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Aims Nonsense mutations in the SCN5A gene result in truncated, non-functional derivatives of the
cardiac Naþ channel and thus cause arrhythmias. Studies of other genes suggest that pathogenic pheno-
types of nonsense mutations may be alleviated by enhancing readthrough, which enables ribosomes to
ignore premature termination codons and produce full-length proteins. Thus, we studied the functional
restoration of nonsense-mutated SCN5A.
Methods and results HEK293 cells were transfected with SCN5A cDNA or its mutant carrying W822X, a
nonsense mutation associated with Brugada syndrome and sudden cardiac death. The effects of read-
through-enhancing reagents on Naþ channel expression and function were examined in the transfected
cells. W822X robustly reduced Naþ current, decreasing maximal Naþ current to ,3% of the wild-type
level, and inhibited the expression of full-length Naþ channels. When readthrough was enhanced by
either reducing translational fidelity with aminoglycosides or decreasing translation termination effi-
ciency with small-interfering RNA against eukaryotic release factor eRF3a, Naþ current of the mutant
was restored to �30% of the wild-type level; western blot and immunochemical staining analyses
showed the increased expression of full-length channels. When the wild-type and mutant cDNAs were
co-transfected, readthrough-enhancing reagents increased Naþ current from 56% to 74% of the wild-
type level. Analysis of Naþ channel kinetics showed that the channels expressed from the mutant
cDNA under readthrough-enhancing conditions retained the functions of wild-type channels.
Conclusion Readthrough-enhancing reagents can effectively suppress SCN5A nonsense mutations and
may restore the expression of full-length Naþ channels with normal functions, which might prevent
sudden cardiac death in mutation carriers.
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1. Introduction

The cardiac Naþ channel carries the Naþ current responsible
for the rapid upstroke of the action potential in the heart.
SCN5A is the gene that encodes the a-subunit, Nav1.5,
that confers major physiological functions pertaining to
the cardiac Naþ channel. Mutations in SCN5A have been
linked to a number of inherited cardiac diseases related to
abnormal excitability of the heart, such as long QT syn-
drome, Brugada syndrome, and conduction disorders.1

Studies at molecular and cellular levels have indicated
that genetic defects in SCN5A cause one of the following
abnormal phenotypes: gain-of-function, loss-of-function,
and complex changes in channel gating (in which

characteristics of both gain-of-function and loss-of-function
are combined). The consensus in the literature suggests that
the gain-of-function phenotype is associated with long QT
syndrome, whereas the loss-of-function phenotype is fre-
quently linked to Brugada syndrome and conduction dis-
orders.1 The latest studies also link Naþ current reduction
to structural cardiac diseases, particularly dilated
cardiomyopathy.2

Among the known pathogenic mutations of SCN5A is a
group of nonsense point mutations. An in-frame nonsense
mutation introduces a premature termination codon (PTC)
in the open reading frame of an allele; this type of mutation
accounts for 12% of all reported human gene mutations3 and
is responsible for �5–15% of most genetic disorders,
although in certain populations, the incidence of this type
of mutation is much higher.4 Nonsense mutation leads to a
truncated protein that in many cases does not have func-
tion, especially when the truncation is large. In mice
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heterozygous for targeted disruption of SCN5A, truncation
has been shown to behave as a loss-of-function allele,
leading to a �50% reduction in Naþ current.5 In inherited
diseases related to SCN5A, nonsense mutation is one of the
major genetic defects underlying the loss-of-function patho-
genic phenotype. When our study was conducted, nine non-
sense mutations that cause inherited cardiac conditions had
been documented (Figure 1A). Some of these mutations
were studied in heterologous cells, and it was reported
that the mutations led to a complete silencing of channel
expression because no currents were recorded in cells
injected with cRNA or transfected with cDNA carrying the
mutations.6–9

Studies of various genes have suggested that harmful con-
sequences caused by nonsense mutation may be avoided or
reduced to a tolerable level by enhancing the process
known as translational readthrough, which enables ribo-
somes to ignore the stop codon and produce full-length pro-
teins.10 Enhanced readthrough can be achieved in many
ways. For example, disturbances to the ribosome, tRNAs,
and the eukaryotic release factors eRF1 and eRF3a (a
GTPase that binds eRF1 and facilitates the efficiency and
accuracy of stop codon recognition)11 can all alter the
level of readthrough. Pharmacological approaches to
increasing the level of readthrough include the use of ami-
noglycosides and other small molecules that bind to the
ribosome, suppressor tRNAs that recognize stop codons,
eRF1-binding RNAs, and inhibition of eRF expression by

small-interfering RNA (siRNA) molecules.12 Notably, amino-
glycosides and inhibition of eRFs can to some extent prefer-
entially enhance readthrough of PTCs, which reduces the
chances of translation beyond the natural stop codon and
generation of proteins carrying extraneous amino acids.12

Extensive studies using these reagents, particularly the
aminoglycosides, have been performed on nonsense
mutations of several genes, such as CFTR gene mutations
that cause cystic fibrosis13 and dystrophin gene mutations
that cause Duchenne muscular dystrophy.14 In mouse
models, both disorders can be effectively treated with the
aminoglycoside gentamicin.15,16 Clinical trials have been
conducted to test whether aminoglycosides and other
ribosome-binding molecules are also effective in humans.10

Some studies have demonstrated that siRNA directed
against mRNA encoding eRFs is also effective inhibitors of
translation termination.11,12,17 Theoretically, this technique
induces misreading only at stop codons;17 thus, it has the
potential to be an alternative to the antibiotics without
the drawback of global mistranslation.

To our knowledge, no study to date has investigated the
restoration of functional Nav1.5 channels that are lost due
to nonsense mutations in the SCN5A gene. In this study, we
evaluated two classes of reagents that enhance read-
through: aminoglycosides and siRNA against eRF3a. We
applied these reagents to one nonsense mutation, W822X
(c.2466G.A)7,18 that creates a premature stop codon,
TGA, and is located near the middle point of the channel

Figure 1 Increase in Naþ currents in response to aminoglycosides and siRNA against eRF3a in HEK293 cells transfected with nonsense mutants of SCN5A. (A)
Distribution of nonsense mutations in the structure of the Nav1.5 channel. (B) Whole-cell Naþ currents (INa) elicited by the voltage protocol shown in the
inset. The dotted lines indicate the zero current level. (C) Comparison of maximal INa (INa,max). WT, WT þ W822X, and W822X: cells transfected with wild-type
and nonsense mutants of SCN5A; 0, no drug or no siR; G, G418; gm, gentamicin; siR, cells co-transfected with the vector producing siRNA against eRF3a. Asterisk
indicates a significant difference between the untreated group and all treated groups of a given mutant.
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sequence. We performed experiments to address two funda-
mental questions. First, we tested whether an increase in
stop codon readthrough would restore high-level production
of full-length Naþ channels from a disrupted SCN5A gene
containing a nonsense mutation. Secondly, we tested
whether the restored Naþ channels had normal or abnormal
function.

2. Methods

2.1 cDNAs and mutagenesis

The wild-type SCN5A cDNA used in this study encodes the full-length
Nav1.5 channel containing 2016 amino acids19 and matches the
exons of a reference genomic sequence (GenBank accession no.
AC137587). We used a PCR-based method20 to generate the
desired point mutation (W822X) and fully sequenced the cDNA frag-
ment containing the mutation in both sense and antisense
directions.

2.2 Cell culture and transfection

HEK293 cells (ATCC, Manassas, VA, USA) were maintained in culture
with or without the antibiotics penicillin and streptomycin. Exper-
iments to determine whether these two antibiotics influence the
expression of transfected genes, including those of mutated
genes, revealed that they had virtually no effect on channel
expression. However, to ensure that these antibiotics did not influ-
ence the results, in most experiments, we withdrew them from the
culture medium prior to transfection and kept the cells in culture
without them thereafter. Wild-type and mutated cDNAs of SCN5A
were transfected using an Effectene kit (Qiagen, Hilden,
Germany). eGFP-pCDNA3 (Invitrogen, San Diego, CA, USA) was
co-transfected to express eGFP as a transfection indicator for elec-
trophysiological experiments. The exception was the siRNA exper-
iments, in which a vector carrying the GFP gene was used.
Expression typically peaked at 48–60 h after the transfection,
during which time the cells were studied. Gentamicin (Sigma,
St Louis, MO, USA) or G418 (Invitrogen) was added at 200 mg/mL
or a concentration otherwise indicated into the medium 12 h after
the transfection.

2.3 Sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and immunoblotting

Membrane proteins and cytoplasmic proteins were separated and
extracted using a CelLytic MEM protein extraction kit (Sigma). The
extracted proteins were analysed with 4–7.5% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and trans-
ferred onto a PVDF membrane (Millipore, Billerica, MA, USA). We
used two antibodies (Alomone Labs, Jerusalem, Israel), one recog-
nizing the sequence D493-C511 in the N-terminal and another recog-
nizing the sequence D1978-V2016 in the C-terminal of the Nav1.5
channel, to detect full-length Nav1.5 and its mutants. A bound anti-
body was visualized on X-ray film using an ImmunoPure IgG(Fc) anti-
body conjugated with alkaline phosphatase and a Lumi-phos WB
chemiluminescent substrate (Pierce, Rockford, IL, USA). An anti-
body against human eRF3a (ProteinTech Group, Chicago, IL, USA)
and an antibody against human glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH, Bethyl Laboratories, Montgomery, TX, USA)
were also used in western blot analysis.

2.4 siRNA expression

We generated siRNA against eRF3a mRNA via small hairpin RNA
transcribed from an oligo insert cloned into the plasmid vector
pSuper.gfp/neo (OligoEngine, Inc., Seattle, WA, USA). The targeted
sequence11 was 50-GAGGAACAGUCAUUGUGUG-30. The siRNA

expression vector was transfected into cells to produce siRNA mol-
ecules and GFP as an expression indicator.

2.5 Immunofluorescence staining

The technique used was similar to that described in a previous pub-
lication.20 Briefly, cells were fixed, blocked, and incubated with the
anti-Nav1.5 antibody at 48C overnight. The cells were then incu-
bated for 4 h with a secondary antibody, goat anti-rabbit-Alexa
Fluor 610-R-P (Invitrogen). Immunofluorescence staining was
viewed with an LSM 510 confocal microscope (Zeiss, Oberkochen,
Germany). To evaluate the effects of nonsense mutation suppression
on cellular function, cells were fixed, blocked, and reacted with a
rabbit anti-H2AX antibody (Serotec, Oxford, UK) for 2 h at room
temperature. After being washed with PBS, the cells were incu-
bated with a secondary fluorescein-conjugated goat anti-rabbit
antibody (Serotec) for 30 min at room temperature. Hoechst
33342 staining was performed as described previously.21 The
stained cells were examined with a TE800 fluorescence microscope
(Nikon, Tokyo, Japan).

2.6 Patch-clamp recordings of Na1 current

Most details of the patch-clamp recording of whole-cell Naþ current
and data analysis are described in a previous publication.22 Whole-
cell Naþ channel current (INa) was recorded with an Axopatch 200
amplifier (Molecular Device, Sunnyvale, CA, USA) at room tempera-
ture in a bath (extracellular) solution containing (in mM) 140 NaCl, 4
KCl, 1.8 CaCl2, 0.75 MgCl2, and 5 HEPES (pH 7.4 set with NaOH) and
a pipette (intracellular) solution containing (in mM) 120 CsF, 20 CsCl,
5 EGTA, and 5 HEPES (pH 7.4 with CsOH).

2.7 Data analysis and statistics

We analysed INa data using pClamp9 (Molecular Device). Statistical
results are presented as mean+SE. The number of samples was
8–40 for each data point, with an average of 15 samples per
point. Comparisons between two data groups were performed
using Student’s t-test. We considered P , 0.05 to be statistically
significant.

3. Results

3.1 W822X inhibited expression of full-length
channels

The wild-type Nav1.5 channels and channels expressed from
the mutated cDNAs of SCN5A were studied in transfected
HEK293 cells. The HEK293 cells themselves did not exhibit
a substantial level of INa, nor did they react with the
anti-Nav1.5 antibody. In contrast, cells transfected with
the wild-type SCN5A cDNA had large INa. The mutation
W822X robustly reduced INa, decreasing maximal INa to
,3% of the wild-type level, although it did not abolish INa

completely (Figure 1B and C). This finding is consistent
with the common belief that PTCs have lower termination
efficiencies. Western blot analysis confirmed the presence
of full-length channel proteins in the cells transfected
with the mutated cDNAs, although they were found in
trace amounts when compared with the wild-type channels
(Figure 2A).

3.2 Aminoglycosides and siRNA against eRF3a
increased the production of full-length channels
from the W822X nonsense mutant

Naþ channel expression from the cDNA carrying the W822X
mutation was improved greatly in terms of both INa and
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protein levels in cells that were treated with gentamicin and
G418 (Figures 1B and 2A). Each drug increased maximal INa

by about eight-fold to �30% of the wild-type level
(Figure 1C). For simplicity, we denote the channels
expressed from cDNA carrying the W822X mutation as
W822X channels. In cells co-transfected with the wild-type
and mutant cDNAs, the maximal INa was 56% of the wild-type
level, and it was increased to as much as 74% of the wild-
type level in the cells treated with the reagents.

Paralleling the INa increase was a profound increase in the
amount of full-length channel protein produced (Figure 2A).
The reagents’ effect was dose-dependent and reached a
peak at �200 mg/mL in the range tested. Of note, on the
western blot using the anti-C-terminal antibody, only a
single, clear protein band at the predicted Nav1.5 size was
visible, indicating that extension beyond the natural stop
did not occur.

The next set of experiments examined the effect of low-
ering the cellular level of eRF3a by generating siRNA mol-
ecules that inhibited eRF3a expression. Western blot
analysis (Figure 2A) showed considerably less eRF3a in
cells transfected with the siRNA expression vector than in
untransfected cells, verifying that the siRNA worked effec-
tively. In contrast, the eRF3a level was unchanged in cells
treated with aminoglycosides. We expected this result

because aminoglycosides enhance readthrough by binding
to the ribosomes, not by interfering with the expression of
eRFs. When the siRNA expression vector was co-transfected
with a nonsense mutant cDNA, the transfected cells exhib-
ited a large INa compared with those transfected with the
mutant alone (Figure 1B and C). Results of western blot
analysis agreed with the INa data, displaying a significant
increase in the amount of full-length channel protein
expressed by the co-transfected cells (Figure 2A).

We also visualized the increased expression of protein
from the mutated cDNA in response to an elevated read-
through level through immunochemical staining of full-
length channel proteins. Under our experimental conditions,
cells transfected with the wild-type cDNA reacted with the
Nav1.5 antibody and therefore emitted red fluorescence
that was not seen in untransfected cells. In cells transfected
with the nonsense mutant cDNA, fluorescence was clearly
seen only in those treated with gentamicin (an example is
given in Figure 2B), G418, and siRNA against eRF3a, but
not in those without treatment.

3.3 W822X channels had a wild-type phenotype

The INa of W822X channels had characteristic similar to that
of wild-type channels (Figure 3A). Further analyses revealed
that the INa,peak–V relationships of W822X channels were the
same as those of wild-type channels, regardless of how read-
through was enhanced. Note that INa recorded from cells
transfected with the mutated cDNA alone in the absence
of enhanced readthrough was too small to be analysed
with confidence, thus we did not analyze it in detail.
W822X channels behaved virtually identically to wild-type
channels in all aspects of kinetics and voltage dependency
that were examined. No W822X channel group was statisti-
cally distinguishable from the wild-type group at any
voltage range. Figures 3–5 provide the data from the
W822X groups in parallel with those of the wild-type
channels.

3.4 Effects of nonsense mutation suppression
on cellular functions

We also evaluated the possible side effects of nonsense
mutation suppression. First, we assessed the influence of
nonsense mutation suppression on cell growth. We measured
the growth rate of HEK293 cells under readthrough-
enhancing conditions and compared it with that of cells
under normal culture conditions. During a 4-day period,
the growth rates of the cells treated with aminoglycosides
or siRNA against eRF3a were not significantly different
from those of untreated cells, nor were they different
from those of the cells transfected with the W822X
mutant. Next, we examined whether readthrough-
enhancing reagents induced DNA damage responses.23 For
this purpose, HEK293 cells treated with aminoglycosides or
siRNA against eRF3a were immunostained with the
anti-H2AX antibody 48 h after the start of the treatment.
Expression of H2AX, a histone 2A variant, is an early
response to DNA strand breakage.24,25 H2AX-positive nuclei
were seen in some treated cells. However, H2AX was also
detected in a small fraction of untreated cells. Quantitative
analysis by counting the relative number of H2AX-positive
cells revealed no significant difference in the percentage
of cells showing H2AX expression among treated and

Figure 2 Expression of full-length Naþ channels in cells transfected with
nonsense mutants of SCN5A under enhanced readthrough conditions. (A)
Western blot analysis. Upper images: channel proteins detected by the
anti-C-terminal Nav1.5 antibody; each positive sample shows a single band
at �230 kDa as expected for the full-length Nav1.5 channel; lower images:
channel proteins detected by the anti-N-terminal Nav1.5 antibody; each posi-
tive sample shows two bands at �90 and �230 kDa, respectively. GAPDH also
is displayed to ensure equal loading of samples; right image: eRF3a detected
by the anti-eRF3a antibody to show the suppression effect of siRNA. (B)
Immunochemical staining analysis. In each image set, the red fluorescent
image on the left displays the full-length Naþ channels in cells detected by
the anti-C-terminal Nav1.5 antibody, the light image in the centre displays
the cells, and the image on the right superimposes the fluorescent and
light images. U or untransfected: untransfected HEK293 cells; the numbers
above the sample lanes indicate the concentrations of G418 in mg/mL;
other labels are the same as for Figure 1.
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untreated cell groups. Finally, we examined whether the
readthrough-enhancing reagents led to translation beyond
the natural stop codons. The following three pieces of evi-
dence indicate that the readthrough-enhancing reagents
we used are, in general, unlikely to have a significant sup-
pression effect on natural stop codons. (i) In our western
blot experiment, we found that Naþ channels expressed
under the readthrough-enhancing conditions had the same
molecular size as that of wild-type channels (Figure 2A).
(ii) GAPDH protein in treated cells also had the same mol-
ecular size as that of untreated cells (Figure 2A). (iii) We
also looked at the total protein profile of the treated and
untreated HEK293 cells. On Coomassie-stained SDS–PAGE
gels, treatment of the cells with aminoglycosides or siRNA
against eRF3a did not induce any noticeable change in the
total protein profile; no additional protein bands or band
shifts were observed (see Supplementary material online,
Figure S1). These data indicate that the treatments did
not have a severe global effect on protein production of
the cells.

4. Discussion

In this study, we investigated the suppression of nonsense
mutation in the SNC5A gene. We found that using aminogly-
cosides to reduce translational fidelity and using siRNA
against eRF3a to decrease translation termination efficiency
could partially restore the expression of full-length cardiac
Naþ channel protein from the nonsense-mutated gene, and
that the characteristics of the mutant channels conferred
the wild-type phenotype of the Nav1.5 channel.

4.1 Effective nonsense suppression and comparison
with other studies

Because translation termination is a ubiquitous step in cellu-
lar protein synthesis, translational readthrough should be an
avenue of clinical potential for correcting the dysfunction of
cardiac Naþ channels caused by nonsense mutations.
However, readthrough efficiency appears to vary among
genes and can depend on the location and identity of the
stop codon in the gene of interest and on the surrounding
mRNA sequence context.26 Herein, we provided unambigu-
ous evidence that readthrough-enhancing reagents effec-
tively increased the amount of full-length and functional
Nav1.5 channels. Both types of reagents increased the
maximal INa by eight-fold to �30% of the wild-type level.
This is one of only a few studies to date that document non-
sense suppression in genes encoding ion channels other than
the CFTR. In a recent study, gentamicin at 1 mg/mL was
reported to increase the expression of the nonsense
mutant E375X of the Kv1.5 channel by about two-fold.27

The difference in the level of expression between the
Kv1.5 channel mutant and the Nav1.5 channel mutants
seen in our study perhaps is due to a dominant-negative sup-
pression by truncated subunits in the Kv1.5 channel that
does not occur in the Nav1.5 channel.

Our finding that the effect of eRF3a knockdown with siRNA
on readthrough is as potent as the effect of aminoglycosides
is interesting. Inhibition of the termination reaction by
siRNA against eRF1 has been shown to increase readthrough
of all three stop codons by .2.5-fold in HEK293 cells.28

However, results from the same study on siRNA against
eRF3a showed that the siRNA’s effect was relatively small.

Figure 3 Activation kinetics of Naþ channels. (A) INa of wild-type and W822X channels. The expression of W822X channels was elevated by exposure to genta-
micin and siRNA against eRF3a. (B) INa,peak2V relationship (left panels), voltage dependence of activation (centre panels), and voltage dependence of the time to
peak (right panels) for wild-type and mutant channels. INa,peak was normalized to maximal INa in order to compare the voltage dependence. Labels are the same as
for Figure 1.
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In a more recent study,11 application of siRNA against eRF3a
resulted in a much more profound increase in readthrough
efficiency of HEK293 cells, which is compatible with our
result; this result is not surprising because the siRNA in our
study targeted the same sequence. Thus, selection of the
targeting sequence appears to be critical for siRNA to sup-
press eRF3a expression effectively.

Recent studies of therapies for nonsense-associated dis-
eases have focused on suppressing nonsense codon

recognition. Of the three nonsense codons, generally
speaking UGA is the least effective at directing translation
termination.29,30 Therefore, the presence of the premature
stop codon UGA at the W822X mutation site may partly
explain the effectiveness of the nonsense suppression treat-
ments. Termination efficiency also is dictated by cellular
constituents of the translational machinery,31 some of
which will be more amenable to therapeutic manipulation
than others. Our findings indicate that both reducing

Figure 5 Late Naþ currents. (A) INa,late of wild-type and W822X channels. (B) INa,late–V relationship. INa,late was measured at the end of a series of voltage pulses
of 250 ms duration stepped from 2120 mV. INa,late is expressed as a percentage of maximal INa and is plotted against the voltage of the eliciting pulse. Labels are
the same as for Figure 1.

Figure 4 Inactivation and recovery kinetics of Naþ channels. (A) Voltage dependence of fast and slow time constants of INa decay. The time constants were
obtained by fitting the decay portions of INa in response to the voltage protocol in the inset of Figure 1B with a two-exponential function, Af � exp(2t/tf) þ
As � exp(2t/ts) þ offset, where t is time and tf and ts are fast and slow time constants, respectively. (B and C) Steady-state and fast inactivation, respectively.
(D) Kinetics of Naþ channel recovery from fast inactivation. The peak INa elicited by a test pulse in the voltage protocols depicted in the left panels was plotted
against the voltage (V ) of the conditioning pulse that preceded the test pulse. Labels are the same as for Figure 1.

S. Teng et al.478



translational fidelity and decreasing translation termination
efficiency are candidate mechanisms for effective thera-
peutic applications.

4.2 Therapeutic implications

Our results have validated—at the molecular and cellular
levels—the hypothesis that using readthrough-enhancing
reagents such as aminoglycosides and siRNA against eukary-
otic release factors is an effective therapeutic strategy to
suppress SCN5A nonsense mutations. We not only showed
that readthrough enhancement increased INa in cells trans-
fected with the nonsense mutant cDNA, but we also illus-
trated that the same reagents could increase INa in cells
transfected with a mix of wild-type and mutant cDNAS
(which mimics the heterozygous mutant), from 56% to 74%
of the wild-type level. This result offers a factual basis for
the clinical application of these and similar reagents as
therapeutic interventions. Zingman et al.32 suggested that
even a small increase in the amount of functional full-length
protein might improve clinical symptoms that are associated
with the heterozygous loss of one allele.

Effective therapies for diseases that are attributable to
in-frame nonsense codons should not only ensure effective
incorporation of an amino acid at the PTC site, but also
ensure that the amino acid incorporated supports protein
function even if it is not the amino acid present within the
wild-type protein.33 This is necessary because the near-
cognate tRNA that misreads the PTC might not be the
same tRNA cognate to the wild-type sequence. Karow
et al.34 sequenced purified protein from the prfB1 strain
of Bacillus subtilis with a UGA nonsense mutation and
found that the residue at the UGA position was tryptophan.
Thus, it is likely that suppression of the UGA codon at the
W822X mutation site leads to the insertion of a tryptophan
and results in the synthesis of the wild-type Nav1.5
channel. Indeed, our data showed that the W822X channels
had the same molecular size as the wild-type channel and
they conferred the wild-type phenotype. However, direct
sequencing data will be needed to determine whether
tryptophan is indeed the inserted amino acid.

We also investigated enhanced readthrough as a potential
risk factor for drug-induced disease conditions. Theoreti-
cally, a reagent with a high readthrough efficiency might
not be a safe and effective therapeutic agent because the
readthrough process might introduce sequence changes to
the restored full-length proteins due to mistranslation of
sense codons, readthrough of natural stop codons, and
incorporation of an amino acid that does not match the wild-
type sequence. In these cases, enhancing readthrough not
only can be ineffective, but it also can be harmful and
cause drug-induced disease in addition to or in lieu of the
original conditions. Relatively little information is available
about sequence errors generated by readthrough. For these
reasons, potential treatments designed to correct prema-
ture translation termination must be evaluated for individ-
ual genes and even for individual mutations.

We also evaluated the potential risks for the readthrough-
enhancing reagents used in this study to cause diseases by
damaging other cellular components. We found no detect-
able side effects for the host cells in which W822X channels
were expressed. Moreover, the fact that the W822X channels
have the wild-type phenotype further reduces the concerns

about drug-induced disease conditions. Taken together, the
results of this study suggest that the use of aminoglycosides
and siRNA against eRF3a to restore mutated Naþ channels
would be beneficial to carriers of the mutation.

4.3 Limitations of the study

Mammalian cells have evolved numerous ways to ensure the
quality of mRNA. If translation termination is sufficiently
premature, then the mRNA will be subject to nonsense-
mediated decay (NMD).35 NMD is a cellular defence mechan-
ism that eliminates mRNAs that harbour PTCs and that
encode non-functional or potentially harmful polypeptides.
Nonsense-associated diseases are caused by insufficient
expression of full-length, functional proteins. Elimination
of PTC-containing mRNAs by NMD is now viewed as a cause
of such insufficient expression, and therefore, it may con-
tribute to nonsense-associated diseases.36 It is worth
noting that NMD may also affect the efficiency of
drug-induced readthrough due to the reduced number of
mRNA copies. In our study, we did not assess the role
of NMD in nonsense suppression because the use of cDNA
might disturb the slicing-dependent processes, including
NMD. However, a considerable amount (�25%) of PTC-
containing mRNAs can escape NMD and can be remodelled
into the steady-state translation initiation complexes that
go on to direct peptide synthesis.37 Finally, it should be
noted that this study was limited to channels expressed in
heterogonous cells. Further studies involving animal
models are needed to extrapolate the results reported here.

4.4 Conclusions

Through the study of a nonsense mutation of the SCN5A
gene, we demonstrated that pharmacological and RNA inter-
ference of translation termination has the potential to treat
conditions associated with nonsense mutations of SCN5A.
These results should be considered in the design of pharma-
cogenetic therapies to reduce the risk of sudden cardiac
death associated with nonsense mutations of SCN5A and to
treat diseases associated with nonsense mutations in
general.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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