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Abstract

New drugs are needed to enhance premature termination codon (PTC)
suppression to treat theunderlying causeof cysticfibrosis (CF) andother
diseases caused by nonsense mutations. We tested new synthetic
aminoglycoside derivatives expressly developed for PTC suppression in
a series of complementary CF models. Using a dual-luciferase reporter
system containing the four most prevalent CF transmembrane
conductance regulator (CFTR) nonsense mutations (G542X, R553X,
R1162X, and W1282X) within their local sequence contexts (the three
codons on either side of the PTC), we found that NB124 promoted the
most readthrough of G542X, R1162X, andW1282X PTCs. NB124
also restored full-length CFTR expression and chloride transport in
Fischer rat thyroid cells stably transduced with a CFTR–G542XcDNA
transgene, and was superior to gentamicin and other aminoglycosides
tested. NB124 restored CFTR function to roughly 7% of wild-type
activity in primary human bronchial epithelial (HBE) CF cells (G542X/
delF508), a highly relevant preclinical model with endogenous CFTR
expression. Efficacy was further enhanced by addition of the CFTR
potentiator, ivacaftor (VX-770), to airway cells expressing CFTR PTCs.
NB124 treatment rescued CFTR function in a CF mouse model
expressing a human CFTR-G542X transgene; efficacy was superior
to gentamicin and exhibited favorable pharmacokinetic properties,
suggesting that in vitro results translated to clinical benefit in vivo.
NB124 was also less cytotoxic than gentamicin in a tissue-based model
for ototoxicity. These results provide evidence that NB124 and other

synthetic aminoglycosides provide a 10-fold improvement in
therapeutic index over gentamicin and other first-generation
aminoglycosides, providing a promising treatment for a wide
array of CFTR nonsense mutations.
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Clinical Relevance

Translational readthrough of premature termination codons
(PTCs) represents a potential treatment for the proximate cause
of cystic fibrosis (CF) and many other genetic diseases caused
by nonsense mutations. We show that rationally designed
synthetic aminoglycosides provide superior readthrough of
PTCs in CF transmembrane conductance regulator (CFTR)
in vitro and in vivo compared with conventional agents, and
can be readily combined with the clinically approved CFTR
potentiator, ivacaftor, to maximize functional activity. Synthetic
aminoglycosides restore ion transport activity of mutant
CFTR caused by clinically relevant nonsense mutations,
significantly improving therapeutic index and providing
a potential approach for life-long treatment of genetic disease.
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Cystic fibrosis (CF) is a common lethal
genetic disease that affects at least 30,000
people in the United States, where roughly 1
in 25 persons of European descent is a
carrier (1). This autosomal monogenic
disorder arises from defects in the CF
transmembrane conductance regulator
(CFTR) gene. The CFTR protein is
a cAMP-regulated chloride channel located
primarily at the apical surface of epithelial
cells in the lung, pancreas, intestine,
liver, and male reproductive system (1).
Roughly 10% of patients with CF carry
a mutation that results in a premature
termination codon (PTC; also referred to as
a nonsense mutation) in at least one CFTR
allele, resulting in an absent of functional
CFTR protein and severe CF disease.
The incidence of nonsense mutations is
especially high in individuals of Ashkenazi
Jewish decent, where they account for
more than 60% of all CFTR mutations (2).

Aminoglycosides are used as antibiotics
due to their ability to preferentially inhibit
bacterial protein synthesis. At high
concentrations, they block prokaryotic
translation initiation, whereas at lower doses
they reduce the accuracy of the ribosomal
decoding site (3). In eukaryotic cells,
aminoglycosides also increase translational
misreading and suppress PTCs. This raises
the possibility that PTC suppression
represents a potential treatment for genetic
diseases caused by nonsense mutations (4,
5). Readthrough of a PTC occurs when an
amino acid carried by a near-cognate
aminoacyl-tRNA (which has an anticodon
complementary to two of the three bases
of the PTC) is incorporated into the
nascent polypeptide chain. This amino acid
insertion at the stop codon allows in-frame
translation elongation to resume and
generate a full-length protein. Previous
in vitro studies have shown that some
aminoglycosides have the ability to
suppress nonsense mutations by this
mechanism and restore the synthesis of
functional proteins (4, 5). For example,
gentamicin has been shown to partially
restore the expression of full-length,
functional protein in cell-based and mouse
models of various genetic diseases,
including CF (4, 6) and Duchenne
muscular dystrophy (7). The effects of
gentamicin on CFTR activity in patients
with CF with nonsense alleles have also
been demonstrated (8–11). Unfortunately,
the long-term use of aminoglycosides
frequently leads to severe side effects, such

as nephrotoxicity and ototoxicity (12),
which limit their application in PTC
suppression therapy.

Recent efforts have aimed to develop
new strategies to enhance nonsense
suppression activity while reducing toxicity.
For example, poly-L-aspartic acid, a
compound previously shown to
significantly reduce aminoglycoside toxicity,
was found to increase both the level and
duration of readthrough in a CFTR-G542X
transgenic mouse (13). In a second
approach, PTC Therapeutics, Inc. (South
Plainfield, NJ) used high-throughput
screening to identify the
nonaminoglycoside readthrough
compound, ataluren (also known as
PTC124) (14). Ataluren was shown to have
advantages over aminoglycosides for
nonsense suppression, because it is both
nontoxic and orally bioavailable. Animal
studies reported that PTC124 partially
restored CFTR function in a CF mouse
model (15) and dystrophin levels in the
mdx mouse model of Duchenne muscular
dystrophy (14). However, despite some
success in phase 2 testing (16–18), ataluren
did not provide a significant improvement
in the primary endpoint of a recent phase
III clinical trial, suggesting that this
compound may not restore enough CFTR
function to provide a significant therapeutic
benefit in an unselected population
(19). In a third approach, a series of
aminoglycoside derivatives were
rationally designed to provide higher
readthrough activity with less toxicity
(20). One of the early compounds
produced, NB54, suppressed PTCs to
a level comparable to gentamicin in
immortalized and primary human CF
cells, as well as in the CFTR-G542X
transgenic mouse model, while exhibiting
low toxicity, suggesting a potential
advantage of this approach (21).

Aminoglycoside antibiotics were
originally developed for their antibacterial
properties. However, a significant portion of
the toxicity associated with aminoglycosides
may stem from their ability to also
inhibit mitochondrial translation. More
recently, further advances in the rational
design of these compounds has allowed their
toxic effects to be separated from their
ability to promote translational readthrough
(22). In the current study, new synthetic
aminoglycosides specifically developed to
further enhance readthrough efficacy while
maintaining their improved toxicity profile

were evaluated in a series of cell-based
and animal models for efficacy, toxicity, and
pharmacokinetics (Figure 1). Through this
process, we identified NB124, a novel
aminoglycoside derivative that exhibits
roughly 2.5-fold greater readthrough activity
than gentamicin across several clinically
relevant CF alleles, while also exhibiting
lower toxicity and favorable pharmacokinetic
properties. Furthermore, CFTR activity
could be further augmented by addition of
the CFTR potentiator, ivacaftor. Taken
together, these results provide evidence that
NB124 is a promising readthrough
compound that can restore significant CFTR
expression and activity from several
common CFTR nonsense alleles.

Materials and Methods

Further details regarding methodology and
cell lines are provided in the online
supplement.

Dual Luciferase Assay

Readthrough cassettes contained the
G542X, R553X, R1162X, or W1282X
CFTR PTCs (or the corresponding wild-
type codon) together with three codons of
upstream and downstream human CFTR
sequence (Figure 2A; see also Table E1 in
the online supplement). Each cassette
was inserted between the Renilla and
firefly genes (23, 24). Constructs
were transiently transfected into CF
bronchial epithelial (CFBE41o2) cells
(genotype delF508/delF508) and grown
in the presence of readthrough
compounds for 24 hours. Dual-luciferase
assays were then conducted as previously
described (21).

Fischer rat thyroid cell line development.

Fischer rat thyroid (FRT) cells were stably
transduced with mutant CFTR-G542X or
CFTR–wild-type cDNA using the Flp-In
system (Invitrogen, Grand Island, NY) to
allow accurate comparison between
mutation groups (25).

Primary human epithelial cell culture.

First- or second-passage primary human
bronchial epithelial (HBE) cells were
derived from lung explants (26, 27).
Cells were grown for 6–8 weeks until
terminally differentiated. The University
of Alabama at Birmingham Institutional
Review Board approved use of human
airway cells.
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Transepithelial Conductance

Measurements

FRT cells were treated with synthetic
aminoglycosides for 48 hours when
transepithelial resistance was greater than
2 kV $ cm2. Transepithelial conductance
(Gt) of CFTR-G542X–expressing cells was
measured using a 24-channel current clamp
coupled with silver chloride electrodes
(EP-Devices, Bertum, Belgium) and a
computer-controlled robot (PrecisePlace
2,300 Robot; Precision Automation Inc.,
La Jolla, CA) (28). Gt was measured before
and after stimulation of CFTR activity by
addition of forskolin (10 mM) followed by
CFTRInh-172 (10 mM).

Short-circuit current measurements.

Short-circuit current (Isc) was measured
under voltage clamp conditions inUssing
chambers (Physiologic Instruments, San
Diego, CA) (21, 26, 27). Amiloride (100
mM) was added to block residual epithelial
sodium channel current, followed by the
CFTR agonist, forskolin, and the inhibitor,
CFTRInh-172 (10 mM).

CFTR Western Blotting

FRT cell lysates were normalized for protein
concentration and separated by gel
electrophoresis. CFTR was detected by anti-

CFTR antibody (1:1 mixture of 570 and 596
monoclonal anti-CFTR antibodies [26, 29]).

Murine Studies

The University of Alabama at Birmingham
Institutional Animal Care and Use
Committee approved all protocols. Cftr
knockout mice expressing a human CFTR-
G542X transgene under intestine-specific
rat fatty acid binding protein were treated
by subcutaneous injection once daily for
14 days (6, 13, 15). Freshly mounted
intestinal slices were stimulated with
forskolin (10 mM) and IBMX (100 mM)
in Ussing chambers using a partial
chloride secretory gradient; glybenclamide
was used to confirm specificity. For
immunohistochemistry studies, intestinal
tissue was embedded and fixed immediately
after animals were killed. CFTR was
detected with a 1:200 dilution of CFTR
antibody 4562, followed by goat anti- rabbit
IgG conjugated to AlexaFluor-488
(Invitrogen no. A-11008) (21).

Toxicity Assays in Cochlear Explants

Toxicity to the sensory cells of the inner ear
was determined in explants of the organ of
Corti of the early postnatal mouse (30).
The presence or absence of hair cells after
72-hour treatment was quantified for the

entire length of the cochlea by light
microscopy of the phalloidin-stained
stereociliary bundles and circumferential
F-actin rings on the cuticular plate.

Determination of Serum

Aminoglycoside Levels

ELISA assays were conducted using
a generic aminoglycoside antibody
that detects a variety of therapeutic
aminoglycosides using conditions described
previously (31).

Results

Comparison of the Ability of Synthetic

Aminoglycosides to Suppress Four

Common CFTR PTCs Using Dual-

Luciferase Readthrough Reporters

Medicinal chemistry has resulted in serial
improvements in the ability of synthetic
aminoglycosides to induce readthrough of
PTCs in eukaryotic cells, while also reducing
their toxic effects. Some of these
compounds, such as NB74, NB84, and
NB124 (Figure 1), have shown considerable
promise, but have not yet been tested in
CF-relevant models (22, 32). To do this, we
first used dual-luciferase readthrough
reporters to test the ability of these
aminoglycoside derivatives to mediate
suppression of different CFTR PTCs.
Gentamicin and NB54 were used as
controls, because they have been used to
induce nonsense suppression in CF (and
other) systems in previous studies (20, 21).
The nonsense suppression activity of each
compound was tested in a CFBE cell line
(CFBE41o2 cells stably expressing a CFTR
cDNA transgene under cytomegalovirus
promoter control), as these cells provide
a model for CFTR processing and function
in a relevant airway cell line.

Many studies have shown that the
context surrounding a stop codon plays
an important role in its response to PTC
suppression. To test suppression of the four
most common CFTR PTCs (G542X, R553X,
R1162X, and W1282X), we constructed
dual-luciferase reporters that each contained
a Renilla gene, a firefly gene, and a
CFTR readthrough cassette with each
PTC, and the context of three additional
codons on either side of the PTC
(Figure 2A). After transient transfection
into CFBE41o2 cells, the ability of the
aminoglycoside derivatives to suppress each
of the four CFTR PTCs was tested. Previous

Figure 1. Chemical structures of synthetic aminoglycosides.
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Figure 2. Readthrough assays in immortalized cystic fibrosis (CF) bronchial epithelial (CFBE) cells transiently transfected with readthrough reporters. (A)

The diagram of dual-luciferase (Luc) reporters. Four CF transmembrane conductance regulator (CFTR) premature termination codons (PTCs; bold),

together with their natural context, are shown. The corresponding WT codons are GGA for G542, CGA for R553, CGA for R1162, and TGG for W1282.

pA, Poly(A) tail; PCMV, CMV promoter. (B–E) CFBE41o2 cells are transfected with one of the reporters; 3 hours later, various doses (3, 10, 30, and 100 mM)

of five drugs (gentamicin, NB54, NB74, NB84, and NB124) were added into medium. Luciferase assays were performed after 24 hours. The numbers of

readthrough fold for the four PTCs are shown. Readthrough fold is determined as the ratio of readthrough percent after treatment to that of untreated,

whereas readthrough percent is the ratio of Firefly number to Renilla number normalized to wild-type (WT). Gent, gentamicin. The data are shown as

means 6 SD of at least six replicates. *Significance relative to untreated; †significance relative to 100 mM gentamicin; * or †P , 0.05, **P , 0.01, ***P ,

0.001, **** or ††P , 0.0001.
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studies have shown that exposure of
cultured cells to high doses of readthrough
compounds induces high levels of
nonsense suppression. However, these
concentrations may not be readily
achieved in vivo. Because we previously
reported that peak serum levels of 50–100
mM of aminoglycoside could be
correlated with readthrough activity, we
initially tested these compounds using
doses ranging from 0 to 100 mM (100 mM
is equivalent to 50–70 mg/ml, depending on
the compound).

Initially, we treated the CFTR-
corrected CFBE41o2 cells expressing the
G542X dual-luciferase reporter with
NB124. We observed a 1.5-fold increase
in firefly luciferase activity at the 100-mM
dose relative to the untreated control
(Figure 2B). The effect of NB124 at this
dose was significantly higher than
gentamicin, which increased firefly activity
only less than 1.2-fold above the untreated
control. Qualitatively similar results were
obtained for the R1162X and W1282X
PTCs (Figures 2D and 2E). NB124
(100 mM) induced a 2.5-fold increase in
readthrough at the highest dose tested with
the R1162X readthrough reporter
(Figure 2D), and a 1.9-fold increase in
readthrough with the W1282X construct.
In both cases, the level of readthrough
induced by NB124 was significantly higher
than gentamicin. In contrast, NB124
induced a much lower (1.2-fold) level of
readthrough at the R553X PTC (Figure 2C),
which was slightly lower than the
readthrough induced by gentamicin. These
results indicate that NB124 induces more
readthrough than gentamicin (or the other
synthetic aminoglycosides) at three of the
four CFTR PTCs examined, but only using
the highest dose tested (100 mM, or 60
mg/ml). Furthermore, because all four of
the CFTR PTCs tested were UGA nonsense
codons, the differences observed in the
readthrough pattern observed with the
R553X mutation compared with the other
PTCs demonstrates that the surrounding
sequence context has a significant influence
on the level of nonsense suppression
obtained.

Partial Restoration of CFTR Function

in FRT Monolayers Expressing CFTR-

G542X

We next used a forskolin-dependent Gt
assay to determine the level at which the
aminoglycoside derivatives suppressed

CFTR PTCs and restored full-length,
functional CFTR in cultured FRT epithelial
cells stably transduced with human CFTR-
G542X cDNAs using Flp-in technology (25).
CFTR-G542X was chosen because this
mutation is the most common allele seen in
human subjects, and matches an animal
model planned for use in subsequent
studies. This cell line provided an
advantage, as it is widely used to monitor
CFTR-dependent ion transport, and is
suitable to monitor Gt as a proxy for CFTR
function using a robot-controlled apparatus
with excellent throughput, sensitivity, and
reproducibility (28). A description of the
assay development and performance is
provided online (supplemental RESULTS and
Figures E1 and E2).

To assess the efficacy of synthetic
aminoglycosides, FRT-G542X cells were
treated for 48 hours, then CFTR activity
determined by the change in Gt after
forskolin (10 mM) activation. CFTR
function was then confirmed with
subsequent administration of CFTRInh-172
(10 mM). As shown in Figure 3, synthetic
aminoglycosides induced a significant
increase in forskolin-stimulated Gt (Figures
3A and 3B) that was confirmed after
addition of CFTRInh-172 (Figures 3A and
3C). The maximum activity was seen with
NB124 (250 mg/ml), which was associated
with a 2.5-fold increase in forskolin-
stimulated Gt, and was significantly greater
than observed with monolayers treated with
either gentamicin (P , 0.0001) or NB84
(P , 0.001). The effects of NB124 were also
dose-dependent.

To confirm functional restoration of
CFTR was accompanied by biochemical
detection of full-length and mature protein,
we conducted Western blotting of
monolayers after treatment with synthetic
aminoglycosides. Increased expression of
CFTR C band was observed with NB124 and
other synthetic aminoglycosides as
compared with gentamicin or control
conditions (Figure 3D).

When taken together, these results
indicated that NB124 suppresses the
relatively common CFTR-G542X mutation
more efficiently than other tested
aminoglycosides. The relative functional
activity of the synthetic aminoglycosides in
FRT monolayers also closely matched
with the relative readthrough levels
observed in the dual luciferase reporter
transduced with CFTR-G542X. These
results provided the impetus to advance the

analysis to other, more sophisticated CF
models.

Partial Rescue of CFTR Function in

Primary HBE Cells

In previous studies, the functional data
obtained with primary HBE cells were found
to be predictive of the later results obtained
in CF clinical trials (33, 34). We therefore
next used CFTR functional assays on
primary HBE cells (CFTR genotype G542X/
delF508) to evaluate the PTC suppression
efficacy of synthetic aminoglycosides.
Untreated primary HBE cells exhibited a
forskolin-dependent Isc of 1.3 mA/cm2, and
a small (1.5-fold) increase in Isc was
observed when these cells were treated with
NB54 or NB84. No increase was observed
in cells treated with gentamicin, probably
because it is relatively inactive in primary
HBE cells (21). Larger 2- to 2.5-fold
increases in Isc were observed in cells
treated with NB74 and NB124, respectively
(Figure 4), and mirrored the effects seen
in CFTR-G542X transduced FRT
monolayers. These results indicate that
NB124 restores more CFTR function than
the other tested compounds in primary
HBE cells, and to levels approaching 7%
of wild-type CFTR activity.

Partial Restoration of CFTR Function

in Cftr2/2 Mice Expressing a Human

CFTR-G542X Transgene

The in vitro results described previously
here demonstrate that several synthetic
aminoglycosides suppress CFTR PTCs
more effectively than gentamicin, with
NB124 most effectively restoring CFTR
function across several clinically relevant
alleles, including CFTR-G542X, the most
common disease-causing nonsense allele.
Based on those results, we next tested the
ability of NB124 to suppress CFTR in a Cftr
knockout mouse line expressing a human
CFTR-G542X transgene under control of
the intestine-specific rat fatty acid–binding
protein promoter (referred to hereafter as
Cftr2/2 hCFTR-G542X). Mice were
administered NB124 or gentamicin (at
doses of 30 and 60 mg/kg) by subcutaneous
injection once daily for 14 days. The mice
were then killed and ileum segments were
assayed to determine whether cAMP-
stimulated transepithelial Isc could be
detected as an indication of CFTR activity.
Figures 5A and 5B show representative Isc
tracings from Cftr1/1 hCFTR-G542X and
Cftr2/2 hCFTR-G542X mice (positive and
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Figure 3. Improved CFTR function and expression in CFTR-G542X–expressing Fischer rat thyroid (FRT) monolayers. (A) Representative tracings of the

change in the transepithelial conductance (D Conductance, D transepithelial conductance [Gt]) of FRT cell monolayers (n = 9) expressing CFTR-G542X

treated with synthetic aminoglycosides and gentamicin (250 mg/ml, unless indicated otherwise). CFTR activity was measured as the change from baseline

conductance after the addition of forskolin (10 mM); CFTR-Inh172 (10 mM) was used to block CFTR-mediated Gt for confirmation. (B and C) Mean change

in Gt induced by forskolin (B) and CFTRInh-172 (C) for experiments shown in (A). *P , 0.05, ***P , 0.001, ****P , 0.0001 versus vehicle or gentamicin
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negative controls, respectively), and Figures
5C and 5D show Isc tracings from Cftr2/2

hCFTR-G542X mice treated with 60 mg/kg
gentamicin and 30 mg/kg NB124,
respectively. These data are summarized in
Figure 5E, which shows a scatter plot of
forskolin-stimulated Isc from ileum samples
obtained from untreated and treated
Cftr2/2 hCFTR-G542X mice. The mean
forskolin-stimulated Isc was 5.7 (6 3.7)
mA/cm2 in ileum samples from untreated
Cftr2/2 hCFTR-G542X mice (negative
controls), and 255.7 (6 36.1) mA/cm2 in
samples from wild-type mice (positive
controls). In Cftr2/2 hCFTR-G542X mice
treated with 30 mg/kg gentamicin, we did
not observe a significant increase in Isc
relative to the untreated controls (5.3 6 4.1
mA/cm2). However, when the gentamicin
dosage was increased to 60 mg/kg, the Isc
increased to 9.7 (6 5.8) mA/cm2 (3.8% of
the wild-type control). In contrast,
significant increases in forskolin-stimulated
Isc were observed in Cftr2/2 hCFTR-G542X
mice treated with 30 and 60 mg/kg
NB124 (14.7 6 7.8 and 12.4 6 9.2,
respectively). The increases in Isc in these
NB124-treated mice were 5.8 and 4.9%,
respectively, of the forskolin-stimulated Isc
observed in wild-type control mice, and
the response to 30 mg/kg NB124 was
roughly 2.5-fold greater than the currents

observed in controls treated with the same
dose of gentamicin. Consistent with the
observed restoration of CFTR activity, we
also detected human CFTR in the epithelial
submucosal glands in the duodenum of
mice treated with gentamicin (Figure 5G)
or NB124 (Figure 5H), whereas only
background was observed in corresponding
tissues from untreated mice (Figure 5F);
of note, we were unable to detect a
difference between gentamicin and
NB124 treatment with this nonquantitative
assay. When taken together, these results
indicate that NB124 restores greater
CFTR function (and at a 2-fold lower
dose) than gentamicin in Cftr2/2 hCFTR-
G542X transgenic mice, and has a slightly
more favorable dose–response
relationship.

To understand the relationship
between readthrough efficacy and the
pharmacokinetics of synthetic aminoglycosides,
we also examined serum levels of
gentamicin and NB124 in treated mice
using an ELISA-based assay (Table 1).
The peak concentrations of NB124
(determined 20 min after injection) were
18 and 62% greater than gentamicin
at 30 and 60 mg/kg, respectively, whereas
trough concentrations (measured 120 min
after injection) were 65 and 38% lower
than gentamicin. Together, these results

indicate that NB124 reaches a slightly
higher peak serum level than gentamicin
shortly after administration, but its
concentration subsequently diminishes
more rapidly thereafter. This
pharmacokinetic profile is favorable,
because readthrough may be limited
by epithelial cell penetration, which
is dependent on peak concentration.
In contrast, toxicity is largely governed
by persistently high trough
concentrations (35).

NB124 exhibits lower toxicity than

gentamicin in cochlear cell explants. The
nephrotoxicity and ototoxicity caused by
aminoglycosides are well known, and
currently limit prolonged clinical use (35).
Previous studies have shown that organ
explants from the cochlea of early postnatal
mice provide a good model to monitor
the toxicity of compounds such as
aminoglycosides (30). As shown in
Figure 6, the inhibitory concentration (IC)
at which 50% of cells were lost of NB124
was found to be 15 mM, a level that was
more than fourfold higher than the IC of
gentamicin (3.5 mM). NB84 was also less
toxic, with an IC at which 50% of cells were
lost of 20 mM. Because reliable readthrough
assays in primary HBE cell monolayers and
in vivo found that NB124 suppresses the
G542X-CFTR nonsense mutation roughly
2.5-fold more effectively than gentamicin
in vivo, these results indicate that the
efficacy:toxicity ratio of NB124 is
approximately 10-fold better than
gentamicin.

CFTR activity resulting from PTC

suppression is enhanced by a CFTR

potentiator. Previous studies have shown
that the CFTR potentiator, ivacaftor
(formerly VX-770) can increase the open
probability of wild-type and mutant forms
of CFTR at the cell surface, thereby
enhancing chloride transport (25, 26, 33).
Because our ultimate goal is to restore
enough CFTR function in PTCs of patients
with CFTR to provide a therapeutic benefit,
we next tested whether the addition of
ivacaftor could enhance the level of CFTR
function obtained by PTC suppression.

We initially tested whether ivacaftor
could enhance the level of CFTR function
restored by PTC suppression in CFBE41o2

Figure 4. Restoration of CFTR function in CF primary human bronchial epithelial (HBE) cells derived

from a G542X/F508del donor. The forskolin (20 mM) -stimulated short-circuit current (Isc) of HBE cells

treated with one of the five drugs (250 mg/ml) or vehicle control for 48 hours is shown and plotted in

comparison to the relative percent values obtained in a panel of non-CF HBE cells tested under the

exact same conditions. The data are shown as means 6 SEM of at least four replicates. **P , 0.01.

Figure 3. (Continued). (n = 9 per condition, performed in three replicate experiments). (D) Representative Western blot demonstrating presence of CFTR C-

band (closed arrowhead) and B-band (open arrowhead) after treatment with synthetic aminoglycosides (n = 3 monolayers/lane) in comparison to vehicle

and gentamicin control.
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cells expressing theCFTR-R1162X allele.
We found that treatment with 10 mM
ivacaftor induced a two- to threefold
increase in Isc over the level of CFTR
function induced by readthrough alone for
each of the five readthrough drugs when
prestimulated with a submaximal
concentration of forskolin (100 nM;
Figure 7A), consistent with its known
activity as a CFTR potentiator that
increases the open probability of wild-type

CFTR by approximately twofold (26, 33). In
CFBE41o2 cells expressing the CFTR-
W1282X allele, ivacaftor stimulated Isc 2.5-
to 4-fold above the level observed with
synthetic aminoglycosides alone
(Figure 7B). This large enhancement is
consistent with the prior finding that
truncated, partially active, and ivacaftor-
responsive CFTR may be localized to the
cell surface in these cells (29). Overall, we
conclude that ivacaftor enhances CFTR

function above the levels promoted by
readthrough drugs alone.

Discussion

Partial restoration of protein function by
PTC suppression has been demonstrated in
a number of diseases caused by nonsense
mutations, including CF (4, 6, 10),
Duchenne muscular dystrophy (7, 14),

Figure 5. c-AMP–activated transepithelial currents in ileum sections from mice treated with gentamicin or NB124. Representative tracings of (A) untreated

Cftr1/1 hCFTR-G542X mice (WT control), (B) untreated Cftr2/2 hCFTR-G542X (negative control), (C) gentamicin-treated Cftr2/2 hCFTR-G542X (60 mg/

kg), and (D) NB124-treated Cftr2/2 hCFTR-G542X (30 mg/kg). (E) Scatter plot of all data from Cftr2/2 hCFTR-G542X mice (untreated, gentamicin

treated, and NB124 treated). The mean is shown as a bar. **P, 0.01, ***P, 0.001, ****P, 0.0001. (F–H) Human CFTR immunofluorescence of excised

intestine from mice treated with gentamicin or NB124. The tissue was cut 5-mM thick and incubated with CFTR-NBD1 antiserum and AlexaFluor488-

labeled secondary antibody (green). Nuclei were stained with 49,6-diamidino-2-phenylindole (blue). Representative images are shown from (F) untreated

Cftr2/2 hCFTR-G542X (negative control), (G) gentamicin-treated Cftr2/2 hCFTR-G542X (60 mg/kg), and (H) NB124-treated Cftr2/2 hCFTR-G542X

(30 mg/kg). Fsk, forskolin; Gly, glybenclamide; IBMX, 3-isobutyl-1-methylxanthine.
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mucopolysaccharidosis I-H (36–38), late
infantile neuronal ceroid lipofuscinosis
(39), Rett syndrome (40), Usher syndrome
(41), thalassemia (42), and leukocyte
adhesion deficiency (43). Moreover,
gentamicin has been successfully tested
in pilot clinical trials to suppress
nonsense mutations in patients with
CF (8–11) and Duchenne muscular
dystrophy (44–46). Unfortunately, the
long-term use of aminoglycoside
antibiotics is currently untenable, due
to serious side effects associated with
these compounds, such as ototoxicity
and nephrotoxicity (35). Because
a pharmacological approach to suppress
PTCs that cause genetic diseases would
require treatment throughout the
patient’s life, toxicity combined with
relatively low efficacy have presented
significant barriers to the use of
aminoglycosides to treat genetic diseases
caused by PTCs.

The caveats described here have led to
rational drug design approaches to increase
readthrough efficacy and reduce
associated toxicity. In this study, we
examined the relative efficacy of a
traditional aminoglycoside antibiotic,
gentamicin, with four synthetic
aminoglycoside derivatives, some of
which have been previously examined
(20, 21). The design of the synthetic
aminoglycosides was based on the
hypothesis that aminoglycoside antibiotics
that acted by blocking prokaryotic
ribosome function would also inhibit
mitochondrial ribosomes, due to their
prokaryotic nature (22). The derivatives
described in this study were developed
through progressive steps to eliminate
structural components that mediated
antibacterial effects, while at the same time
retaining the features that promoted
readthrough on eukaryotic ribosomes. This
rational design approach was validated in

the current study, because two of the
newest derivatives, NB84 and NB124,
were found to mediate the highest level
of readthrough in various CF models
(Figures 2–4). These findings clearly
highlight improvements in the structure/
activity relationship of this drug scaffold.
Notably, these compounds also exhibited
much lower potential ototoxicity than
gentamicin, as measured by a significantly
reduced damage to cochlear hair cells in
tissue explants (Figure 6).

This study took advantage of a series of
cell-based and animal models to determine
which aminoglycoside derivatives provide
the best readthrough activity at different
CF mutations within distinct sequence
contexts. The dual-luciferase assays were
performed in immortalized CFBE41o2

bronchial epithelial cells, which allowed the
relative suppression of CFTR PTCs to be
determined in an airway cell environment
(Figure 2). Results obtained with this
system highlighted how a UGA nonsense
mutation can respond differently to
translational readthrough agents as
a function of the surrounding sequence
context (three codons upstream and
downstream of the original CFTR
mutation). We found that three CFTR
UGA mutations (G542X, R1162X, and
W1282X) exhibited qualitatively similar
responses to the compounds and showed
maximal suppression with NB124. In
contrast, the UGA mutation associated with
R553X was more refractory to suppression,
demonstrating that sequence context plays
an important role in PTC suppression.
Further studies are needed to better
understand how the sequence context
causes these differences in PTC
suppression.

Our study was based on the use of
a series of functional and biochemical
readthrough models. This includes use of
a newly constructed FRT Flp-In cell line
expressing a CFTR-G542X transgene
(Figure 3 and Figures E1 and E2). The FRT
Flp-In cell line permits comparison of
various CFTR forms, because CFTR
expression and the chromosome insertion
site are controlled. Furthermore, the
cell line is highly amenable to the Gt
ion transport assay by DGt, which
demonstrated excellent reproducibility and
consistency (Figures 3 and E2). The
immortalized CFBE41o2 cells stably
transfected with CFTR-R1162X or CFTR-
W1282X cDNAs under cytomegalovirus

Table 1: Serum Levels of Gentamicin and NB124

Serum Level

Dose (mg/ml)

Compound (mg/kg) 20 min after Injection 120 min after Injection

Gentamicin 30 42.6 6 0.4 19.9 6 1.3
NB124 30 50.2 6 1.1* 7.0 6 0.4†

Gentamicin 60 64.2 6 1.0 15.5 6 1.0
NB124 60 103.8 6 3.4† 9.6 6 0.5*

*P , 005 versus same dose of gentamicin at the same time point.
†P , 0005 versus same dose of gentamicin at the same time point.

Figure 6. Toxicity study in cochlear hair cells in vitro. Loss of cochlear hair cells was measured

72 hours after treating with gentamicin, NB124, or NB84. The data are shown as means6 SD of at least

three replicates per concentration. IC50, inhibitory concentration at which 50% of cells were lost.
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promoter control provided high-level
CFTR expression that allowed us to
measure relatively low CFTR activity
associated with PTC suppression, and also
tests the effects of the CFTR potentiator
ivacaftor (26, 29). A concern with any study
of PTC suppression is the influence of
nonsense-mediated mRNA decay (NMD),
a process that frequently destabilizes
mRNAs containing PTCs in mammalian
cells (47). Because mRNA encoded by these

CFTR cDNA constructs are not subject to
mRNA splicing, they will not be subject to
NMD. Consequently, the expression of
these cDNA constructs allowed us to
correlate CFTR function directly with PTC
suppression.

We also used primary HBE cells
obtained from lung transplants to monitor
the restoration of CFTR function in the
most physiologically relevant setting
possible in cultured cells, while also

providing a basis for comparison between
other CFTR modulators that have been
advanced to humans. For example, in recent
studies, the level of restored CFTR activity
observed in HBE cells derived from patients
with CF was shown to correlate well with
therapeutic benefit in a clinical setting for
both CFTR potentiators and CFTR-F508del
processing correctors (33, 34, 48). In
contrast to analyses based on cDNA, these
subsequent experiments using primary
HBE cells also allowed exploration of how
NMD might affect the efficacy of
readthrough compounds, because the NMD
machinery is intact. In our studies, 7% of
wild-type CFTR function was achieved at
maximal efficacy of NB124, which begins
to approach the effect of CFTR correctors,
such as lumacaftor (VX-809) or VX-661
in F508 del homozygous HBE cells (48),
which have been successful in phase 2
clinical testing when combined with
ivacaftor (Figure 4). Furthermore, these
results provide confidence that CFTR
activity–restored by readthrough can be
sufficient to predict the potential for clinical
success, even when the NMD pathway is
operative. Although we did not observe an
effect of gentamicin in this model, this has
been observed in prior studies (49, 50). This
is likely due to the fact that gentamicin is
relatively inactive at inducing translational
readthrough in primary HBE cells as
compared with compounds with greater
activity. Finally, we used a mouse model
that expressed a human CFTR-G542X
transgene in a Cftr knockout background to
compare the functional results obtained
with NB124 and gentamicin (Figure 5).
This allowed us to compare the relative
efficacy of these compounds in an in vivo
setting, and to correlate the efficacy of
PTC suppression with the levels of each
compound in the serum (6, 15, 51).
Although we cannot explain why 60 mg/
kg NB124 is less effective than 30 mg/kg,
it could be due to differences in
pharmacokinetics, cell penetration, or other
factors. Further studies will be needed to
better understand these effects. When taken
together, the general agreement of these
assays provides confidence of the relative
efficacy of the compounds examined in this
study. Use of the distinct models evaluated
here represents a significant strength of
our approach, and may serve to facilitate
the drug development process by providing
confidence that results obtained are not
restricted to a particular model system that

Figure 7. Ivacaftor further stimulates cAMP-dependent CFTR function in CFBE41o2 monolayers

after translational readthrough. (A and B) CFBE41o2 cells stably expressing CFTR-R1162X (A) or

W1282X (B) were incubated with synthetic aminoglycosides (250 mg/ml) for 48 hours, followed by

Isc measurements in Ussing chambers. Cells were sequentially stimulated with forskolin (100 nM) then

ivacaftor (VX-770; 10 mM). Comparisons of total stimulated current, ivacaftor-stimulated current,

and forskolin-stimulated current are each designated as compared with control (asterisk noted top

to bottom, respectively). The data shown are means 6 SEM of at least six replicates per condition.

*P , 0.05, **P , 0.01, ***P , 0.001.
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may be relatively susceptible to PTC
suppression. Further studies using other
relevant CFTR PTCs could also be
informative as to the breadth of effects
across mutation types, and are presently
in progress.

It has been estimated that 10–35% of
normal CFTR function is required to
provide a significant therapeutic benefit for
patients with CF (33, 52, 53). Because
current PTC suppression compounds
generally do not reach this level in
physiologically relevant settings, tandem
approaches that combine readthrough
drugs with other strategies may be needed.
Recently, the CFTR potentiator, ivacaftor,
was approved for clinical use for the
treatment of patients with CF carrying the
CFTR-G551D mutation (34). Because
ivacaftor has been shown to stimulate the
function of wild-type and mutant forms of
CFTR at the cell surface (25, 26, 33), we
examined the ability of this compound to
further enhance the level of CFTR activity
obtained after PTC suppression. We found
that the coadministration of ivacaftor
effectively doubled the level of CFTR
activity obtained with PTC suppression
(Figure 7). In subsequent studies not shown
here, we also evaluated whether ivacaftor

augmented anion transport in murine
intestinal segments analyzed ex vivo after
NB124 treatment, but were unable to detect
any stimulation. This may be due to
problems activating human CFTR in
murine epithelia (33, 54).

Despite the limitations of ex vivo
studies, our results with ivacaftor validate
the potential of combining PTC
suppression with a CFTR potentiator to
bring the total CFTR activity obtained
closer to the threshold required for
therapeutic benefit, and may also be
applicable to other CFTR mutation repair
strategies that result in suboptimal numbers of
CFTR channels at the cell surface. Other
approaches to augment rescue of
CFTR nonsense mutations, such as the
coadministration of polyanions, such as
poly-L-aspartic acid, or NMD inhibitors,
such as NMDI-1, are other options that
could be tested in the future (13, 55).
Furthermore, time-dependent increases
in activity have been observed with
prolonged administration of NB84 in
a mouse model of Hurler’s syndrome
(38), a finding also observed in patients
with CF administered ataluren in an open
label trial (16), suggesting that enhanced
readthrough with these agents may be

possible with chronic administration
in vivo.

It is not yet clear whether compounds
like NB84 or NB124 (or other future
derivatives) can be used clinically.
However, there is reason for optimism.
Efficacy is now achieved that approaches
10% of CFTR function, and can be
augmented further by addition of a CFTR
potentiator. In addition to the increased
efficacy of these synthetic aminoglycosides,
the reduced toxicity could alleviate one
of the major concerns associated with these
compounds. In addition, elimination of
their antibacterial activity should also allay
concerns that any long-term use of
aminoglycosides for PTC suppression may
increase the incidence of aminoglycoside-
resistant bacteria in the population of
patient with CF. Further studies will be
required to address the future potential of
these promising compounds. n
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