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ABSTRACT
Nonsense mutations, generating premature termination codons (PTCs), account for 10% to 30% of the
mutations in tumor suppressor genes. Nonsense translational suppression, induced by small molecules
including gentamicin and G418, has been suggested as a potential therapy to counteract the deleterious
effects of nonsense mutations in several genetic diseases and cancers. We describe here that NB124, a
synthetic aminoglycoside derivative recently developed especially for PTC suppression, strongly induces
apoptosis in human tumor cells by promoting high level of PTC readthrough. Using a reporter system, we
showed that NB124 suppressed several of the PTCs encountered in tumor suppressor genes, such as the
p53 and APC genes. We also showed that NB124 counteracted p53 mRNA degradation by nonsense-
mediated decay (NMD). Both PTC suppression and mRNA stabilization contributed to the production of a
full-length p53 protein capable of activating p53-dependent genes, thereby specifically promoting high
levels of apoptosis. This new-generation aminoglycoside thus outperforms the only clinically available
readthrough inducer (gentamicin). These results have important implications for the development of
personalised treatments of PTC-dependent diseases and for the development of new drugs modifying
translation fidelity.
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Introduction

Nonsense mutations, creating premature termination codons
(PTCs), cause the premature termination of translation, by
directly interrupting translation process and by inducing tran-
script degradation via the nonsense-mediated decay (NMD)
pathway.1,2 Many cancers are linked to the appearance of a
PTC in a tumor suppressor gene, resulting in the loss of the
protein or the synthesis of a truncated protein unable to inhibit
cell proliferation or to promote apoptosis. This is true for 2
common suppressor genes, p53 and APC, which are mutated in
50% of human cancers and 80% of colorectal cancers, respec-
tively. PTCs account for 10% of p53 mutations and 30% of
APC mutations. In the last decade, considerable interest has
focused on in-frame PTCs as potential therapeutic targets.
Indeed, aminoglycosides (such as gentamicin, G418, and ami-
kacin) have been shown to promote PTC readthrough by bind-
ing to ribosomes, partly restoring the synthesis of a full-length
functional protein in cultured mammalian cells and animal
models.3,4

This strategy has been evaluated in several genetic diseases
and cancers. We have shown that the readthrough of a PTC in
the p53 gene efficiently promotes the apoptosis of cancer cells.5

However, since the seminal work on this topic, only a few com-
pounds promoting readthrough have been discovered.6-8

PTC124 is probably the most widely studied readthrough
inducer, but its clinical benefits remain a matter of debate,

despite the recent conditional approval of this drug by the
EMA.9 This personalised approach to treatment is currently
hindered mainly because the lack of new molecules promoting
the highly efficient re-expression of genes inactivated by PTCs.
Gentamicin remains the molecule most widely used in this con-
text, mainly for the proof-of-concept experiments but its long-
term use leads to nephrotoxicity and ototoxicity, limiting appli-
cations in PTC suppression therapies.10 Fortunately, the toxic-
ity of aminoglycosides is not an inherent aspect of their ability
to promote stop codon readthrough, but instead reflects their
inhibition of mitochondrial translation.11,12 It should, therefore,
be possible to design aminoglycoside derivatives yielding higher
levels of PTC suppression with less toxicity.13,14 In this study,
we tested several aminoglycoside derivatives, specially devel-
oped by us for PTC suppression, and identified one (NB124) as
a potent readthrough inducer active against several of the PTCs
found in the p53 and APC tumor suppressor genes. The p53
tumor suppressor gene is the cellular gatekeeper for growth
and division. It encodes a transcription factor that triggers cell-
cycle arrest and apoptosis in response to diverse cellular
stresses, including DNA damage, oncogene activation and hyp-
oxia.15-17 The APC (adenomatous polyposis coli) tumor sup-
pressor gene encodes a 311 kDa multidomain protein that
downregulates the Wnt pathway.18 We show here that NB124
restores the production of a full-length p53 protein from a gene
inactivated by a PTC at position 213; the efficacy of NB124 was
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superior to that of gentamicin. Furthermore, this p53 protein is
active, as it induces the expression of its target genes, Bax and
p21, and promotes high levels of apoptosis in cancer cells. The
accumulative data indicate that NB124 is a promising drug for
blocking the proliferation of cancer cells with tumor suppressor
genes harbouring a PTC.

Results

Synthetic aminoglycosides efficiently suppress nonsense
mutations in tumor suppressor genes

The NB compounds tested here, NB74, NB84, NB122, NB124
and NB127 (Fig. S1), all contain structural components derived
from paromomycin and G418, but were designed to suppress
PTCs more efficiently and with lower toxicity than conven-
tional aminoglycosides.19 Several of these molecules have
already been tested in various models and have displayed sig-
nificant improvements in suppression activity over conven-
tional molecules.20 However, none has been tested on
mutations in tumor suppressor genes. We assessed the ability
of these compounds to suppress the R213X mutation, the most
frequent nonsense mutation of the p53 tumor suppressor gene
(accounting for 14.5% of reported nonsense mutations; UMD
Database,21 all curated). It has already been shown that the
sequences surrounding the PTC strongly influence the suppres-
sion levels induced by these drugs.22 It is, therefore, important
to monitor the readthrough of the p53 R213X PTC in its natu-
ral mRNA sequence context. The stop codon of the R213X and
the surrounding nucleotide context, shown in Table 1, were
inserted into a dual reporter vector, for the accurate quantifica-
tion of stop codon readthrough efficiency. Readthrough levels
were quantified in NIH3T3 cells transiently transfected with
the reporter vector, in the presence or absence of drugs. In par-
allel, as a control, we used conventional aminoglycosides for
which the effect on readthrough efficiency had already been
described: G418 and gentamicin. For each compound, we
tested a range of concentrations, to identify the optimal dose
yielding maximal R213X readthrough.

All the molecules tested induced readthrough in a dose-
dependent manner (Fig. 1). NB74 was the least efficient com-
pound in this set of NB molecules tested. The maximum level
of readthrough achieved with NB74 was just above 5%, a value
slightly below that yielded by gentamicin at the same concen-
tration. All the other derivatives were more efficient than genta-
micin, and the most potent readthrough inducer tested was
NB124. This compound was about 3 times more effective than
gentamicin by increasing basal readthrough rates by a factor of

25. In addition, we note that NB124 was also significantly less
cytotoxic than gentamicin and G418 in a tissue-based model of
ototoxicity.14 It is of note that G418 is considered as one of the
strongest readthrough inducers while in parallel it is also the
most toxic aminoglycoside; it is so toxic that cannot be used
even as an antibiotic.13 As shown in Fig. 1, at the highest dose
compatible with cell viability (1 mg/ml for NB124 and 0.2mg/
mL for G418) NB124 induced higher levels of readthrough
than G418.

NB124, thus, clearly emerged as the most promising com-
pound tested, and this encouraged us to further investigate its
ability to suppress other nonsense mutations. The identity of a
PTC and its surrounding mRNA sequence context have already
been shown to have considerable influence on the ability of
drugs to suppress PTCs.22 It is therefore important to deter-
mine readthrough efficiency for various stop codons. We
selected a set of 6 PTCs found in the APC or P53 genes of
patients (Table 1). These 6 mutations correspond to the 6 PTCs
most frequently encountered in the P53 and APC genes. For all
the stop codons tested, NB124 clearly promoted PTC read-
through more efficiently than gentamicin (Gent), inducing 2 to
5 times more readthrough, depending on the stop codon con-
sidered (Fig. 2). In addition, it is of note that in all the contexts
sequences tested, the effect of NB124 at the highest concentra-
tion was as strong as that obtained with G418 at 0.2 mg/mL.

PTC readthrough levels can be quantified very efficiently
with the dual reporter system, but it is also important to deter-
mine the effect of the drug on the natural gene. We next ana-
lyzed the effect of NB124 on the production of the endogenous
p53 protein.

NB124 stabilises mutant p53 mRNA and restores the
production of a full-length protein from the endogenous
p53 R213X mRNA

We investigated whether NB124 could restore the production
of a full-length p53 protein from an endogenous mutated gene,
using human HDQ-P1 cells, which were established from a
human primary breast carcinoma.23 These cells are homozy-
gous for the p53 R213X nonsense mutation. This mutation is
located in exon 6 and generates a premature UGA stop codon
more than 50 nt upstream from the last exon–exon junction.
The mRNA molecule generated is thus a canonical target for
degradation by the NMD pathway.24

The ability of readthrough events induced by aminoglyco-
sides, such as G418, to antagonise NMD in mammalian cells
has been reported in several studies.5,25 It was important to
determine whether NB124 had retained this ability. Indeed, sta-
bilization of the mutant mRNA is a prerequisite for the induc-
tion of significant protein re-expression from an endogenous
nonsense mutation.

We therefore performed quantitative PCR on HDQ-P1 cells
with and without NB124 treatment of 48 hours. G418 was used
as a positive control (Fig. 3A). As expected, G418 treatment
increased p53 mRNA levels by a factor of 8 at the highest con-
centration (0.2 mg/mL). NB124 also clearly stabilised the
mutant p53 mRNA in a dose-dependent manner, to a similar
extent to G418. We also investigated the correlation between
stabilization and readthrough properties, using apramycin, an

Table 1. nonsense mutations tested in this study.

WT Codon gene Mutation� Sequence 50>30

CAG P53 Q192X CUG GCC CCU CCU UAG CAU CUU AUC
CGA P53 R213X AGA AAC ACU UUU UGA CAU AGU GUG
CAG P53 E298X GAG CCU CAC CAC UAG CUG CCC CCA
UUA APC L360X CUC AUC CAG CUU UGA CAU GGC AAU
CGA APC R1114X UCA GAA ACA AAU UGA GUG GGU UCU
CAA APC Q1131X CAG UCU UUG UGU UAA GAA GAU GAC

�Mutations are named by the position and the nature of the wild-type amino acid
in p53 protein sequence.

RNA BIOLOGY 379



aminoglycoside that can bind to ribosomal A-site without trig-
gering stop codon readthrough.26 No stabilization was observed
with apramycin (Fig. 3A), suggesting that only aminoglycosides
able to induce readthrough stabilised PTC-containing mRNAs,
by inhibiting NMD.

To test the production of a full-length p53 protein, HDQ-P1
cells harbouring R213X mutation were treated with NB124,
gentamicin and G418 for 48 hours and the treated cells were
analyzed by Western-blot (Fig. 3B). In the absence of aminogly-
coside, a faint 32 kDa band corresponding to the expected trun-
cated protein was detected (Fig. 3B). The weakness of this band
is consistent with the low level of mutant p53 mRNA in the
untreated mutant cells (Fig. 3A). After NB124 treatment, a
53 kDa band corresponding to the full-length protein was

detected, and the intensity of this band was dependent on the
aminoglycoside dose used.

The NB124-induced p53 protein is functional

The transactivation function of the normal p53 protein underlies
its function as a tumor suppressor.27 We investigated whether
the full-length p53 protein produced after NB124 treatment was
active as a transcription factor, by transfecting HDQ-P1 cells
with a reporter plasmid containing p53 binding sites upstream
from the luciferase firefly gene (p53BS-luc). In this system, an
active p53 protein is required to induce luciferase reporter gene
expression.5 Cells were left untreated or were treated with
NB124 for 48 hours. G418 was used as a positive control.

Figure 1. Readthrough efficiency of various synthetic aminoglycosides for the p53 R213X mutation. Readthrough of the p53 R213X nonsense mutation was measured
with a dual reporter vector after transfection of NIH3T3 cells and their treatment of 24 h. Five synthetic aminoglycoside derivatives (NB74, NB84, NB122, NB124 and
NB128) were tested at 5 concentrations (0.2, 0.4, 0.6, 0.8 and 1 mg/mL), in parallel with 2 standard aminoglycosides (G418 and gentamicin) as controls. NB124 was the
best readthrough inducer among all the new compounds tested. The lines in the centers of the boxes indicate the medians; the box limits indicate the 25th and 75th per-
centiles, as determined by R software; the whiskers extend to 1.5 times the interquartile range from the 25th and 75th percentiles; outliers are represented by dots; data
points are plotted as open circles. n D 6 samples.
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NB124 treatment strongly induced firefly luciferase
expression, in a dose-dependent manner, by a factor of up
to 80 with respect to that in the absence of treatment
(Fig. 4A). Treatment with G418 (at 0.2mg/mL) also
increased p53-dependent firefly luciferase expression, by a
factor of up to 18, but NB124 was clearly more potent than
G418 at triggering the production of active p53 protein.
Gentamicin was also tested at the same doses, but it had lit-
tle or no effect on luciferase induction (Fig. S2). This find-
ing is consistent with the weakness of the band
corresponding to the full-length p53 protein in cells treated
with gentamicin (Fig. 3B).

We then investigated whether this transcriptional activity of
p53 was sufficient to promote the induction of the cellular tar-
get genes normally under the control of p53.

NB124-dependent p53 induces 2 of its main cellular
targets: The BAX and p21 genes

We investigated whether the full-length p53 protein produced
after NB124 treatment regulated the transcription of p53-
responsive cellular genes. We focused on 2 of the most impor-
tant targets of p53: the Bax gene, the expression of which is cru-
cial for the triggering of the apoptosis pathway, and the p21
gene, which is essential for cell cycle control. We used quantita-
tive PCR to assess differences in the expression of the Bax and
p21 genes between HDQ-P1 cells with and without NB124
treatment. In each experiment, the results obtained are
expressed relative to those for untreated cells (normalized to 1).
Levels of Bax mRNA in HDQ-P1 cells treated with NB124 were
3.5 times higher than those in untreated cells (Fig. 4B). The p21

Figure 2. NB124 promotes a high level of readthrough for several p53 and APC nonsense mutations. Readthrough efficiencies for 3 nonsense mutations in the P53
(Q192X, R213X, Q298X) and APC (L360X, R1114X, Q1131X) genes were determined with a dual reporter vector in NIH3T3 cells treated with gentamicin (0.8 mg/mL), G418
(0.2 mg/mL) or NB124 (0.05, 0.1, 0.2, 0.4, 0.8 and 1mg/mL) for 24 h. The lines in the centers of the boxes show the medians; box limits indicate the 25th and 75th percen-
tiles, as determined by R software; the whiskers extend to 1.5 times the interquartile range from the 25th and 75th percentiles; outliers are represented by dots; data
points are plotted as open circles. NB124 data are indicated in gray, controls in white boxes (gentamicin and G418). n D 6 samples.
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mRNA was hardly detectable in the absence of NB124 but was
strongly induced by NB124 treatment (induction factor of
150). In these experiments, no change in mRNA levels for any
of the 3 housekeeping genes (used as qPCR reference genes)
was observed in response to NB124 treatment.

Re-expressed p53 promotes apoptosis in cancer cells

The reactivation of p53 can be considered an effective antican-
cer treatment only if the re-expressed protein can induce the
apoptosis of cancer cells. We therefore investigated whether the
full-length p53 re-expressed after NB124 treatment promoted
the apoptosis of a tumor cell line.

We previously showed that HDQ-P1 cells were not sensitive
to the re-introduction of WT p53.5 This cell line was, therefore,
unsuitable for use in experiments investigating the effects of
NB124-induced p53 protein. We overcame this problem by
using a different cell line—H1299 (p53¡/¡) human cancer
cells—reported to be sensitive to the re-expression of WT
p53.28 We improved reproducibility by constructing a cell line
derived from H1299 cells (H1299-p53R213X cells) through sta-
ble transfection with a p53 cDNA carrying the R213X muta-
tion. This new cell line was exposed to NB124 during 30 or
50 hours. We assessed apoptosis with the polymerase PARP-1,
one of the main cleavage targets of caspase-3. The cleavage of
the PARP protein into 89 and 116 kDa fragments is classically

used as a marker for apoptotic cells.29 Only the full-length form
of PARP-1 was detected in untreated cells (5% of cleaved
form), whereas the cleaved forms became detectable after
30 hours of NB124 (45%) treatment, and cleavage was complete
after 50 hours of treatment (91%) (Fig. 5A). We also compared
the effects of NB124 and gentamicin. Gentamicin induced a
weak cleavage (6% and 9% after 30 hours and 50 hours respec-
tively) with no sign of improvement over the time (Fig. 5A).

Another general marker of apoptotic cells is phosphatidylser-
ine (PS) exposure on the cell surface. We used fluorochrome-
labeled annexin V, a phospholipid-binding protein with a high
affinity for PS, to detect apoptotic cells by flow cytometry. In
the absence of treatment, H1299-p53R213X cells displayed a
basal level of 7% apoptosis, a value typical of cultured tumor
cell lines (Fig. 5B). After 50 hours of NB124 treatment, apopto-
sis had been triggered in 38% of H1299-p53R213X cells. By
contrast, basal levels of apoptosis were maintained in the
parental H1299 cells, with only 8% of the cells displaying
annexin V staining, even after 50 hours of NB124 treatment
(Fig. S3). The induction of p53 production by NB124 was,
therefore, essential to trigger apoptosis. We checked that the
restored p53 protein was indeed responsible for apoptosis
induction in NB124-treated cells, using a siRNA specifically
targeting p53 mRNA. We then transfected H1299-p53R213X
cells with either the p53-targeting siRNA or a siRNA not target-
ing the p53 mRNA with a minimal impact on known human
genes. As shown in Fig. S4, the p53-targeting siRNA prevents
specifically the synthesis of p53 even in presence of read-
through inducer whereas the non-targeted siRNA has no effect
on p53 induction by NB124. In the presence of the p53-target-
ing siRNA, apoptosis rates decreased by 30%, whereas no sig-
nificant change was observed with the non-specific siRNA
(Fig. 5B). This result clearly demonstrates that NB124 induced
apoptosis specifically by restoring p53 expression.

Discussion

Translational nonsense suppression (TNS) strategies are very
promising for the treatment of genetic diseases and cancers
caused by PTCs. Unfortunately, these approaches are limited
by the lack of efficient molecules. Indeed, the principal mole-
cule currently being tested is gentamicin, which cannot be used
for long-term treatments due to its well-known toxicity.
Attempts have been made to identify non-aminoglycoside
drugs that promote readthrough. The first such drug to be
tested is ataluren (PTC124), which gave conflicting results,30

despite its recent approval by the EMA.31 Other drugs promot-
ing readthrough have since been identified by high-throughput
screening (RTC13 and RTC14), but these drugs are still in
development to improve their efficacy.6 Compounds already
available in clinical practice have recently been screened, and
this led to the identification of escin as the most efficient mole-
cule for restoring CFTR function.32 These results, although
very promising, highlight the need for additional strategies
toward the discovery of more potent and less toxic drugs. One
such approach is the rational modification of aminoglycosides
to achieve new structures with higher levels of PTC suppression
activity and lower toxicity.33,34 This approach has led to the
generation of new synthetic aminoglycosides, which have been

Figure 3. NB124 stabilises the mutant p53 mRNA and restores production of the
full-length p53 protein in HDQ-P1 cancer cells. (A) HDQ-P1 cells carrying the
endogenous R213X nonsense mutation were treated with NB124 (0.05, 0.1, 0.2, 0.4
and 0.8 mg/mL), G418 (0.05, 0.1 and 0.2 mg/mL) or apramycin (1 mg/mL) for 48 h.
Levels of mutant p53 mRNA were determined by RT-qPCR. The results of each
experiment are expressed relative to the amount of mRNA in the absence of treat-
ment. Median values are presented, together with the SEM (n D 3). (B) HDQ-P1
cells were treated with gentamicin (0.8 mg/mL), G418 (0.2 mg/mL) or NB124 (0.05,
0.1 and 0.4 mg/mL) for 48 h. Western-blot membranes were probed with the DO-1
antibody directed against the N-terminus of p53 and an anti-actin antibody was
used as the loading control. An extract from LoVo cells (p53WT) was used as a
control.
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tested in several models of different genetic diseases.13,19,20

However, none of these compounds has been evaluated for its
capacity to re-express inactivated tumor suppressor genes to
prevent the proliferation of cancer cells. Since about 15% of
human cancers are associated with PTCs in a tumor suppressor
gene, TNS provides potential treatment strategy of cancer. In
addition, cancer treatments are, by nature, short-term treat-
ments (lasting until the cancer cells are killed or surgically
removed), so some of the issues faced in the lifelong treatment
of genetic diseases are not encountered in cancer treatment.
Moreover, tumor suppressor genes encode proteins with either
regulatory function (such as the transcription factor p53 or
APC which is a regulatory subunit of protein phosphatase) or
catalytic activities (such as ATM a ser/thr kinase) that can act
at low concentrations in the cells. This is a strong advantage for
TNS, because less full-length protein will be required for a ther-
apeutic benefit in comparison to genetic diseases due to the
inactivation of a structural protein (like dystrophin in Duch-
enne muscular dystrophy).

We investigated the potential of this new class of synthetic
aminoglycosides for treating cancers linked to the presence of a
PTC. We first assessed the relative ability of 5 previously syn-
thesized NB-compounds (NB74, NB84, NB122, NB124 and
NB127)11,35 to promote readthrough of a R213X PTC fre-
quently found in the p53 gene. Classically, in this assay, G418
(one of the most efficient readthrough inducers known)

induces 12% readthrough when used at the maximal concentra-
tion inducing moderate toxicity, whereas gentamicin yields
about 8% at the highest concentration (Fig. 1). The NB-drugs
tested here could be assigned to 3 classes: 1) NB74 was less effi-
cient than gentamicin, providing only 7% of readthrough at its
highest concentration; 2) NB84, NB122 and NB128, providing
readthrough efficiencies exceeding 10% (but less than 20%); 3)
NB124, providing 20% readthrough and thus significantly
exceeding the performance of all the other synthetic and classi-
cal aminoglcyosides tested. The main difference between
NB124 and the other NB-compounds tested is the presence of
2 chiral methyl groups as 2 important pharmacophores: (S)-500-
Me and (R)-60-Me, on the 5-amino ribose ring (ring III) and
the glucosamine ring (ring I) of paromamine, respectively.
These pharmacophores ensure that the NB124 molecule has a
strong preference for eukaryotic versus mitochondrial ribo-
somes, resulting in lower levels of toxicity and a higher level of
PTC suppression.11 We therefore selected this compound,
NB124, for further study and characterized its effects on cancer
cells.

We first addressed the question of specificity. All known
readthrough inducers have been shown to have a strong bias
toward certain sequences. For example, gentamicin promotes
higher levels of readthrough if the PTC is preceded by a U and
followed by a C.22 We tested 6 PTCs from the P53 (R213X,
Q192X, E298X) and APC (L360X, R1114X and Q1131X) genes.

Figure 4. Endogenous re-expressed full-length p53 proteins have normal transcriptional activity. (A) We assessed the transactivation capacity of the full-length p53 pro-
teins produced after aminoglycoside treatment, by transfecting HDQ-P1 cells with a reporter plasmid containing p53 binding sites upstream from the firefly luciferase
gene (p53BS-luc). We measured p53-dependent luciferase activity in the presence or absence of NB124 or G418 (0.05, 0.1 and 0.2 mg/mL) for 72 hours. The fold-change
in luciferase activity between treated and untreated cells is presented. The lines in the centers of the boxes show the medians; box limits indicate the 25th and 75th per-
centiles, as determined by R software; the whiskers extend to 1.5 times the interquartile range from the 25th and 75th percentiles; outliers are represented by dots; data
points are plotted as open circles. n D 6 samples. (B) Quantitative PCR analysis was used to assess differences in the levels of the Bax and p21 mRNAs between HDQ-P1
(p53 R213X) cells with and without NB124 (0.4 mg/ml) treatment of 72 hours. The results of each experiment are expressed relative to the amount of mRNA in the
absence of treatment. Mean values are presented with the SEM (n D 3).
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These sequences display various levels of stop codon read-
through (highest for L360X and lowest for Q1131X), but read-
through levels for all these PTCs clearly responded to NB124 in
a dose-dependent manner (Fig. 2). Moreover, NB124 systemat-
ically outperformed gentamicin at equivalent concentration,
and had a performance similar to that of G418 at its highest
concentration. Q192X, E298X and R1114X are not considered
as good responders with a readthrough efficiency bellow 2% in
presence of 0.8mg/ml of gentamicin. However, they displayed
strong levels of readthrough induction in presence of 0.8mg/ml
of NB124 (higher than 4% of readthrough). This indicates that
NB124 has a broader spectrum of action than gentamicin.
However, a systematic analysis would be required to confirm
this. The molecular mechanisms underlying such preferences
remain unknown. However, it has recently been shown that
eRF1 interacts not only with the stop codon, but also with the
following nucleotide.36 The geometry of the stop codon within
the A-site seems to depend on its nucleotide context, and is an
important criterion for near-cognate tRNA binding.37,38 These
could explain why PTC suppression varies depending the
nucleotide context.

Most mRNAs carrying a PTC are rapidly degraded by non-
sense-mediated decay (NMD). PTC translational suppression
has been reported to antagonise NMD, preventing mRNA

degradation.5,39 From a therapeutic standpoint, this would be
highly beneficial, as greater mRNA stability should make it pos-
sible to produce more protein. We addressed this question,
using HDQ-P1 cells carrying the endogenous R213X mutation
in the P53 gene. The amount of P53 mRNA clearly increases as
a function of the concentration of G418 or NB124, whereas no
such relationship was observed for apramycin, another amino-
glycoside that strongly binds to the eukaryotic ribosome and
inhibits protein synthesis but does not promote PTC read-
through (Fig. 3A).26 The observed lack of mRNA stabilization
by apramycin clearly points on the necessity of PTC read-
through ability by an aminoglycoside as an important charac-
teristic for efficient inhibition of NMD and stabilization of
mRNA. The extent of this ability was consistent with the larger
amount of p53 observed on western blots (Fig. 3B). Indeed,
treatment resulted in increases in both the full-length and trun-
cated p53 forms, but at different concentrations. The truncated
form was visible from the lowest (0.05 mg/mL) to the highest
(0.8 mg/mL) dose, with no obvious difference between concen-
trations, despite the accumulation of the mRNA. At higher
NB124 concentrations, PTC readthrough increases consider-
ably, resulting in a significantly higher proportion of the full-
length protein. Indeed, large increase in levels of the full-length
p53 was observed at a concentration of 0.4 mg/mL (Fig. 3B).

Figure 5. NB124 promotes p53-dependent apoptosis. (A) Induction of PARP-1 cleavage: Western blot analysis of poly (ADP-ribose) polymerase (PARP-1) cleavage in cell
lysates obtained from H1299-p53R213X cells treated with NB124 (0.4 mg/ml) or gentamicin (0.8 mg/ml) for 30 or 50 hours. NT: non treated. Visible bands correspond to
the full-length PARP-1 (116 kDa) and the larger fragment of the cleaved protein (89 kDa), and the b-actin used as a loading control. Percentage of the cleaved form is cal-
culated as the ratio cleaved/ (cleaved C full length). (B) AnnexinV-PE staining: H1299-p53R213X cells were transiently transfected with a p53-targeting siRNA (p53-siRNA)
or a non-targeted siRNA (NT-siRNA) or were left untransfected (¡). Cells were then left untreated or treated with NB 124 (0.4 mg/ml) or gentamicin (1.2 mg/mL) for
50 hours. Percentages indicate the proportion of Annexin-PE-positive cells detected on flow cytometry, corresponding to cells undergoing apoptosis, with exposed PS
(overall apoptosis).
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These results clearly show that NB124 treatment leads to the
production of large amounts of full-length p53.

The re-expression of a full-length protein is an essential step,
but there is no guarantee that this protein will be functional.
Indeed, we have previously shown in yeast that at least 3 differ-
ent amino acids are incorporated at the PTC during read-
through.40 Little is currently known about the amino acids
incorporated at stop codon in human cells. However, given the
conservation of the tRNA pool, the set of amino acids incorpo-
rated is likely to be identical to that in yeast. In the absence of
predictive rules, it is important to determine the activity of the
restored full-length protein. We performed 4 different assays to
determine whether p53 was functional. The first was based on
the expression of a luciferase gene under the control of a P53
promoter.5 We tested this system in HDQ-P1 cells carrying an
endogenous PTC in the P53 gene. As expected, luciferase activ-
ity increased with increasing G418 or NB124 concentration
(Fig. 4A), suggesting that the restored full-length p53 was
active. We then determined using RT-qpCR whether the full-
length p53 induced by NB124 could also promote transcription
of the Bax and p21 genes, 2 major targets of p53. Both genes
were significantly expressed in the presence of NB124, confirm-
ing the ability of the p53 protein produced to activate the tran-
scription of its target genes (Fig. 4B). These 2 assays
demonstrate that the restored full-length p53 was able to acti-
vate the genes under its control in natural conditions. However,
it remained unclear whether this induction would be sufficient
to induce the apoptosis of cancer cells. We investigated this
aspect by first determining whether PARP-1 was cleaved by
caspase-3, an early sign of apoptosis. This assay requires cells
with a functional p53-dependent apoptosis pathway. We, there-
fore, stably inserted a p53 cDNA carrying a PTC (R213X) into
H1299 cells, which have been reported to be sensitive to the re-
expression of WT P53.28 As expected, the parental cell line
(H1299) displayed no signs of PARP-1 cleavage, whereas such
cleavage was clearly observed in cells expressing p53-R213X in
the presence of NB124, but not in the presence of gentamicin
(Fig. 5A). This result clearly confirms that NB124 is more effec-
tive than gentamicin for promoting the production of a func-
tional p53. We confirmed this result by flow cytometry to
detect apoptosis. After 50 hours of treatment with NB124, 38%
were in an apoptotic state, whereas the parental cell line dis-
played no induction of apoptosis (Fig. S3). Moreover, using a
siRNA specifically targeting p53 mRNA we observed a clear
decrease, but not a total inhibition, of apoptosis in the presence
of NB124 (Fig. 5B). We know that the remaining 25% of apo-
ptosis are due to the siRNA that is probably not 100% efficient
at inhibiting p53 synthesis, because NB124 does not promote
apoptosis in the parental cell line lacking functional p53
(figs. S3 and S4).

The accumulative data clearly demonstrate the advantage of
NB124 over gentamicin for counteracting tumor development.
NB124 is the first molecule shown to be as potent as G418 for
inducing the re-expression of a functional protein by PTC sup-
pression but without the toxicity of G418. The recent determi-
nation of the X-ray structure of the yeast ribosome in the
presence of G418 has provided important insight into the bind-
ing of aminoglycosides within the A-site,3 making it possible to
develop promising new leads by rational design strategy.33 The

race to develop more potent readthrough inducers has only just
begun. We now know more about the mode of action of amino-
glycosides, but their specificity for certain nucleotide contexts
remains a major obstacle to the development of drugs with a
broader range of action.

Materials and methods

Cell lines and cell culture

All cells were cultured in DMEM plus GlutaMAX (Invitrogen),
except for H1299 cells, which were cultured in RPMI plus Glu-
taMAX (Invitrogen). The medium was supplemented with 10%
foetal calf serum (FCS, Invitrogen) and 100 U/ml penicillin/
streptomycin. Cells were kept in a humidified atmosphere con-
taining 5.5% CO2, at 37�C. NIH3T3 cells are embryonic mouse
fibroblasts. H1299 is a p53-null cell line established from a
human lung carcinoma (provided by the ATCC). H1299-
p53R213X cells are H1299 cells stably transfected with the p53
R213X cDNA under the control of the CMV promoter. HDQ-
P1 is homozygous for a nonsense mutation at codon 213 (CGA
to TGA) in the p53 gene. This cell line was established from a
human primary breast carcinoma23 and was provided by
DSMZ-German collection of Microorganisms and cell cultures.
LoVo (WT p53) cells are epithelial cells derived from a human
colorectal adenocarcinoma provided by the ATCC.

Readthrough quantification in cell culture

Complementary oligonucleotides corresponding to nonsense
mutations embedded in their natural context (sequences in
Table 1) were annealed and ligated into the pAC99 dual
reporter plasmid, as described previously.41 This dual reporter
can be used to quantify stop-codon readthrough through the
measurement of luciferase and b-galactosidase (internal cali-
bration) activities, as described previously.42 Readthrough lev-
els for nonsense mutations were analyzed in the presence or
absence of gentamicin, G418 or NB124. NIH3T3 and H1299
cells were used to seed a 96-well plate. The next day, the cells
were transfected with the reporter plasmid in the presence of
JetPei reagent (Ozyme). The following day, they were rinsed
and fresh medium, with or without gentamicin, G418, or
NB124, was added. In these experiments, no cell toxicity was
observed for any of the doses used. Cells were harvested
24 hours later, with trypsin–EDTA (Invitrogen), lysed with Glo
lysis buffer (Promega) and b-galactosidase and luciferase activi-
ties were assayed as described previously.42 Readthrough effi-
ciency was estimated by calculating the ratio of luciferase
activity to b-galactosidase activity obtained with the test con-
struct, with normalization against an in-frame control con-
struct. At least 3 independent transfection experiments were
performed for each construct.

RNA extraction and quantitative PCR analysis

For the analysis of mRNA levels for p53 and its transcriptional
target genes, Bax and p21, we extracted total RNA from HDQ-
P1 cells that had or had not been treated with G418 (0.05, 0.1,
0.2, 0.4 mg/mL) apramycin (1 mg/mL) or NB124 (0.05, 0.1, 0.2,
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0.4 and 0.8 mg/mL) for 48 h (RNeasy Mini Kit, Qiagen). The
RNA was treated with DNAse I (RNase-free DNase) and quan-
tified with a Nanodrop spectrometer (ThermoScientific). The
absence of RNA degradation was confirmed by agarose gel elec-
trophoresis. The first-strand cDNA was synthesized from 2mg
of total RNA, with random primers and the SuperScript II
Reverse Transcriptase (Invitrogen), as recommended by the
manufacturer. Quantitative PCR was then performed on equal
amounts of the various cDNAs, with a CFX96 thermocycler
(Biorad), and the accumulation of products was monitored
with the intercalating dye FastStart Universal SYBRGreen Mas-
ter (ROX) reagent (Roche). We quantified mRNA levels relative
to 3 reference mRNAs: RPL32, Hprt1 and HMBS. In each
experiment, results are expressed relative to those for untreated
cells, for which the value obtained was set to 1. Relative levels
of gene expression were calculated at early stages of PCR, when
the amplification was exponential and might, therefore, be cor-
related with the initial number of copies of the transcript. The
specificity of quantitative PCR was checked by agarose gel elec-
trophoresis, which showed that a single product of the desired
length was produced for each gene. A melting curve analysis
was also performed. Single product-specific melting tempera-
tures were identified for each gene. For the quantification of
each mRNA, 3 independent experiments (from biologic repli-
cates) were performed in triplicate. We used the following oli-
gonucleotides pairs for amplification: HPRT1 forward:
50GACCAGTCAACAGGG GACAT 30 and reverse: 50AACAC
TTCGTGGGTCCTTTTC 30; HMBS forward: 50GGCAATGCG
GCTGCAA 30 and reverse: 50GGGTACCCACGCGAATCAC
30; RPL32 forward: 50 GCATTGACAAC AGGGTTCGTAG 30
and reverse: 50 GCGGTTCTTGGAGGAAACATTG 30; p53
forward: 50CCGCAGT CAGATCCTAGCG 30 and reverse: 50C
CATTGCTTGGGACGGCAAGG 30; p21 forward: 50CAAGCT
CTACCTTCCCACGG30 and reverse 50GCCAGGGTATGTAC
ATGAGG 30; Bax forward: 50GCTGTTG GGCTGGATCCAAG
30 and reverse 50 TCAGCCCATCTTCTTCCAGA 30.

Western-blot analysis

HDQ-P1 cells (R213X) were treated with G418 (0.2 mg/mL),
gentamicin (0.8 mg/mL) or NB124 (0.05, 0.1 and 0.4 mg/mL)
for 48 h. Cells were harvested by treatment with trypsin–EDTA
(Invitrogen), lysed in 350 mM NaCl, 50 mM Tris–HCl pH 7.5,
1% NP-40, and protease inhibitor cocktail (Roche) and dis-
rupted by passage through a syringe. Total proteins were quan-
tified with Bradford reagent (Biorad) and extracts were
denatured by incubation in Laemmli buffer for 5 minutes at
90�C. We subjected 30mg of total protein from HDQ-1 cells to
SDS–PAGE in 4/10% Bis–Tris gels. Proteins were transferred
onto nitrocellulose membranes, according to the manufac-
turer’s instructions (Biorad). Membranes were saturated by
overnight incubation in 5% skimmed milk powder in PBS, and
incubated for 1 hour with the primary monoclonal antibody,
DO-1 (N-terminal epitope mapping between amino acid resi-
dues 11 and 25 of p53; Santa Cruz Biotechnologies, 1/400) or a
monoclonal antibody against mouse actin (Millipore, 1/2000).
After 3 washes in PBS supplemented with 0.1% Tween, the
membranes were incubated with the secondary antibody
[horseradish peroxidase-conjugated anti-mouse IgG (1/ 2500)

for 45 minutes. The membranes were washed 5 times and
chemiluminescence was detected with ECL Prime Western
Blotting Detection Reagents (Amersham, GE Healthcare). The
signal was quantified with ImageJ software. For western-blot
analysis of siRNA effect on p53 expression in H1299-
p53R213X, we used the same protocol except that the cells
were transfected or not with siRNA and treated or not with
NB124 (0.4 mg/ml) for 50 hours. For western-blot analysis of
poly (ADP-ribose) polymerase I (PARP-1) cleavage in cell
lysates obtained from H1299-p53R213X cells, we used the
same protocol except that the cells were treated with NB124
(0.4 mg/ml) or gentamicin (0.8 mg/ml) for 30 or 50 hours. The
antibody used was a mouse anti-PARP-1 (Ab-2) mAb from
Calbiochem.

siRNA transfections

The siRNAs used in this study are double-stranded chemically
synthesized oligonucleotides provided by Thermo Scientific.
The siRNA targeting p53 is referred to as 3329–14–0020 and
the non-targeting siRNA is referred to as 1810–01–05. H1299-
p53R213X cells were transfected, with the siRNA in the pres-
ence of jetPRIME from Polyplus (1mg of siRNA per well of a 6-
well plate). 22 hours after transfection the medium was
renewed and cells were incubated with or without NB124
(0.4 mg/ml) for 50 hours.

Protein activity assays

We investigated the transcriptional activity of the p53 protein
in HDQ-P1 cells, which carry the endogenous p53 R213X non-
sense mutation. We added G418, gentamicin or NB124 to the
medium 24 h before transfection and then again 2 d later (total
of 72 hours of treatment). Cells were cotransfected, by the Jet-
Pei method, with the p53BS-luc reporter plasmid containing
the firefly luciferase gene downstream from 7 p53 binding sites
and pCMVLacZ, and were left untreated or incubated with one
of the 3 drugs tested. Protein extracts were prepared 24 h after
transfection, and enzymatic activities were measured. Transfec-
tion with pCMVLacZ was used to normalize transfection effi-
ciency, cell viability and protein extraction. At least 4
independent transfection experiments were performed for each
set of conditions.

Flow cytometry analysis

H1299 and the stably transfected clone H1299-p53R213X cells
were used to seed 6-well plates at a density of 250,000 cells per
well and were incubated for 24 h. The cells were then left
untreated or were treated for 50 hours with gentamicin (1 mg/
mL) or NB124 (0.4 mg/mL).

PS is exposed at the surface of cells undergoing apoptosis. It
was detected by incubation with Annexin V conjugated to the
fluorochrome phycoerythrin (PE), from BD PharMingen, in
accordance with the manufacturer’s instructions. We analyzed
the proportion of apoptotic cells by flow cytometry. For each
experiment, at least 4 independent transfection experiments
were performed.
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