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Abstract
Suppression therapy utilizes compounds that suppress translation termination at in-frame
premature termination codons (PTCs) to restore full-length, functional protein. This approach may
provide a treatment for diseases caused by nonsense mutations such as mucopolysaccharidosis
type I-Hurler (MPS I-H). MPS I-H is a lysosomal storage disease caused by severe α-L-
iduronidase deficiency and subsequent lysosomal glycosaminoglycan (GAG) accumulation. MPS
I-H represents a good target for suppression therapy because the majority of MPS I-H patients
carry nonsense mutations, and restoration of even a small amount of functional α-L-iduronidase
may attenuate the MPS I-H phenotype. In this study, we investigated the efficiency of suppression
therapy agents to suppress the Idua-W392X nonsense mutation in an MPS I-H mouse model. The
drugs tested included the conventional aminoglycosides gentamicin, G418, amikacin, and
paromomycin. In addition, the designer aminoglycosides NB54 and NB84, two compounds
previously designed to mediate efficient PTC suppression with reduced toxicity, were also
examined. Overall, NB84 suppressed the Idua-W392X nonsense mutation much more efficiently
than any of the other compounds tested. NB84 treatment restored enough functional α-L-
iduronidase activity to partially reverse abnormal GAG accumulation and lysosomal abundance in
mouse embryonic fibroblasts derived from the Idua-W392X mouse. Finally, in vivo administration
of NB84 to Idua-W392X mice significantly reduced urine GAG excretion and tissue GAG storage.
Together, these results suggest that NB84-mediated suppression therapy has the potential to
attenuate the MPS I-H disease phenotype.
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INTRODUCTION
Nonsense mutations are in-frame premature termination codons (PTCs) that convert a sense
codon in the coding region of an mRNA to a stop codon (UGA, UAG, UAA). The
introduction of a PTC frequently reduces the amount of functional protein so severely that a
disease state results. In an effort to moderate the consequences of PTCs that cause genetic
diseases, the concept of suppression therapy was developed. This is a therapeutic approach
utilizing compounds that induce the translational machinery to recode an in-frame PTC into
a sense codon. Suppression therapy increases the frequency that near-cognate aminoacyl-
tRNAs bind at a PTC and subsequently transfer their amino acid to the nascent polypeptide.
This “readthrough” mechanism allows the resumption of translation elongation in the correct
reading frame to produce a full-length polypeptide.

Aminoglycoside antibiotics have been shown to suppress PTCs and restore functional
protein for more than twenty genetic diseases [1–3]. However, the potential toxicity
associated with aminoglycosides has limited their clinical application in suppression
therapy. Strategies developed to overcome this issue include: discovery of non-
aminoglycoside suppression agents such as PTC124 (Ataluren®) [4, 5]; combining
aminoglycoside administration with poly-L-aspartate to reduce toxicity while also enhancing
readthrough [6]; and using a medicinal chemistry approach to design new aminoglycoside
derivatives capable of enhancing PTC suppression with reduced overall toxicity [7, 8].

Mucopolysaccharidosis type I (MPS I) is a lysosomal storage disorder caused by α-L-
iduronidase deficiency. α-L-iduronidase (EC 3.2.1.76, encoded by the IDUA gene) catalyzes
a step in the degradation of dermatan sulfate and heparan sulfate glycosaminoglycans
(GAGs). A deficiency in this enzyme leads to abnormal lysosomal GAG accumulation.
Multiple cellular dysfunctions downstream of GAG accumulation contribute to organ
abnormalities and metabolic defects through poorly understood mechanisms [9–12]. MPS I
disease severity and progression exhibit broad variations depending upon the amount of
residual α-L-iduronidase activity. MPS I-Hurler (MPS I-H) is the most severe form of α-L-
iduronidase deficiency and is characterized by severe skeletal and joint disease, short
stature, coarse facial appearance, hepatosplenomegaly, corneal clouding, valvular heart
disease, and neurological defects that result in severe mental disabilities. MPS I-H disease
onset usually occurs in infancy followed by rapid disease progression leading to death
within the first decade of life [11]. Nonsense mutations represent the majority of IDUA gene
lesions found in MPS I-H patients and result in negligible α-L-iduronidase activity. In
contrast, attenuated forms of α-L-iduronidase deficiency such as MPS I-Scheie (MPS I-S) or
MPS I-Hurler/Scheie (MPS I-HS) retain residual α-L-iduronidase activity and are
characterized by mild somatic symptoms that include an attenuated skeletal disease, but an
absence of hepatosplenomegaly and no neurological involvement with normal intellect [11].
These patients experience a more delayed disease onset in early to late childhood, frequently
survive into adulthood, and can have a normal lifespan. However, patients with attenuated
MPS I may develop cardiac impairment and spinal cord compression later in life. Based on
the generally strong genotype/phenotype correlation observed in MPS I patients, it has been
proposed that restoration of as little as 0.1 – 0.3% of normal α-L-iduronidase activity in
MPS I-H patients may lead to an improved phenotype [13, 14].

Using primary skin fibroblasts derived from an MPS I-H patient with PTCs, we previously
found that suppression therapy using gentamicin restored enough α-L-iduronidase activity to
normalize cellular GAG storage [15]. To further examine whether this approach can
alleviate the MPS I-H disease in vivo, we generated a knock-in mouse model of MPS I-H
that carries the Idua-W392X mutation [16]. Mice carrying this mutant allele, which
corresponds to the IDUA-W402X mutation frequently found in MPS I-H patients, were
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found to exhibit a phenotype that closely resembles the human MPS I-H disease. In the
current study, we investigated whether conventional and designer aminoglycosides can
suppress the PTC in this MPS I-H mouse model. We found that the designer aminoglycoside
NB84 most effectively suppressed the Idua-W392X mutation, resulting in a significant
attenuation of the primary biochemical defects associated with MPS I-H both in vitro and in
vivo.

MATERIALS AND METHODS
Cell Culture

Primary mouse embryonic fibroblasts (MEFs) were cultured from 13–14 day-old embryos
derived by breeding homozygous Idua-W392X [16], Idua-knockout [17], and WT mice. All
three lines were on the C57BL/6J background. Idua-W392X MEFs were immortalized by
stable expression of the SV40 large T-antigen (Discovery BioMed, Inc.). MEFs and
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 100 IU/ml penicillin, 100ug/ml streptomycin, and 1% v/v
nonessential amino acids. MEFs were cultured in collagen-coated dishes.

Dual Luciferase Readthrough Assays
The p2luc dual luciferase readthrough constructs were a gift from Dr. John Atkins [18]. The
p2luc construct was modified to express either the WT mouse Idua W392 codon (UGG) or
the Idua W392X premature stop codon (UAG) along with three codons of upstream and
downstream mouse Idua sequence. Complementary oligonucleotides for the Idua-W392X
construct: [5′-TCGACG GAACAA CTCTAG GCAGAG GTCG-3′; 5′-GATCCG ACCTCT
GCCTAG AGTTGT TCCG-3′], and the Idua-WT construct: [5′-TCGACG GAACAA
CTCTGG GCAGAG GTCG-3′; 5′-GATCCG ACCTCT GCCCAG AGTTGT TCCG-3′]
were annealed to generate double-stranded DNA fragments that were ligated into the SalI
and BamHI restriction sites of the p2luc vector, yielding the Idua-W392X (pDB1134) and
Idua-WT (pDB1133) constructs. HEK293T cells were transfected with each reporter
construct using Lipofectamine (Invitrogen). Cells were grown in the presence of drugs at the
indicated concentrations for 24hrs. Luciferase assays were performed with the Dual
Luciferase Assay System (Promega) using a Berthold Lumat LB9507 luminometer. The
percent readthrough was calculated as the ratio of firefly/Renilla luciferase units expressed
from the W392X construct relative to the ratio of the firefly/Renilla luciferase units
produced from the WT construct × 100.

Iduronidase Activity Assays
Primary WT, Idua knockout, and immortalized Idua-W392X MEFs were cultured +/− drug
for 48 hrs. The cells were lysed in Pierce Mammalian Protein Extraction Reagent containing
a protease inhibitor cocktail (Roche) and the total protein concentration was determined
using the Bio-Rad Protein Assay. Cell lysates containing 50–80 ug of total protein were
incubated with 0.12 mM 4-methyl-umbelliferyl-α-L-iduronide (Gold Biotech) and 0.42 mg/
ml of D-saccharic acid 1,4-lactone monohydrate (a β-glucuronidase inhibitor) (Sigma) in
130 mM sodium formate buffer, pH 3.5. After 48 hrs of incubation at 37°C, the reaction was
quenched with glycine buffer, pH 10.8 and samples were aliquoted into methacrylate
cuvettes. Fluorescence was measured using a Cary Eclipse fluorometer at excitation= 365
nm and emission= 450 nm. Specific activity was calculated as picomoles of FMU released
per milligram of total protein per hour. Alpha-L-iduronidase activity remained linear over
the 48 hr incubation time. Inhibitory factors in lysates from mutant mouse tissues precluded
α-L-iduronidase activity measurements.

Wang et al. Page 3

Mol Genet Metab. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MEF Sulfated GAG Assay
Primary WT and immortalized Idua-W392X MEFs were grown in 100mm dishes +/−
aminoglycosides for 48 hrs. The cells were lysed in Pierce Mammalian Protein Extraction
Reagent and the total protein concentration was determined using the Bio-Rad Protein
Assay. Sulfated GAG quantitation was performed using a Blyscan kit (Biocolor Ltd. UK).
GAG levels were calculated as the nanograms of GAGs per milligrams total protein.

Confocal Fluorescence Microscopy
Primary MEFs were grown on coverslips +/− 2 mg/ml of NB84 for 48 hrs. 200 nM
LysoTracker Red DND-99 (Invitrogen) was added to the culture medium. After incubation
at 37°C with 5% CO2 for 1 hr, coverslips were immersed in PBS containing calcium and
magnesium, and 2.5 μg/ml CellMask Deep Red plasma membrane stain (Invitrogen) at room
temperature for 2 minutes. Cells were subsequently fixed with 4% formaldehyde at room
temperature and washed with PBS four times before mounted onto a No.1 thickness
coverslip in VECTASHIELD mounting medium with DAPI nuclear stain. Confocal
fluorescence microscopy was performed using a Zeiss LSM-710 confocal microscope. Z-
stack images and pixel intensities were analyzed using Zen software. LysoTracker signal
abundance was calculated as the ratio of the total number of red pixels (LysoTracker) to the
total number of blue pixels (DAPI). LysoTracker signal intensity was calculated as the ratio
of the total red pixel intensities (LysoTracker) to the total number of blue pixels (DAPI). At
least 100 cells from 8 to 11 fields were analyzed for each condition.

Readthrough Drugs and Animal Treatment
Paromomycin (cat #P5057) and G418 (cat #G8168) were purchased from Sigma-Aldrich.
Amikacin (Bedford Labs) and gentamicin (Hospira, Inc.) were purchased from UAB
University Hospital. The Baasov lab synthesized NB54 and NB84 [7, 8]. Readthrough
compounds were dissolved in sterilized PBS and administered to mice that were 9–11 weeks
old once daily via subcutaneous injections for 14 days. All animal protocols used in this
study were reviewed and approved by UAB IACUC.

Urine GAG Assays
Three mice from each treatment group were housed together in a diuresis cage (Nalgene) for
2–4 hrs to collect urine. Collected urine was filtered through a sterile 0.45 μM filter
(Whatman) and stored at 4°C until assay. The amount of GAGs excreted in urine was
quantitated using a 1, 9-dimethylmethylene blue chloride (Sigma) assay and normalized to
creatinine as previously described [16].

Tissue GAG Assays
Mice were perfused with 25 mls of ice-cold PBS and organs were dissected and stored at
−80°C until assay. Tissue was delipidated by homogenization in chloroform: methanol (2:1)
using a rotor-stator homogenizer (Biospec) and then dried in a SpeedVac concentrator
(Savant). GAGs were released by overnight papain digestion at 60°C. The level of sulfated
GAGs was determined using a Blyscan kit (Biocolor Ltd. UK) and the data was calculated
as the micrograms of GAGs per milligram of defatted, dried tissue.

Analysis of Glycosphingolipids
Each lyophilized brain sample was extracted twice with 700 μl of chloroform:methanol (2:1)
in a 1.5 ml Teflon Eppendorf tube using a BioSpect Tissue Tearor with a 4.5 mm probe and
centrifuged at 10,000 rpm for 20 minutes using a Sorvall Micro 21R centrifuge. The two
extracts were pooled, evaporated to dryness, dissolved in 150 μl of chloroform:methanol
(2:1) and 5 μl-aliquot was applied onto a Silica Gel 60 High Performance Thin Layer
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Chromatography (HPTLC) plate (Merk Darmstadt, Germany). The plate was developed
twice with a freshly prepared solvent mixture of chloroform:methanol:12 mM MgCl2 in
water (60:35:8). Between the two developments, the plate was thoroughly air-dried. The
plate was sprayed with diphenylamine-aniline-phosphoric acid reagent [19] and heated at
110° C for 15 minutes to reveal glycoconjugates. GM3, GM2 and the standard ganglioside
mixture were purchased from Matreya (Pleasant Gap, PA). N-glycolylneuraminic acid-
containing GM2 (Gc-GM2) and N-glycolylneuraminic acid-containing GM3 (Gc-GM3)
were gifts of Prof. Tamio Yamakawa (University of Tokyo).

Statistics
Statistical analysis was performed using the GraphPad Instat 3.0 software (GraphPad
Software, Inc.). All p values were calculated using the unpaired two-tail Student’s t-test.

RESULTS
Investigating the ability of aminoglycosides to suppress the Idua-W392X nonsense
mutation using in vitro reporter assays

The designer aminoglycosides NB54 and NB84 contain structural components predicted to
better suppress PTCs with less toxicity than conventional aminoglycosides [7, 8]. NB54 was
derived from components of paromomycin and amikacin, while NB84 was composed of
structural groups of paromomycin, amikacin, and G418 (Figure 1). We tested NB54, NB84,
and the conventional aminoglycosides gentamicin, G418, amikacin, and paromomycin for
their ability to suppress the mouse Idua-W392X PTC using dual luciferase readthrough
reporters in HEK293T cells.

The identity of a PTC and its surrounding mRNA sequence context can strongly influence
the ability of drugs to suppress PTCs [20–23]. Accordingly, we monitored the readthrough
of the mouse Idua-W392X PTC in its natural mRNA sequence context using a dual
luciferase readthrough reporter that contained three codons of both upstream and
downstream mouse Idua sequence context surrounding the PTC (or the corresponding sense
codon control) (Figure 2A). A concentration range was tested for each compound using the
reporters to find the optimal dose that produced the maximum W392X readthrough without
cell toxicity. The percent of Idua-W392X readthrough obtained using the optimal
concentration(s) for each suppression agent is shown (Figure 2B & 2C).

In contrast to a control readthrough reporter (UGAC) that contained a UGA codon in a
context that is susceptible to suppression [6, 24, 25], the mouse Idua-W392X mutation in its
natural sequence context was quite resistant to suppression (Figure 2B). The basal
readthrough (without drug) of the Idua-W392X mutation was 50% lower than that of the
UGAC control. We found that gentamicin induced a 25-fold increase in readthrough of the
UGAC control, but stimulated readthrough by only 1.7-fold in the Idua-W392X context
(Figure 2B). Similar results were observed for paromomycin and amikacin. G418 treatment
stimulated a 2.9-fold increase in W392X readthrough (Figure 2B), while NB54 and NB84
induced readthrough by 4.8-fold and 11.3-fold, respectively (Figure 2C). These results
indicate that NB54 and NB84 suppressed the Idua-W392X mutation more efficiently than
the conventional aminoglycosides tested.

Investigating the ability of aminoglycosides to restore functional α-L-iduronidase and
reduce GAG accumulation in Idua-W392X MEFs

We next performed functional assays using mouse embryonic fibroblasts (MEFs) derived
from homozygous Idua-W392X and WT mice to determine whether conventional and
designer aminoglycosides can suppress the endogenous Idua-W392X mutation and restore
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some level of α-L-iduronidase activity. We utilized an α-L-iduronidase enzymatic assay to
monitor the level of functional enzyme restored after suppression therapy. We found α-L-
iduronidase specific activity in lysates from untreated Idua-W392X MEFs was negligible
(Figure 3A). However, treatment with conventional or designer aminoglycosides
significantly increased α-L-iduronidase activity in Idua-W392X MEFs. The conventional
aminoglycosides gentamicin, amikacin, and G418 restored α-L-iduronidase activity at levels
that maximally ranged from 0.02% to 0.08% of WT α-L-iduronidase activity (Figure 3A).
The designer aminoglycosides NB54 and NB84 induced substantially more α-L-iduronidase
activity than the conventional aminoglycosides. NB54 induced levels of enzymatic activity
that were 9.5-fold, 6.1-fold, and 2.5-fold greater than gentamicin, amikacin, or G418,
respectively. NB84 restored 15.5-fold, 10-fold, 4.1-fold, and 1.6-fold greater α-L-
iduronidase activity than gentamicin, amikacin, G418, or NB54, respectively. NB54
treatment restored up to 0.2% of WT α-L-iduronidase activity, while NB84 treatment
restored up to 0.32% of WT α-L-iduronidase activity (Figure 3A). In order to verify that the
drugs tested did not stimulate α-L-iduronidase activity by a mechanism other than
suppression of the W392X PTC, we utilized MEFs derived from Idua knockout mice that
carried a targeted Idua disruption that would not be susceptible to readthrough [17]. When
Idua knockout MEFs were cultured with NB84 under the same conditions used for the Idua-
W392X MEFs, no increase in α-L-iduronidase activity was detected. These results
confirmed that NB84 restored α-L-iduronidase activity in Idua-W392X MEFs as a result of
PTC suppression.

Since loss of α-L-iduronidase results in lysosomal GAG accumulation, we next determined
whether the amount of α-L-iduronidase activity restored in MEFs by PTC suppression was
sufficient to reduce GAG storage. In untreated Idua-W392X MEFs, GAGs were elevated 4-
fold above normal (Figure 3B). In Idua-W392X MEFs treated with G418, excess GAG
storage was decreased 49%. In Idua-W392X MEFs treated with NB84, excess GAG levels
decreased 80% (Figure 3B). Together, these experiments showed that suppression therapy
restored sufficient α-L-iduronidase activity to significantly reduce GAG accumulation in
Idua-W392X MEFs.

NB84 alleviated elevated lysosome abundance in Idua-W392X MEFs
We previously reported that primary skin fibroblasts derived from an MPS I-H patient
affected by IDUA nonsense mutations (Q70X/W402X) exhibited increased lysosomal
abundance, and that treatment with gentamicin restored sufficient α-L-iduronidase activity
to largely reverse that mutant phenotype [15]. To examine lysosomal abundance in Idua-
W392X MEFs, we used the lysosome-specific dye LysoTracker Red (Figure 4). Untreated
Idua-W392X MEFs showed a 2.4-fold elevation in lysosomal signal abundance (defined as
the total LysoTracker-positive pixels normalized to total DAPI-positive pixels) compared to
WT MEFs (Figure 4G). Similarly, we observed a 3.5-fold increase in lysosomal signal
intensity (defined as the total LysoTracker-positive pixel intensity normalized to total DAPI-
positive pixels) compared to WT MEFs (Figure 4H). These results are consistent with an
increase in lysosomal abundance in Idua-W392X MEFs. Since NB84 treatment restored
enough α-L-iduronidase activity to decrease GAG storage in Idua-W392X MEFs (Figure
3B), we next asked whether abnormal lysosomal abundance was also reduced. NB84-treated
Idua-W392X MEFs showed a 69% decrease in lysosome signal abundance, resulting in a
level within 1.4-fold of WT (Figure 4G); and a 60% decrease in lysosome signal intensity,
reducing intensity to within 2-fold of WT (Figure 4H). This experiment indicated that in
addition to partially correcting two primary MPS I-H biochemical defects (enzymatic
activity and GAG accumulation), NB84 also partially alleviated the secondary phenotype of
abnormal lysosome abundance.
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NB84 treatment significantly decreased urine GAG excretion and tissue GAG
accumulation in Idua-W392X mice

The Idua-W392X mouse model is characterized by elevated urinary GAG excretion and
tissue GAG accumulation that are typical clinical manifestations found in MPS I-H patients
[16]. Using this mouse model, we evaluated the ability of aminoglycosides to suppress the
Idua-W392X mutation and alleviate the MPS I-H phenotype in vivo. To determine if these
drugs could suppress the Idua-W392X PTC in vivo, we treated groups of Idua-W392X mice
with escalating doses of gentamicin, NB54, or NB84 using once daily subcutaneous
injections for 14 days. The effectiveness of treatment with each drug was monitored by
assaying urine GAG excretion and tissue GAG storage in the spleen, heart, and brain of
treated Idua-W392X mice compared to untreated mutant and WT controls.

Idua-W392X mice treated once daily with 30 or 60 mg/kg gentamicin did not show a
significant decrease in urine GAG excretion or tissue GAG accumulation (data not shown).
In contrast, mutant mice treated once daily with 30 mg/kg NB54 showed significant GAG
reduction in the spleen, heart, and brain (Figure 5). Spleen GAG accumulation decreased
16%, heart GAG storage decreased 20%, and brain GAG storage decreased 21% (Figure 5).
GAG reduction was not observed at higher doses (60 or 120 mg/kg) of NB54 (data not
shown). In addition, no reduction in urine GAG excretion was observed in NB54-treated
mice at any dose (data not shown). When taken together, these results demonstrate that
NB54 can induce a small but significant decrease in GAG accumulation in multiple tissues,
but this effect is only observed within a narrow dose range.

We next examined the ability of NB84 to reduce GAG accumulation in Idua-W392X mice.
NB84 administered once daily at 15 or 30 mg/kg reduced urine GAG levels 17% and 25%,
respectively, compared to untreated mutant mice (Figure 6A). Urine GAG levels were not
significantly reduced in Idua-W392X mice treated with 60 mg/kg NB84 once daily. Mutant
mice treated with NB84 doses ranging from 15 to 60 mg/kg showed dose-dependent
decreases in excess GAGs ranging from 30–65% in the spleen (Figure 6B). GAG storage
was unchanged in the heart of Idua-W392X mice treated with 15 mg/kg NB84, but
significant reductions in excess GAGs ranging from 13–23% were observed at higher doses.
Finally, NB84 resulted in significant reductions in excess brain GAG storage that ranged
from 27–40% when administered at doses of 30 and 60 mg/kg, respectively. When taken
together, these results demonstrate that NB84 induced significant decreases in GAG
accumulation in multiple tissues of Idua-W392X mice.

We further evaluated the effect of NB84 treatment on an additional central nervous system
(CNS) marker for MPS I-H. GM2 and GM3 gangliosides have been found to accumulate in
the brain tissue of MPS I-H patients and animal models secondary to GAG accumulation
[26, 27]. GM2 and GM3 gangliosides that appear to be N-glycolylneuraminic acid species
[28, 29] were also found to be elevated in the brain of Idua-W392X mice compared to wild-
type controls (Figure 6E). In Idua-W392X mice treated with 30 mg/kg NB84 for two weeks,
we found that the GM2 and GM3 ganglioside levels remained elevated (Figure 6E). This
indicated that while the experimental NB84 treatment conditions used restored enough α-L-
iduronidase activity to significantly decrease GAG storage in the brain of Idua-W392X mice,
they were not sufficient to reduce secondary ganglioside storage.

DISCUSSION
Aminoglycosides bind to the decoding center, a region of the ribosomal RNA conserved in
prokaryotes and eukaryotes. The decoding center monitors base pairing between codons and
anticodons to ensure the correct amino acid is incorporated into the nascent polypeptide
chain [30, 31]. Aminoglycosides bind strongly to the prokaryotic decoding center. This
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association induces high levels of translational misreading at low drug concentrations, and
completely blocks protein synthesis at higher concentrations. Previous studies have shown
that two critical nucleotide differences in the eukaryotic decoding center significantly
weaken its affinity for aminoglycoside binding [32–34]. These differences in binding
affinity allow aminoglycosides to be used successfully as antibiotics. However, it has been
shown that clinically relevant doses of certain aminoglycosides such as gentamicin can
suppress translation termination at PTCs in mammalian cells [1–3]. Based on these findings,
a subset of aminoglycosides has been repurposed as suppression agents to treat genetic
diseases caused by nonsense mutations.

A major limitation of this approach is the observation that aminoglycosides are frequently
nephrotoxic and/or ototoxic, which prohibits their long-term clinical use. Three distinct
mechanisms have been proposed to underlie aminoglycoside toxicity. First, aminoglycosides
become positively charged in the low pH of the lysosome and bind to negatively charged
phospholipids in the lysosomal membrane [35, 36]. This interaction is thought to inhibit
various membrane-associated biochemical pathways such as phospholipase signaling, which
results in significant cellular pathology. Second, the charged nature of aminoglycosides
induces formation of reactive oxygen species and oxidative damage [37, 38]. Third, the
decoding center of mitochondrial ribosomes is similar to its bacterial counterpart, and some
aminoglycosides inhibit mitochondrial translation [39].

Since aminoglycoside toxicity is not caused by stop codon suppression during cytoplasmic
translation, it is feasible that structural elements within aminoglycosides that induce toxicity
can be separated from those that induce PTC suppression. Refinement of ribosomal
structures has provided better visualization of the differences in aminoglycoside binding to
the eukaryotic and prokaryotic decoding centers. Using systematic structure-function
analyses, structural elements within conventional aminoglycosides predicted to increase
binding to the eukaryotic ribosome and reduce binding to the bacterial (or mitochondrial)
ribosome were identified, including a paromamine backbone in paromomycin, the (S)-4-
amino-hydroxybutanoic acid (AHB) group in amikacin, and the (R)-6′-methyl group in
G418 (Figure 1). This strategy resulted in the generation of novel drug candidates such as
NB54 and NB84 that are predicted to have enhanced efficacy for suppression therapy while
also having significantly reduced toxicity [7, 8, 40, 41].

In this study, we evaluated the ability of the designer aminoglycosides NB54 and NB84 as
well as several conventional aminoglycosides to suppress the mouse Idua-W392X mutation
that causes MPS I-H. Readthrough reporter data indicated that the Idua-W392X sequence
context is particularly resistant to suppression compared to other disease-causing PTCs
(Figure 2) [7, 8, 42]. NB54 and NB84 suppressed the Idua-W392X PTC much more
effectively than the conventional aminoglycosides gentamicin, amikacin, and G418, which
are considered to be potent PTC suppressors. Using MEFs derived from the Idua-W392X
mouse, we found NB84 restored a higher level of α-L-iduronidase than any of the other
drugs tested, which corresponded to 0.32% of wild-type α-L-iduronidase activity (Figure
3A). A similar level of α-L-iduronidase activity was observed in skin fibroblasts from
patients with milder forms of MPS I, including MPS I-Scheie and MPS I-Hurler/Scheie [13,
14]. In agreement with these previous observations, we found that this level of α-L-
iduronidase activity restored by suppression therapy was sufficient to significantly reduce
GAG levels (Figure 3B) and lysosomal abundance (Figure 4) in Idua-W392X MEFs.

Consistent with our in vitro data, NB54 and NB84 were found to be superior to gentamicin
in alleviating the MPS I-H phenotype in vivo. Gentamicin administered at 30 or 60 mg/kg
did not significantly reduce excess GAGs in the urine or tissues of Idua-W392X mice (data
not shown). However, NB54 administered at 30 mg/kg reduced excess GAG storage ≈20%
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in multiple organs (Figure 5), but urine GAGs remained unchanged (data not shown). Idua-
W392X mice administered NB84 at 30 mg/kg showed a 25% reduction in urine GAGs and a
23–55% reduction in excess tissue GAGs, suggesting that NB84 was superior to both NB54
and gentamicin in alleviating the phenotype in the Idua-W392X mouse. Together these data
support the hypothesis that more efficacious suppression agents with decreased toxicity can
be generated by rational drug design. This study represents the first in vivo demonstration of
the effectiveness of NB84 as a suppression drug. In addition, this is the first in vivo
demonstration that suppression therapy can attenuate the primary biochemical defect
associated with the lysosomal storage disease MPS I-H.

This initial evaluation of drug efficacy for the suppression of the Idua-W392X nonsense
mutation, restoration of functional α-L-iduronidase, and reduction in excess GAG storage
was conducted in 8–11 week old mice for a two-week period to determine which drugs
might prove to be effective in treating MPS I-H. Many MPS I-H phenotypes including bone
and heart abnormalities as well as other tissue and organ aberrations associated with MPS I-
H do not occur in Idua-W392X mice until they are approximately 20–40 weeks old [16].
Longer term studies will be required to determine whether the level of GAG reduction
observed in NB84-treated mice is sufficient to prevent the onset of these defects. It was
previously shown that the level of residual α-L-iduronidase activity in MPS I patient skin
fibroblasts can roughly be correlated with the severity of the clinical phenotype [13, 14]. In
general, patients with the severe Hurler form of MPS I had less than 0.1% of normal α-L-
iduronidase activity. Patients with the attenuated Hurler-Scheie and Scheie forms of MPS I
had higher levels of residual α-L-iduronidase activity that generally ranged from 0.1% – 7%
of normal. We were unable to determine the level of α-L-iduronidase activity restored in
vivo due to inhibitory factors in the mouse tissue lysates that greatly reduced our assay
sensitivity. However, we did find that NB84 restored 0.32% of normal α-L-iduronidase
activity in MEFs derived from the Idua-W392X mouse, which significantly alleviated both
biochemical and morphological abnormalities. The correlation between the level of tissue
GAG storage and the severity of the MPS I phenotype has not been as clearly defined.
However, one study found that skin fibroblasts from patients with mild forms of MPS I
retained 20–70% fewer GAGs than cells from patients with the severe form of MPS I [14].
Based on these values, the 23% – 65% reduction in excess tissue GAGs observed in Idua-
W392X mice treated with NB84 may be sufficient to attenuate the MPS I-H phenotype in at
least some tissues.

Three therapeutic approaches are currently available for MPS I-H patients: hematopoietic
stem cell transplantation (HSCT), enzyme replacement therapy (ERT) and substrate
reduction therapy (SRT). Each effectively treats many, but not all, aspects of MPS I-H
disease. HSCT is unable to correct skeletal and heart defects. In order to prevent the onset of
neurological dysfunction, HSCT must be performed at an early age and patients are
subjected to a high risk of morbidity and mortality due to engraftment complications [43,
44]. In contrast, ERT is unable to improve neurological dysfunction in MPS I-H patients
because the recombinant enzyme cannot cross the blood-brain barrier [45]. SRT using the
isoflavone genistein was found to inhibit GAG synthesis and partially reduce excess GAG
storage [46]. Preliminary clinical trials demonstrated that SRT using genistein improved
cognitive function in patients with MPS III (Sanfillipo) disease, suggesting that genistein
reduces GAG storage in the CNS and may be applied as a treatment for other MPS diseases
[47]. Suppression therapy may be a suitable supplement to these current MPS I-H treatments
because: 1) nonsense mutations represent the majority of lesions in many MPS I-H
populations [48]; 2) MPS I-H has a low threshold for phenotypic improvement, since only
0.1–0.3% of normal enzyme levels can reduce disease severity [13, 14]; and 3)
aminoglycosides such as gentamicin can cross the blood-brain barrier to some extent,
potentially enabling α-L-iduronidase function to be partially restored in the CNS [49, 50].
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Importantly, after two weeks of NB84 treatment, GAGs in the Idua-W392X mouse were
reduced to levels that were equal to or greater than the levels of GAG reduction observed
after ten weeks of genistein treatment in an MPS II mouse model [51]. This further suggests
that suppression therapy may provide a viable way to reduce excess GAG accumulation
associated with lysosomal storage diseases that are caused by nonsense mutations.

Aminoglycosides are primarily endocytosed into mammalian cells via the megalin receptor.
Megalin is expressed in epithelial cells, including the choroid plexus modified ependymal
cells that line the cerebral ventricles, which directs a portion of circulating aminoglycosides
to the cerebrospinal fluid (CSF) [52]. In healthy animal models, aminoglycosides
accumulate in the CSF at levels that are approximately 20% of serum aminoglycoside levels
[53, 54]. Based on those results, we expected at least a portion of the aminoglycosides that
we tested to cross the blood-brain barrier. Significantly, we consistently observed a 20–40%
decrease in excess GAG storage in the brain tissues of NB54 and NB84 treated Idua-W392X
mice compared to untreated controls (Figures 5 & 6D). Although an assay to directly
measure NB54 or NB84 concentrations in brain lysates is not yet available, these results
indicate that a functionally significant amount of NB54 and NB84 can enter the CSF and
suppress the Idua-W392X mutation within the CNS tissues. The observation that NB54 and
NB84 can at least partially alleviate one aspect of MPS I-H CNS dysfunction suggests that
other PTC-induced disorders that exhibit CNS dysfunction such as Rett syndrome may also
benefit from these designer drugs [55].

Since the Idua-W392X PTC is particularly resistant to readthrough, it is extremely promising
that a significant decrease in GAG accumulation could be observed using this mouse model.
In this regard, NB54 and NB84 provide promising scaffolds for the development of
additional aminoglycoside derivatives with even greater PTC suppression efficacy for MPS
I-H as well as other diseases caused by PTCs. Additionally, the co-administration of poly-L-
aspartate may provide a way to enhance the effects of NB54 and NB84. This polymer has
not only been shown to alleviate aminoglycoside-induced nephrotoxicity [56], but to also
enhance the efficiency of in vivo gentamicin-mediated PTC suppression by increasing the
cytoplasmic aminoglycoside concentration [6]. Finally, combining suppression therapy with
other current MPS I-H treatments such as HSCT, ERT, or SRT [43, 44, 57] may enhance the
therapeutic benefits in organs that are resistant to current treatments, such as the brain, heart,
or bone. A combinatorial approach may not only prove to be valuable for the treatment of
MPS I-H, but to a wide variety of genetic diseases caused by nonsense mutations.
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Highlights

Various aminoglycosides that suppress nonsense mutations with were tested.

NB54 and NB84 suppressed a nonsense mutation in an MPS I-H mouse.

NB84 significantly reduced GAG levels in the Idua-W392X mouse.
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Figure 1. Chemical structures of readthrough compounds
(A) Conventional aminoglycosides evaluated for the ability to suppress the Idua-W392X
nonsense mutation. (B). Designer aminoglycosides evaluated for the ability to suppress the
Idua-W392X nonsense mutation. The chemical groups shaded in paromomycin, amikacin
and G418 were used to generate the designer aminoglycosides NB54 and NB84.
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Figure 2. Idua-W392X readthrough reporter assays
(A) A schematic of the dual luciferase readthrough reporters. The sequences of the Idua-WT
(UGG) and Idua-W392X (UAG) readthrough cassettes are shown. (B) The percent
readthrough values of the Idua-W392X nonsense mutation +/− various readthrough agents
are shown. Also shown is the percent readthrough values obtained using a reporter that
expresses a UGAC termination signal within a context that is particularly susceptible to
suppression. The fold-increase signifies the percent readthrough obtained with treatment
relative to the percent readthrough obtained without treatment for the UGAC and the Idua-
W392X contexts, respectively. Gent: gentamicin, Paro: paromomycin, Amik: amikacin. (C)
The percent readthrough values of the Idua-W392X nonsense construct +/− varying
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concentrations of NB54 or NB84 are shown. The fold-increase signifies the percent
readthrough obtained with treatment relative to the percent readthrough obtained without
treatment for the Idua-W392X context. The data shown is expressed as the mean +/− SD of
at least six replicates.
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Figure 3. Evaluation of Idua-W392X suppression using MEFs
(A) α-L-iduronidase specific activity in Idua-W392X MEFs cultured +/− varying
concentrations of conventional and designer aminoglycosides. The dashed line indicates the
α-L-iduronidase specific activity value that is 0.2% of WT as reference. The data shown is
expressed as the mean +/− SD of at least six replicates. (B) Sulfated GAG quantitation in
wild-type MEFs (WT) and Idua-W392X MEFs (W392X) cultured in the absence or presence
of G418 or NB84. The dashed line represents the WT GAG level as a reference to compare
with the GAG levels in the Idua-W392X MEFs. The data shown is representative data
expressed as the mean +/− SD of at least three replicates.
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Figure 4. Lysosome abundance in MEFs
(A–F) Representative confocal fluorescence microscopy images of wild-type MEFs (WT),
Idua-W392X MEFs (W392X), and Idua-W392X MEFs treated with 2 mg/ml NB84 (W392X
+NB84) for 48 hours. (A, C, E) LysoTracker Red stain and DAPI stain are pseudo-colored
as red and blue, respectively. (B, D, F) LysoTracker Red stain, DAPI stain and CellMask
Deep Red plasma membrane stain are pseudo-colored as red, blue, and green, respectively.
Scale bar = 50 microns. (G) Quantitation of LysoTracker signal abundance normalized to
DAPI in WT, W392X, and W392X + NB84 MEF cell cultures. (H) LysoTracker signal
intensity normalized to DAPI in WT, W392X, and W392X+NB84 MEF cell cultures. The
data is expressed as the mean +/− SD for approximately ≥100 cells for each condition. ** p
<0.01, * p < 0.05. Image capture and quantitation were performed under identical
microscopy settings. For the purpose of better visualization of images in Panels A–F, the
contrast of the LysoTracker signal was increased by 50%. Additional quantitation
information is found in the Materials and Methods.
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Figure 5. In vivo treatment with NB54
The level of GAGs was assayed in spleen, heart, and brain mouse tissues collected from
Idua-W392X mice treated with 30 mg/kg NB54 and compared to the GAG levels in the same
tissues from untreated Idua-W392X mice and WT controls. The data shown is the fold-
increase in tissue GAG levels in untreated and treated Idua-W392X mice relative to WT
controls. The dashed lines provide a reference for the GAG levels in untreated mutant mice.
The data is expressed as the mean +/− SD of 9 assays from samples collected from 3 mice.
*** p < 0.001, * p < 0.05.
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Figure 6. In vivo treatment with NB84
(A) Urine GAG levels from untreated wild-type mice (WT) and Idua-W392X mice
(W392X), or W392X mice after treatment with 15, 30 and 60 mg/kg of NB84. The data is
expressed as the mean +/− SD of 8 assays collected from two groups of mice (3 mice/
group). The levels of GAGs stored in (B) spleen, (C) heart, and (D) brain mouse tissues
were assayed in Idua-W392X mice treated with 15, 30, and 60 mg/kg NB84 and compared to
the GAG levels in untreated Idua-W392X mice and WT controls. The data shown is the fold-
increase in tissue GAG levels in untreated and treated Idua-W392X mice relative to WT
controls. The dashed lines provide a reference for the GAG levels in untreated mutant mice.
The data is expressed as the mean +/− SD for 18 assays from 6 mice. *** p < 0.001, ** p <
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0.01, ns = not significant. (E) Glycosphingolipid analysis of brain lysates from Idua-W392X
mice treated with 30 mg/kg NB84 for two weeks (lane 6) compared to untreated WT (lane
4) and mutant (lane 5) controls. Glycosphingolipid standards are shown in lanes 1–3 and 7–
8, where Ac-GM2 and Ac-GM3 respectively stand for N-acetylneuraminic acid-containing
GM2 and N-acetylneuraminic acid-containing GM3. Likewise Gc-GM2 and Gc-GM3
respectively stand for N-glycolylneuraminic acid-containing GM2 and N-
glycolylneuraminic acid-containing GM3. Asterisks (*) indicate the location of the Gc-GM2
and Gc-GM3 species found to be elevated in Idua-W392X mice.
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