic levels of overexpression of these enzymes can be 
safely achieved, which suggests that there are no a priori reasons to 
suspect adverse effects following elevation of IDUA in the liver.

The reduction of GAG accumulation in the brain was con-
sistent with the presence of low-level IDUA and indicated that 
the IDUA activity was not due to a contamination. This finding 
is important because IDUA enzyme levels as low as 2% of nor-
mal can be therapeutic.38 Although enzyme replacement therapy 
suggests IDUA will not traverse the blood–brain barrier in mice 
older than 2 weeks,39 our results support studies reporting IDUA 
activity in the brain in adult mice following liver-directed retro-
viral gene therapy13,14 and the breaching of the blood–brain bar-
rier when brain capillaries are exposed to prolonged high levels of 
circulating enzyme.39,40

The NOD/SCID MPS I mice have a relatively short lifespan due 
to susceptibility to thymic lymphoma and other diseases (http://
jaxmice.jax.org/strain/004083_3.html). Consequently, our “long-
term” experiments did not extend beyond 4.5 months, which may 
be insufficient for full development of MPS I disease. As a result, 
we were not able to find differences in cardiac function between 
untreated normal mice and MPS I controls (data not shown). The 
milder MPS I phenotype that we observed in NOD/SCID mice 
may be due to attenuated inflammatory responses, which would 
be consistent with the hypothesis41 that the central consequence 
of GAG storage in MPS animals is inflammation. In addition, all 
mice produced by breeding NOD.129(B6)-Prkdcscid IDUAtm1Clk/J 
were profoundly deaf (data not shown), preventing the evaluation 
of auditory function.

Gender influence on transgene expression has been reported.42–45 
Higher transgene expression levels in males were noted in mice 
treated with retroviral11 and AAV33 vectors, which led to different 
clinical outcomes for males and females. In our study, efficacious 
treatment of females required the complete transposon system for 
systemic metabolic correction (Figure 3a,b). We observed gender-
related differences of IDUA expression that were striking at the 5 µg 
DNA dose. Our data demonstrating direct correlation of IDUA 
activity and transcriptional levels (Figure  2a,b) are most consis-
tent with regulation of the CAGGS promoter being the cause of 
our unexpected findings. The recombinant enhancer motifs of the 
CAGGS promoter have been reported to have similar gender-spe-
cific attributes in rat liver.46 The gender effect may not be restricted 
to the CAGGS promoter. The expression from ubiquitin promoter 
also was reduced in some female mice (Figure 2c), resulting in insig
nificantly higher transposition rates in males than in females at both 
doses of DNA (Figure 2d), suggesting that the gender difference in 
IDUA expression was not due to reduced transposition in females.

The duration of gene expression from unintegrated plasmids 
in our NOD/SCID mice continued at high levels in contrast to 
in C57BL/6 mice where unintegrated gene expression drops 2–3 
orders of magnitude within 2 weeks.24 Because there is no known 
mechanism that would lead to enhanced integration of plasmids 
into chromatin in NOD/SCID animals, we hypothesize that the 
prolonged transgene expression is coming from unintegrated 

Table 3 T hickness of zygomatic arch in NOD/SCID mice

Mice/gendera Normalb,c Treated (+SB) MPS Ic MPS Ic

Males  
(n = 2/cohort)

379 ± 19 (1.0)d 405 ± 12 (1.1) 691 ± 39 (1.8)

Females  
(n = 2/cohort)

334 ± 14 (1.0) 404 ± 15 (1.2) 752 ± 28 (2.3)

Abbreviations: MPS I, mucopolysaccharidosis type I; NOD/SCID, nonobese 
diabetic/severe combined immunodeficiency; SB, Sleeping Beauty.
aTwo age-matched mice/gender/treatment were examined. MPS I mice were 
treated with 25 µg transposon plasmid +SB and examined 18 weeks postinjection. 
bHeterozygous mice were used as normal controls. cMicrons, mean ± SEM, n = 6 
measurements/mouse. dNumbers in parentheses show -fold increase compared 
to normal thickness of zygomatic arch.
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Figure 4 C orrection of phenotypic characteristics in NOD/SCID MPS I 
mice. Mice treated with 25 µg transposon plasmids +SB were evaluated 
18 weeks postinjection and compared to untreated, age-matched con-
trols from the same mouse colony. (a) Correction of hepatomegaly in 
treated NOD/SCID MPS I mice. For evaluation of hepatomegaly, the 
entire carcass and the intact liver were weighed. The ratio of liver weight 
to total body weight in normal controls was 5.7 ± 0.2% (in females, 
n = 9) and 5.2 ± 0.3% (in males, n = 3). In MPS I mice the respective 
ratios were: 6.6 ± 0.1% (in females, n = 3) and 7.2 ± 0.3% (in males). 
Treated MPS I female and male mice had respective ratios of 5.1 ± 0.3% 
(n = 6) and 5.3 ± 0.1% (n = 7), which is significantly lower than in MPS 
I mice (P = 0.007 and P = 0.0002 in females and males, respectively). 
The values for males and females in each group were in the same range 
and therefore were pooled. Gray diamonds, untreated, normal (WT 
and heterozygous) controls; black open diamonds, treated NOD/SCID 
MPS I mice; black filled diamonds, untreated NOD/SCID MPS I mice. (b) 
Representative skull microradiographs from male mice. Untreated nor-
mal (heterozygous) control (left), treated MPS I (center), and untreated 
MPS I (right). The white arrows indicate increases in thickness of cra-
nial zygomatic arches in the untreated MPS I mouse. Measurements are 
given in Table 3. (c) Representative sections of bone marrow (1–3) and 
synovium (4–6) from untreated normal (WT and heterozygous) control 
(left), treated MPS I (center), and untreated MPS I (right) animals. Arrows 
in panel 3 indicate clusters of foamy macrophages in the untreated MPS I 
mouse; these cells were absent in mice in the other two groups. Arrows 
in panels 4–6 indicate synovial membrane, which is normal in untreated 
normal (left) and treated MPS I (center) animals and is expanded by 
the presence of large numbers of foamy macrophages in the untreated 
MPS I animal (right). Hematoxylin and eosin stain. Bar = 50 µm (sections 
1–3) and 100 µm (sections 4–6). MPS I, mucopolysaccharidosis type I; 
NOD/SCID, nonobese diabetic/severe combined immunodeficiency; SB, 
Sleeping Beauty; WT, wild-type.
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plasmids, which is consistent with prolonged gene expres-
sion from unintegrated DNA in skeletal muscle of SCID mice.47 
However, at the 25 µg DNA dose in NOD/SCID MPS I mice that 
received SB transposase, expression is better sustained following 
integration, suggesting that the dose of transgenic DNA may be 
even a larger issue than most researchers previously thought32 
and that there may be unknown interactions that link dosage and 
gender effects.

Despite the limitations of immunodeficient MPS I mice, 
our study demonstrates the attractiveness of using the nonviral 
SB integrating vector to achieve IDUA levels and sustainability of 
enzymatic activity comparable to those observed with viral vec-
tors and, as a consequence, of significantly ameliorating clinical 
manifestations of the disease.

Materials And Methods
Plasmids. The SB transposon plasmid for co-delivery of IDUA and SB 
genes, pT2/IDUA//Ub-SB11, has been described.24 In short, an expres-
sion cassette with the full-length hIDUA cDNA, regulated by the mini(m)
CAGGS promoter, was cloned into a T248 transposon. The hyperactive SB11 
transposase gene49 regulated by a UbC (ubiquitin C) promoter (pUB6/
V5-His; Invitrogen, Grand Island, NY) was placed into the same plasmid 
as the transposon, a cis configuration. A negative control for transposition 
consisted of a plasmid containing the IDUA transposon, but lacking the SB 
transposase component (pT2/IDUA).

Animals. Immune-deficient heterozygous MPS I mice (NOD.129(B6)-
Prkdcscid IDUAtm1Clk/J) were purchased from Jackson Laboratories (Bar 
Harbor, ME) and maintained as a homozygous breeding colony. All 
mice were housed under specific pathogen-free conditions in AAALAC-
accredited facilities. The Institutional Animal Care and Use Committee 
of the University of Minnesota approved all animal studies. Plasmids 
were prepared commercially (Aldevron, Fargo, ND) and injected into 
mice using the hydrodynamics-based procedure as described.25 Blood 
was collected by retro-orbital phlebotomy under anesthesia. Animals 
were euthanized by carbon dioxide inhalation and perfused with saline. 
Selected organs and carcasses were harvested and preserved for analyses 
as specified below. Because NOD.129(B6)-Prkdcscid IDUAtm1Clk/J mice tend 
to develop thymic lymphomas (http://jaxmice.jax.org/strain/004083_3.
html) that might interfere with interpretation of the experimental results, 
mice with tumors in the location of the thymus that were identified at 
the time of necropsy were excluded from the study (~15% mice including 
untreated MPS I and normal controls). No mice died due to the injection 
procedure; however, data were not used from mice in which the injection 
time exceeded 8 seconds.

Lysosomal enzyme quantification. Organs and plasma specimens were 
stored at −80 °C until used. Whole livers were pulverized by freezing in liq-
uid nitrogen and grinding with mortar and pestle. Portions of each sample 
were extracted to assay for enzymatic activities and for gene copy number 
by quantitative PCR. IDUA and GUSB activities were measured in clarified 
supernatants of tissue homogenates and plasma using fluorometric assays 
as previously described,8 with 4-MU-α-l-iduronide (Glycosynth, Cheshire, 
England) and 4-MU-β-d-glucuronide (Sigma, St Louis, MO) as substrates. 
Protein concentration was determined using the Coomassie Blue assay as 
formulated by Bio-Rad (Bio-Rad Laboratories, Hercules, CA).

Quantification of tissue GAGs. Tissue GAGs were measured in the same 
clarified tissue homogenates as those used for enzyme assays, as described.30 
In brief, after protein removal by digestion with Proteinase K and nucleic 
acid digestion with DNase and RNase, GAG concentration was determined 
using the Blyscan Sulfated Glycosaminoglycan Assay (Accurate Chemical 

and Scientific, Westbury, NY) and expressed as µg GAG/mg protein in 
each sample.

PCR analyses. DNA and RNA were isolated from pulverized whole-liver 
specimens. DNA was isolated from ~50 mg tissue by phenol–chloroform 
extraction (http://www.molecularcloning.com).

DNA copy number was determined by real-time PCR using an 
iCycler (Bio-Rad), as previously described.24 The mouse glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) sequence, which served as an 
internal control of genomic DNA content, was amplified in a separate 
reaction. A GAPDH standard curve was generated from serial dilutions of 
mouse genomic DNA and a standard curve for SB transgene was prepared 
by serial dilutions of genomic DNA extracted from tissues of a Rosa 26-
SB11 transgenic mouse harboring a single copy of the SB gene.50 Standard 
curves for IDUA gene and plasmid “EPs”34 were obtained as described.24 
The mockEP used for preparation of EP standard curve was derived from 
the pT2/BH//spacer plasmid in which the transposon was deleted between 
the two flanking BamHI sites. The PCR primers were as described,24 with 
the exception of IDUA primers: 5′-AGGAGATACATCGGTAGG-3′ and 
5′-TGTCAAAGTCGTGGTGGT-3′.

Total RNA was isolated using the TRIzol isolation system (Invitrogen 
Life Technologies, Carlsbad, CA); DNA-treated and purified using 
Turbo DNA-free kit (Ambion, Austin, TX). A one-step real-time reverse 
transcription–PCR was performed using EXPRESS One-Step SYBR 
GreenER Universal (Invitrogen) in a 20-µl reaction mix according to 
manufacturer’s instructions. Reverse transcription–PCR conditions 
were: 50 °C for 5 minutes followed by 2 minutes at 95 °C and 40 cycles of 
95 °C for 15 seconds then 58° C for 30 seconds and a melting curve was 
performed to verify specificity of amplification. The sense IDUA primer, 
specific to hIDUA, was 5′-GAAGGACTTGGTCTCCAG-3′; the anti-
sense IDUA, SB and GAPDH primers were the same as above. Relative 
copy numbers of hIDUA and SB were calculated by correlating Ct values 
to standard curve produced by serial dilutions of a specimen with the 
highest IDUA activity and Rosa 26-SB11 mouse RNA, respectively, and 
normalized to murine GAPDH.

Pathology evaluations. For evaluation of the presence or absence of 
hepatomegaly, the entire carcass was weighed using a laboratory scale and 
the intact liver was weighed after removal from the carcass. Twelve NOD/
SCID mice, two males and two females/cohort (treated with 25 µg DNA 
+SB and killed 18 weeks postinjection; age-matched untreated MPS I and 
heterozygote controls) were evaluated for bone changes. After removal of 
the internal organs, the carcasses were fixed in 10% neutral buffered forma
lin and were radiographed using anterio-posterior and lateral views with a 
cabinet radiography unit (Faxitron series; Hewlett Packard, McMinnville, 
OR) and high-detail film (X-Omat TL; Eastman Kodak, Rochester, 
NY). The radiographic technique included 45 kilovolt (peak) exposures, 
3 milliamperes continuous for 30 seconds, and a film-to-source distance of 
61 cm. After review of the films by a veterinary radiologist, the skull, one 
fore-, one hindlimb and the paws from these limbs were removed. These 
tissues (skulls, forelimbs, hindlimbs, and paws) were radiographed sepa-
rately (dorsoventral views) for a more detailed assessment of these sites. All 
radiographs were then digitized.

Because there appeared to be treatment-related differences in the 
thickness of the zygomatic arches in these mice based on evaluation 
of the radiographs, measurements of these sites were made. In each 
digitized dorsoventral skull radiograph, one measurement of the width 
of each zygomatic arch (right and left) was made at three different 
locations (six  measurements/mouse; three measurements/zygomatic 
arch): the midpoint of the arch, one rostral measurement and one caudal 
measurement. The latter two measurements were made at a distance 
of ~1.5 mm from the midpoint measurement; each was made at the 
point where the zygomatic arch began to widen to attach to either the 
maxilla or the base of the temporal bone. Measurements were made at 
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high magnification using SPOT imaging and morphometry software 
(Diagnostic Instruments, Sterling Heights, MI).

To evaluate bone diameters, areas, and cortical thicknesses of long 
bones, one femur and humerus from each mouse (n = 12 mice; 24 long 
bones) were decalcified in EDTA and a mid-diaphyseal transverse 
section from each bone was embedded in paraffin, sectioned at 6 µm and 
stained with hematoxylin and eosin. Measurements of these sections 
were taken using a ×4 objective and SPOT imaging and morphometry 
software. The outer cortical perimeter and inner endosteal perimeter 
was measured in each section; cortical bone area was determined by 
subtracting the area of the marrow cavity from the total area. Cortical 
thicknesses (shortest distance from endosteum to periosteum) were 
measured in 8–10 equidistant sites that included the entire circumference 
of the bone in each section. Finally, cortical diameter was measured at 
its greatest width (periosteal surface to opposite periosteal surface) in 
each section.

For the evaluation of articular cartilage and growth plates, the 
opposite femur and tibia from six of these same mice (one male and one 
female from each treatment group) were decalcified in EDTA, processed 
routinely, and embedded longitudinally in paraffin. Sections were cut at 
6 µm, stained with hematoxylin and eosin, and examined by a veterinary 
pathologist (C.S.C.).

Statistical analysis. Data were analyzed using GraphPad Prizm 4.0 soft-
ware (GraphPad Software, San Diego, CA). The significance of differ-
ences between groups was determined based on exact two-tailed P values 
obtained with the nonparametric Mann–Whitney test. A value of P < 0.05 
was considered statistically significant.

Supplementary Material
Table S1. IDUA enzymatic activity and transgene and excision prod-
uct (EP) copy numbers in livers of treated NOD/SCID MPS I mice.
Table S2. Biochemical effects of treatment in the brain of female mice 
18 weeks following administration of 25 μg plasmid +SB.
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