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Review
Approximately one-third of alleles causing genetic dis-
eases carry premature termination codons (PTCs), which
lead to the production of truncated proteins. The past
decade has seen considerable interest in therapeutic
approaches aimed at readthrough of in-frame PTCs to
enable synthesis of full-length proteins. However,
attempts to readthrough PTCs in many diseases resulted
in variable effects. Here, we focus on the efforts of such
therapeutic approaches in cystic fibrosis and Duchenne
muscular dystrophy and discuss the factors contributing
to successful readthrough and how the nonsense-
mediated mRNA decay (NMD) pathway regulates this
response. A deeper understanding of the molecular basis
for variable response to readthrough of PTCs is necess-
ary so that appropriate therapies can be developed to
treat many human genetic diseases caused by PTCs.

Therapeutic approaches for correcting PTCs
Premature termination codons (PTCs) originate from
either mutations, such as nonsense mutations, frame-shift
deletions and insertions, or from aberrant splicing that
generates mRNA isoforms with truncated reading frames.
These mutations can lead to the production of truncated,
nonfunctional or deleterious proteins, owing to dominant-
negative or gain-of-function effects [1]. In the past few
years, there has been an attempt to develop mutation-
specific pharmacological approaches aimed at achieving
sufficient levels of functional proteins.

In this review, we focus on therapeutic approaches for
mutations generating in-frame PTCs. These therapies are
aimed at promoting translational readthrough of the
PTCs, to enable the synthesis and expression of full-length
functional proteins. Readthrough of PTCs can be achieved
by suppressor transfer RNAs (tRNAs), factors that
decrease translation-termination efficiency, such as
small-interfering RNAs (siRNAs) directed against the
translation-termination factors, and RNA antisense that
targets the nonsense mutation region. Another extensively
studied approach that has reached clinical trials is read-
through by drugs affecting the ribosome decoding site,
such as aminoglycoside antibiotics [2–7]. However, amino-
glycosides have severe side effects when used at high
concentrations and/or used long-term. More recently, a
high-throughput screening revealed a new small molecule,
PTC124, which can readthrough PTCs without severe
side effects.

Many readthrough studies using various aminoglyco-
sides and PTC124 have been performed in the past decade,
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mainly in cystic fibrosis (CF) and Duchenne muscular
dystrophy (DMD). Interestingly, these studies revealed a
wide variability in the response to these readthrough
treatments. Here, we focus on the molecular basis for
this variability. Furthermore, the contribution of different
factors to successful readthrough is reviewed and re-
evaluated and the importance of the nonsense-mediated
mRNA decay (NMD) pathway in regulating the response to
readthrough treatments is discussed.
Factors affecting the response to readthrough by
aminoglycosides
It has long been known that the antimicrobial activity of
aminoglycosides results from their ability to inhibit bac-
terial protein synthesis in high doses. In low doses, how-
ever, some of these antibiotics cause translational
misreading in prokaryotes and eukaryotes by binding to
the decoding site of the 16S or 18S ribosomal RNA (rRNA),
respectively [8–11] (Figure 1). This binding induces a local
conformational change that mimics the change in the 16S
or 18S rRNA induced by a correct codon–anticodon pair
during translation [12]. In prokaryotes, the binding of
aminoglycosides to ribosomes is efficient and, thus, leads
to inhibition of protein synthesis. However, in eukaryotes,
the binding is less efficient, owing to subtle differences in
the sequence of the rRNA decoding site, which results in
translational readthrough by the insertion of an amino
acid at the stop codon [13–19]. Readthrough of in-frame
PTCs enables the protein synthesis to continue to the end
of the transcript, thus, generating a full-length protein
with either the correct or an abnormal amino acid (bound
to a tRNA that is a near-cognate of the stop codon) at the
PTC. Because the binding of aminoglycosides is inefficient,
both full-length and truncated proteins will be synthes-
ized. Aminoglycosides have minimal effects on normal
translation termination, because the normal stop codons
of eukaryote genes are surrounded by upstream and down-
stream sequences, which enhance the efficiency of trans-
lation termination, whereas nonsense mutations are
usually not surrounded by these sequences [20–23]. The
proximity of normal stop codons to the poly(A) tail also
contributes to the efficiency of translation termination [24].
All these factors have led to the hypothesis that aminogly-
cosidesmight be beneficial for treatment of diseases caused
by PTCs, in which low levels of physiologically functional
proteins are sufficient to restore their function.

The potential of aminoglycosides to readthrough dis-
ease-causing PTCs was first investigated >10 years ago in
CF. Briefly, Howard et al. [25] and Bedwell et al. [26] used a
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Figure 1. The effect of readthrough drugs on protein translation. (a) Normal

protein synthesis. In the A site of the rRNA, recognition occurs between the codon

of the mRNA and the anticodon of the amino-acyl-tRNA and, in the P site, the

peptidyl tRNA is bound. During translation, the nascent polypeptide binds to the

amino acid in the A site and the ribosome moves along the mRNA three

nucleotides at a time, transferring the tRNA polypeptide from the A site to the P

site. (b) Premature termination of protein synthesis owing to a PTC. When the

ribosome encounters a PTC, there is no corresponding tRNA and the translation is

stalled. This leads to the binding of the release factors (eRF1 and eRF3), resulting in

translation termination and release of the polypeptide. At this stage, NMD might

be elicited (Box 1, Figure I). (c) Readthrough of PTC by aminoglycosides or PTC124.

The aminoglycosides can bind the A site of the rRNA. This binding alters the RNA

conformation and the accuracy between codon–anticodon pairing is reduced. The

reduced accuracy occasionally enables readthrough of the PTC by incorporation of

an amino acid, generating full-length proteins. The specific binding location of

PTC124 is not known but probably occurs at a different location on the ribosome

than gentamicin (*).
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cell line transfected with CF-transmembrane-conductance
regulator (CFTR) constructs carrying different nonsense
mutations (Table 1). Full-length CFTR proteins were
detected after treatment with the aminoglycoside G418.
Moreover, some of the readthrough experiments, using the
R1162X, G542X and R553X constructs, led to CFTR-
mediated anion efflux comparable to that found when a
wild-type CFTR construct was transfected. These ‘proof of
principle’ studies were followed by additional studies in
cells of CF patients carrying nonsense mutations (Table 1).
Treatment with either G418 or gentamicin resulted in
stimulation of cyclic adenosine monophosphate (cAMP)-
dependent chloride currents and localization of CFTR
proteins on the apical cell surface that could not be seen
in cells carrying mutations of non-stop codons [26–28].

Although the potential of aminoglycosides to read-
through disease-causing PTCs was demonstrated, varia-
bility in the response was found in many studies of
different inherited diseases (Tables 1–3). For example,
in three different clinical trials on CF patients carrying
PTCs, response to gentamicin treatment was observed in
most of the patients (7 out of 9 [29]; 17 out of 19 [30]; 4 out of
5 [27]), whereas in another study, no response was
observed in 11 CF patients treated with gentamicin or
tobramycin [31]. Variable response was also observed
among studies in mdx mice (a model for DMD) carrying
a PTC in the dystrophin (DMD) gene. 300 mg ml�1 genta-
micin treatment for 14 days in primary muscle cells from
mdx mice led to the synthesis of full-length dystrophin
protein and proper localization in these cells. This full-
length protein was completely missing in muscle cells of
mdx mice with no treatment or with lower gentamicin
concentrations (100 mg ml�1 and 200 mg ml�1). When
higher gentamicin concentrations were used, the size
and number of the muscle cells diminished (400 mg ml�1)
or did not develop (500 mg ml�1), thereby indicating an
interference in translation [32]. Gentamicin treatment in
the mdx mice also resulted in the synthesis and localiz-
ation of dystrophin in muscles [32] and correction of the
structural and functional vascular defects [33], leading to
functional restoration. In contrast to these two studies,
Dunant et al. [34] reported that gentamicin treatment in
mdx mice in the same concentrations, for the same time
and using the same method of application, failed to
increase the dystrophin expression in their muscles. Varia-
bility in responsewas also found among gentamicin clinical
trials in DMD patients. In the first study, two DMD (severe
disease form) and two Becker muscular dystrophy (BMD; a
milder disease form) patients were treated with intrave-
nous gentamicin for 14 days. After treatment, no full-
length dystrophin was observed in the muscles of these
patients [35]. However, in a more recent study, in which
four DMD patients carrying PTCs were treated with intra-
venous gentamicin for two six-day cycles at an interval of
seven weeks, muscle biopsy revealed restoration of dystro-
phin expression in three of the patients [36].

Several factors were shown to affect the response to
readthrough treatment. In some studies, the variable
response was found to associate with the identity of the
PTC and its sequence context. The readthrough efficiency
inversely correlated with the translation-termination effi-
ciency. The highest readthrough efficiency is of the UGA
stop codon, followed by UAG and, to a lesser extent, UAA
[37,38]. For example, variable response to gentamicin
treatment, which was found among four DMD patients
carrying PTCs, was associated with the sequence of the
PTC. A response was found only in the patients with UGA
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Table 1. Readthrough studies in tissue cultured cells and in mice models in CF and DMDa

Disease Gene Mutation Stop

codon

Readthrough

drug

System Response Refs

CF CFTR G542X UGA G G418d cDNA overexpression

in a cell line

Yes [25]

R553X UGA C

CF CFTR W1282X UGA A G418 cDNA overexpression

in a cell line

Yes [26]

R1162X UGA G

W1282X UGA A G418,

Gentamicin

A cell line from a

patient carrying

the mutation

Yes

CF CFTR G542X UGA G Gentamicin Primary nasal cells

from a patient

carrying the mutation

Yes [27]

CF CFTR G542X UGA G Gentamicin Primary bile duct cells

from a patient

carrying the mutation

Yes [28]

CF CFTR Y122X UAA C Gentamicin Overexpression of a dual

reporter vector in a cell line

Yes [45]

W1282X UGA A Y122X > W1282X,

R1162X, G542XR1162X UGA G

G542X UGA G

CF CFTR W1282X R1162X UGA A G418 cDNA stable expression

in cell lines

Yes [67]

UGA G

CF CFTR G542X UGA G Gentamicin,

Tobramycin

In vitro transcription–translation

and a

human transgene in a

Cftr�/� mouse

Yes, Gentamicin

> Tobramycin

[42]

CF CFTR G542X UGA G Amikacin,

Gentamicin

In vitro translation Yes, Gentamicin

> Amikacin

[43]

G542X UGA G Amikacin,

Gentamicin

A human transgene in a

Cftr�/� mouse

Yes, Amikacin

> Gentamicin

CF CFTR G542X UGA G PTC124,

Gentamicin

A human transgene in a

Cftr�/� mouse

Yes [53]

DMD DMD mdx (3185C!T) UAA A Gentamicin Primary skeletal muscle

cells from mdx

mice

Yes [32]

mdx (3185C!T) UAA A Gentamicin mdx mice Yes, variability

among mice

DMD DMD –b UGA Nc G418, Gentamicin,

Paromomycin

Overexpression of a dual

luciferase reporter

vector in cell lines

Yes [38]

UAG Nc 1. UGA > UAG > UAA

UAA Nc N = C > U > A � G

2. G418 > Gentamicin,

Paromomycin

DMD and BMD DMD 9G!A UGA U Gentamicin, Overexpression of a dual

luciferase reporter

vector in cell lines

Yes [40]

4240C!T UAA U Amikacin, 1. UGA > UAG > UAA

4250T!A UAG A Paromomycin

4693C!T UAG U +4 C > U > G � A

6868A!T UAA C 2. Gentamicin,

Paromomycin

> Amikacin

7720C!T UAG U

8608C!T UGA A

9337C!T UGA A

All the above All the

above

Tobramycin Overexpression of a dual

luciferase reporter

vector in cell lines

No

mdx UAA A Gentamicin Overexpression of a dual

luciferase reporter

vector in cell lines

Yes, but very small

–b UGA C Yes

DMD and congenital

muscular dystrophy

(CMD)

DMD E1593X UAA U Gentamicin Overexpression of a dual

luciferase reporter

vector in a cell line

Yes [39]

Q60X UAA A UGA > UAG > UAA

Q988X UAA C

mdx UAA A

Q1240X UAA U

Q1143X UAA C

E2726X UAA G

Q1437X UAG A

Q2125X UAG U

Q3149X UAG A

W651X UAG G

L1417X UAG A

Q2522X UAG A

E931X UAG C

Q2264X UAG G

Q673X UAG C

R1326X UGA G
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Table 1 (Continued )

Disease Gene Mutation Stop

codon

Readthrough

drug

System Response Refs

C967X UGA A

R3085X UGA G

R744X UGA G

R3190X UGA A

R1549X UGA C

R1967X UGA A

R3381X UGA A

R2098X UGA U

R145X UGA C

S319X UGA C

S319X UGA C Gentamicin Overexpression of a dual

luciferase reporter

vector in mice

Yes

DMD DMD mdx UAA A Gentamicin mdx mice Yes [33]

DMD DMD mdx UAA A Gentamicin mdx mice No [34]

DMD DMD A PTC in

exon 28

UGA PTC124 Primary muscle cells from

a patient carrying

the mutation

Yes [51]

mdx UAA PTC124 mdx mice Yes

CMD LAMA2 C1546X UGA A Gentamicin,

Amikacin

Overexpression of a dual

luciferase reporter

vector in a cell line

Yes [68]

1326c UGA 1. The stop codon and

flanking sequences1437c UAG

1240c UAA

DMD DMD mdx UAA 2. Gentamicin > Amikacin

319d UGA

CMD LAMA2 C1546X UGA A Gentamicin,

Amikacin

Primary muscle cells from

a patient carrying the mutation

No

aThe table includes only results from disease-causing PTCs. Owing to possible polymorphisms, the fourth nucleotide that immediately follows the stop codon is specified only

in cases in which it was specified in the study. Explanations for variable response, if given in the study are mentioned in the ‘Response’ column.
bNot specified in the study.
cN was either A, C, G or U.
dG418 = geneticin.
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as the PTC [36]. The sequences upstream and downstream
of the stop codon also have an important role in determin-
ing its susceptibility to readthrough. In particular, the
importance of the fourth nucleotide immediately after
the stop codon (position +4) was shown. A cytosine (C)
residue after either UGA or UAA is correlated with high
levels of readthrough [37,38]. A more recent study showed
that the impact of the +4 nucleotide is largely affected by
the surrounding context [39]. A C at this position is associ-
ated with some of the highest readthrough levels but, also,
with very moderate ones depending on the flanking
sequences.

Another factor that canaffect the response toaminoglyco-
side treatment is their chemical composition. Comparison of
readthrough efficiency that is induced by several aminogly-
cosides in human cells expressing reporter constructs
showed lower readthrough efficiency by tobramycin and
neomycin than by gentamicin, amikacin and paromomycin
[2,40,41]. Studies in a Cftr�/�mouse, stably expressing the
human CFTR–G542X transgene (Table 1) found that, after
treatment for seven days using a high gentamicin dose
(34 mg g�1 body weight), human CFTR proteins were
detected at the apical surface of intestinal tissues and a
modest increase in the in vitro chloride current through the
CFTR channel was observed. However, after tobramycin
treatment at the same conditions, a weaker CFTR staining
and a half magnitude of chloride current was observed [42].
Later, high dose of another aminoglycoside, amikacin
(170 mg g�1 body weight), was found to readthrough the
human CFTR–G542X more effectively than gentamicin in
the same transgenic mice, as measured by CFTR-protein
staining and chloride efflux. The same difference between
amikacin versus gentamicin readthrough efficiency was
observed when lower doses of both aminoglycosides were
used [43]. It is important to note that studies in patients
used gentamicin (and not amikacin) because the effect of
amikacin has only recently been reported.

The brand and composition of gentamicin can also
contribute to different readthrough efficiencies. Commer-
cially available gentamicin usually contains three major
components: gentamicin C1, C1a and C2, which have only
slight differences in their chemical structure but differ in
their propensity to induce readthrough. Gentamicin C1a
and C2 bind to the decoding site of the rRNA with similar
affinities, which are higher than that of gentamicin C1 [44].
Hence, the variable response found among different stu-
dies in CF patients [27,29–31,45], DMD mice models [32–

34] and DMD patients [35,36] (Tables 1,3) might be attrib-
uted to different brands, which might contain different
relative concentration of each gentamicin component.

The duration of the readthrough treatment between
studies, or a different method of application, could also
contribute to the variable response as well as the varia-
bility in drug metabolism between individuals.

However, these factors cannot explain the variability in
response among patients who participated in the same
clinical study and carried the same PTC. For example,
intravenous gentamicin was recently shown to read-
through the Y122X mutation, one of the most frequent
nonsense mutations in the French population, in six out of
555



Table 2. Readthrough studies in tissue cultured cells and in mice models in other diseasesa,b

Disease Gene Mutation Stop codon Readthrough drug System Response Refs

Hurler syndrome

(mucopolysaccharidosis Type I)

IDUA Q70X UAG C Gentamicin In vitro transcription–translation

and primary fibroblasts from a

patient carrying the mutations

Yes [69]

W402X UAG G

Hurler syndrome

(mucopolysaccharidosis Type I)

IDUA W402X UAG G Gentamicin, In vitro transcription–translation Yes [70]

Tobramycin, Amikacin, Gentamicin

> TobramycinAmikacin

Mucopolysaccharidosis Type I IDUA Q70X UAG C Gentamicin Fibroblast extracts from patients

carrying the mutations

Yes [71]

W180X UGA A The stop codon and

flanking sequencesQ400X UAG C

W402X UAG G

R628X UGA C

Y343X UAG G Gentamicin Fibroblast extracts from patients

carrying the mutations

No

Q70X UAA Gentamicin cDNA overexpression in a cell line Yes

UAG For both mutations the

smallest readthrough was

with UAG

UGA

W402X UAA

UAG

UGA

Spinal muscular atrophy

(SMA) type II and III

SMN1 W102X UAG T G418d Primary fibroblasts and

lymphoblastoid cells

Yes [72]

SMA type I SMN2 SMND7 A PTC

four amino

acids into

exon 8

Amikacin,

Gentamicin, G418,

Lividomycin,

Streptomycin,

Tobramycin

Fibroblasts from a patient carrying

the mutation

Yes [73]

Amikacin, Tobramycin

> Gentamicin,

G418, Lividomycin,

Streptomycin

X-linked nephrogenic

diabetes insipidus (XNDI)

AVPR2 W200X UGA G418 cDNA overexpression in a cell line Yes [74]

R337X UGA

XNDI AVPR2 E242X UAG C G418, Gentamicin,

Paromomycin

Mouse cDNA overexpression

in cell lines

Yes [75]

G418 > Gentamicin,

Paromomycin

E242X UAG C Amikacin,

Hygromycin B,

Kanamycin A,

Neomycin,

Streptomycin,

Tobramycin

Mouse cDNA overexpression

in cell lines

No

E242X UAG C G418 Primary kidney cells from a mouse

model carrying the mutation and

in mutant mice

Yes

X-linked retinitis pigmentosa RP2 R120X UGA G Gentamicin Lymphoblastoid cell lines from

patients carrying the mutation

No [76]

R120X UGA G Gentamicin Overexpression of a dual luciferase

reporter vector in a cell line

Yes

–c UGA C +4 C > G

Nephropathic cystinosis CTNS W138X UGA Gentamicin Fibroblast cell lines from patients

carrying the mutations

Yes [77]

73X –c Gentamicin Fibroblast cell lines from patients

carrying the mutations

No

65-kb

deletion

–c
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Ataxia-telangiectsia ATM AT185LA UAA G G418, Gentamicin,

Paromomycin

In vitro protein truncation testing Yes [78]

TAT51 UGA C 1. UGA C, UGA A > UAA G

AT187LA UAA G

AT153LA UGA A 2. G418 > Gentamicin,

Paromomycin

All the

above

All the

above

Tobramycin In vitro protein truncation testing No

AT185LA UAA G G418, Gentamicin Lymphoblastoid cell lines from

patients carrying the mutations

Yes

AT160LA UGA A G418 > Gentamicin

AT187LA UAA G

Polycystic kidney disease PKD2 R186X UAA Gentamicin, Lymphoblastoid cell lines from

patients carrying the mutations

Yes [79]

Y386X UAA Isepamicin

Factor VII deficiency FVII K316X UAG G G418, Gentamicin cDNA overexpression in a cell line Yes [80]

W364X UGA G

K316X UAG G Netilmicin cDNA overexpression in a cell line No

W364X UGA G

Familial atrial fibrillation KCNA5 E375X UAA C Gentamicin cDNA overexpression in a cell line Yes [81]

Hemophilia B F9 R338X UGA T G418, Gentamicin Human minigenes in a F9�/� mouse Yes [82]

1. G418 > Gentamicin

2. Variability among mice

R29X UGA G G418, Gentamicin Human minigenes in a

F9�/� mouse

No

McArdle disease Myophosphorylase R49X UGA G Gentamicin Primary muscle cells from a

patient carrying the mutation

No [83]

Usher syndrome type 1 PCDH15 R3X UGA C G418, Gentamicin,

Paromomycin

In vitro transcription–translation Yes [84,85]

R245X UGA A 1. The stop codon and flanking

sequencesR643X UGA G

R929X UGA A 2. G418 > Gentamicin,

Paromomycin

R245X UGA A G418, Gentamicin,

Paromomycin

Partial cDNA overexpression

in a cell line

Yes

G418 > Gentamicin

> Paromomycin

R3X UGA C Gentamicin, Paromomycin Overexpression of a dual

luciferase reporter vector in

a cell line

Yes

aDiseases other than CF and DMD.
bThe table includes only results from disease-causing PTCs. Owing to possible polymorphisms, the fourth nucleotide that immediately follows the stop codon is specified only in cases in which it was specified in the study. Explanations

for variable response, if given in the study, are mentioned in the ‘Response’ column.
cNot specified in the study.
dG418 = geneticin.
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Table 3. Readthrough studies in patientsa

Disease Gene Mutation Stop codon Readthrough

drug

Method of

application

Responders Refs

CF CFTR W1282X UGA A Gentamicin Intranasal 7 out of 9 [29]

G542X UGA G

3849+10 kb C!T UAA U

CF CFTR W1282X UGA A Gentamicin Intravenous 4 out of 5 [27]

G542X UGA G

R553X UGA C

CF CFTR W1282X UGA A Gentamicin Intranasal 17 out of 19 [30,47]

G542X UGA G Variability was

explained by the

transcript levels

3849+10 kb C!T UAA U

CF CFTR Y122X UAA C Gentamicin Intravenous 6 out of 9 [45]

W1282X UGA A Gentamicin Intravenous 0 out of 4

R1162X UGA G

G542X UGA G

R553X UGA C

CF CFTR W1282X UGA A Gentamicin, Intranasal 0 out of 11 [31]

G542X UGA G Tobramycin

R553X UGA C

R1162X UGA G

Y1092X UAA C

E60X UAG C

CF CFTR W1282X UGA A PTC124 Oral 17 out of 23 Variability

was explained by

the transcript levels

[52]

G542X UGA G

3849+10 kb C!T UAA U

DMD DMD Q625X UAA G Gentamicin Intravenous 0 out of 2 [35]

Q2198X UAG C

BMD DMD S757X UGA G Gentamicin Intravenous 0 out of 2

W3294X UGA C

DMD DMD –b UGA Gentamicin Intravenous 3 out of 3 [36]

–b UAA 0 out of 1

Hemophilia A FVIII S1395X – b Gentamicin Intravenous 1 out of 1 [86]

R2116X – b 0 out of 1

R427X – b 0 out of 1

Hemophilia B FIX R333X – b Gentamicin Intravenous 1 out of 1

R252X – b 0 out of 1

Factor VII deficiency FVII K316X UAG G Gentamicin Intravenous 0 out of 2 [87]

W364X UGA G Minimal

sub-therapeutic effects

Hailey–Hailey disease ATP2C1 R468X UGA Gentamicin Topical 1 out of 1 [88]

McArdle disease Myophosphorylase R49X UGA G Gentamicin Intravenous 0 out of 4 [83]

R269X UGA G
aOwing to possible polymorphisms, the fourth nucleotide that immediately follows the stop codon is specified only in cases in which it was specified in the study

Explanations for variable response, if given in the study, are mentioned in the ‘Responders’ column.
bNot specified in the study.
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nine CF patients [45]. After gentamicin treatment, the
CTFR protein was detected at the membrane of the nasal
epithelial cells and the CFTR-dependent chloride secretion
reached normal values in the responders. A variable
response to gentamicin intranasal treatment was also
observed among nine CF patients all carrying at least
one W1282X nonsense mutation, the most frequent
mutation in the Ashkenazi Jewish population [29]. This
mutation generates the stop codon UGA, followed by an
adenine (A) and, owing to a founder effect, the mutation
resides on the same haplotype in all patients [46]. Specifi-
cally, in 80% of the patients, a correction of the CFTR
electrophysiological abnormalities was observed. Variabil-
ity in response was also found in another study among 19
CF patients, all carrying at least one allele with the
W1282X mutation [30]. After the gentamicin treatment,
there was a complete normalization of the electrophysio-
logical abnormalities caused by the CFTR defect in 17 out
of 19 patients. In addition, a significant peripheral and
surface staining of full-length CFTR proteins was observed
in the nasal epithelial cells of responders. This staining
558
.

pattern was similar to that observed in non-CF individuals.
The variability found in each of these studies indicates that
another factor might contribute to the response to gentami-
cin treatment. Given that the PTC-bearing transcripts are
the target for readthrough, their level might vary among
individuals and be a limiting factor in the response. This
hypothesis was recently tested and the results clearly
showed no response to gentamicin in patients with mark-
edly reduced levels, whereas response was only found in
patients with higher levels of CFTR nonsense transcripts
[47]. Because the level of PTC-bearing transcripts was not
investigated in other readthrough studies (such as in Ser-
met-Gaudelus et al. [45]), the possibility that variable levels
of PTC-bearing transcripts contributed to the reported
variability in the response of patients cannot be excluded.
Altogether, these results indicate that analyzing the level of
mRNA before the readthrough treatment might be
beneficial to the identification of patients with a potential
to respond to the treatment.

Aminoglycosides have been used in tissue-culture
cells and mouse models for a variety of diseases, among



Box 1. Nonsense-mediated mRNA decay

NMD is a quality-control process found in all eukaryotic organisms

studied to date [89–92]. It degrades transcripts carrying disease-

causing PTCs and a variety of physiologic transcripts, among which

are transcripts with upstream open-reading frame (uORF), transcripts

containing introns in the 30 untranslated region (UTR) and transcripts

derived from alternative splicing [93–96]. The NMD physiologic

substrates function in a broad range of cellular processes including

transcription, telomere maintenance, DNA repair, cell growth, in-

tracellular transport and NMD itself [93,97–100]. Thus, NMD has an

important role in regulating many cellular functions. NMD usually

reduces the level of PTC-bearing transcripts but does not eliminate

them completely. Hence, reduced levels of the encoded truncated

proteins are observed.

NMD occurs in mammalian cells after pre-mRNA splicing and, in

most cases, is mediated by the exon-junction complex (EJC), which

comprises at least ten proteins that are deposited 20–24 nucleotides

upstream of exon–exon junctions [101,102]. This complex is usually

displaced during the pioneer round of translation. According to

current NMD models (Figure I), for most mRNAs, stop codons that are

located >50–55 nucleotides upstream of an exon–exon junction are

recognized as premature during the pioneer round of translation,

because EJC is found downstream to the stop codon [103].

Translation termination is triggered by recognition of the stop codon

by the eukaryotic release factors eRF1 and eRF3, which are recruited

to stalled ribosomes. These release factors recruit the key NMD factor,

UPF1, which recruits the kinase SMG1. These four proteins generate

on the stalled ribosome at stop codons a complex known as SURF. In

the case of a PTC, there is a downstream EJC and UPF1 at the

termination site can interact with the EJC-associated protein, UPF2.

This interaction leads to phosphorylation of UPF1 by SMG1 and

dissociation of the release factors. The phosphorylated UPF1 recruits

additional factors (SMG5 and SMG7), leading to NMD triggering.

Once NMD is stimulated, the targeted transcripts are degraded by

both 50–30 exoribonucleases such as hXRN1 and by 30–50 decay

involving de-adenylation and the exosome [104–106].

Figure I. The mammalian NMD pathway. After pre-mRNA splicing in the

nucleus, transcripts with EJC that includes the NMD core protein UPF3 are

exported to the cytoplasm. In the cytoplasm, the NMD core protein UPF2 binds to

UPF3. Ribosomes start to translate the mRNA until reaching a PTC. At these

stalled ribosomes, four proteins (SMG1, UPF1, eRF1 and eRF3) generate a

complex known as SURF. In cases in which there is a downstream EJC, UPF1 (at

the termination site) can interact with the EJC-associated protein, UPF2, thereby

leading to phosphorylation of UPF1 by SMG1 and dissociation of the release

factors. The phosphorylated UPF1 recruits SMG5 and SMG7 factors, eliciting

NMD. Color code: exons, blue rectangles; introns, blue loops.
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which are spinal muscular atrophy and usher syndrome
(summarized in Table 2). However, very few of these
studies have led to clinical trials and, in those that
did (e.g. hemophilia A and B), the numbers of patients
included was very small (n �4) and had different
nonsense mutations (Table 3). All these studies showed
that aminoglycosides can promote readthrough of disease-
causing PTCs; however, their efficiency considerably
varied.

In summary, among the tested aminoglycosides, genta-
micin was the most promising drug that showed both in
vitro and in vivo efficient readthrough of PTCs that cause
many genetic diseases. However, the clinical benefit of
gentamicin is limited because high concentrations and/or
long-term treatments require intravenous administration
and can cause severe side effects such as kidney damage
and hearing loss [48,49].
PTC124 – a new readthrough drug
High-throughput screens identified PTC124, a small
organic molecule with no antibiotic properties, that can
promote readthrough of disease-causing PTCs and does
not affect termination at stop codons located at the end of
coding sequences [50,51] (Figure 1). Unlike aminoglyco-
sides, PTC124 has no serious adverse side effects [50,52]
and, therefore, has great potential to treat genetic disease.
PTC124 probably functions at a different location on the
ribosome than aminoglycosides because it is part of a
distinct structural class of drugs [50].

PTC124 promoted dose-dependent readthrough of all
three stop codons incell lines expressing luciferasenonsense
alleles in low concentrations (0.01–10 mM), whereas
1000 mM gentamicin did not show readthrough of the three
stop codons [51]. Moreover, PTC124 oral administration to
mdx mice led to the production of full-length dystrophin in
559
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themembrane of primarymuscle cells and partially rescued
the functional strength deficit [51]. The potential of PTC124
to restore in vivo the functional activity of PTC-bearing
transcripts was also analyzed in the CF mouse model
expressing the human CFTR–G542X transgene in a Cftr�/
� background [53]. The results showed that both subcu-
taneousandoral administrationofPTC124 to thesemice led
to a strong expression of full-length CFTR proteins and to
24–29% of the average cAMP-stimulated transepithelial
chloride currents observed in wild-type mice (Table 1).

Recently, PTC124 clinical trials have been initiated for
CF patients (Table 3). 23 adult CF patients carrying differ-
ent nonsense mutations were orally treated with low and
high doses of PTC124 for twoweeks each [52]. Improvement
in the electrophysiological abnormalities caused by CFTR
dysfunction was found in many patients, whereas some of
them showed end-of-treatment values in the normal range.
This indicated that PTC124 can induce in vivo synthesis of
full-length functional CFTR proteins. Furthermore,
improvements in lung function, CF-related neutrophilia
and body weight were observed in these patients. As in
the gentamicin clinical trial [30], most of the patients in
this PTC124 clinical trial [52] carried theW1282Xmutation
and, thus, shared the same sequence context; the read-
through compound was of the same batch and the method
of application and treatment period was the same for all
patients. Nevertheless, variable response to PTC124 was
observed, such that a response was found only in patients
with sufficient levels of CFTR nonsense transcripts [52].
Interestingly, different PTCs demonstrated a different
threshold of the level of PTC-bearing transcripts required
for response. For transcripts carrying the W1282X
mutation,�20% ofwild typewas required for normalization
of the electrophysiological abnormalities, whereas for those
carrying the G542Xmutation very low levels (<10%) of wild
type were sufficient for the response. This is probably a
result of different readthrough efficiencies for the twoPTCs.
Indeed, PTC124 showed that readthrough of UGA–G (the
sequence of G542X) is more efficient than that of UGA–A
(the sequence of W1282X) [51].

There are currently several ongoing PTC124 clinical
trials for CF patients in which the treatment period has
been extended to three months (phase IIa) and, in another
trial, pediatric patients (6–18 years old) were studied.
Although the results of these studies are not yet published,
the preliminary results are promising (http://www.ptcbio.-
com). A clinical trial in DMD patients using PTC124 is
currently ongoing and the results are being evaluated
(http://www.ptcbio.com).

NMD efficiency can modify the response to readthrough
Several mechanisms can regulate the level of transcripts
including transcription, pre-mRNA processing and mRNA
degradation. One post-transcriptional mechanism that
specifically regulates the level of PTC-bearing transcripts
is NMD (Box 1 and Figure I). It detects and degrades such
transcripts to prevent the synthesis of truncated proteins
that might be nonfunctional or deleterious owing to domi-
nant-negative or gain-of-function effects. Because tran-
scripts carrying PTCs are the template for readthrough
treatment, it was hypothesized that NMD might regulate
560
the readthrough response. Indeed, inhibition of NMD by
siRNA directed against its key factors UPF1 (regulator of
nonsense transcripts homolog [yeast] 1) or UPF2, led to an
improvement in the CFTR chloride efflux in response to
gentamicin in all tested concentrations (50 mg ml�1,
100 mg ml�1 and 200 mg ml�1) [47]. In one cell line (IB3–

1) carrying the W1282X mutation, a response to gentami-
cin was found only after NMD inhibition, together with
100 mg ml�1 or 200 mg ml�1 gentamicin. In another cell
line, also carrying the W1282X mutation (CFP15a), a
concentration-dependent CFTR activation was observed
already after gentamicin treatment. Downregulation of
UPF1 or UPF2 increased the level of CFTR nonsense
transcripts and led to a higher CFTR chloride efflux than
that found after gentamicin treatment alone, in all con-
centrations. After UPF1 downregulation, together with
200 mg ml�1 gentamicin, the CFTR function was similar
to that found in human epithelial cells that carry normal
CFTR alleles (T84). Furthermore, inhibition of NMD
enabled a treatment with lower gentamicin concentrations
to achieve comparable or even higher CFTR chloride efflux
than that achieved with higher gentamicin concentrations
[47]. For example, downregulation of UPF1 in CFP15a
cells treated with 50 mg ml�1 gentamicin resulted in
chloride efflux comparable to that achieved with
100 mg ml�1 gentamicin alone. Additionally, downregula-
tion of UPF1 in cells treated with 100 mg ml�1 resulted in
higher activation compared with that achieved with
200 mg ml�1 gentamicin alone. Altogether, therapeutic
approaches aiming to specifically increase the level of
transcripts carrying a disease-causing PTC are expected
to enable a response in patients with markedly reduced
levels of PTC-bearing transcripts. This might be achieved
by developing an antisense oligonucleotide directed
against a region in the PTC-bearing transcripts that will
perturb the ability of NMD factors to bind and degrade
these transcripts. This should be designed specifically to
the targeted PTC-bearing transcripts; otherwise, many
other transcripts might be affected, leading to changes
in many cellular processes.

In several studies, variability in NMD efficiency was
attributed to tissue-specific differences. For example,
indirect inhibition of NMD by cycloheximide resulted in
a different increase in the level of mRNA transcribed from
TCR-b (b subunit of T-cell antigen receptor) constructs in
HeLa and T cells carrying the same PTC [54]. An
additional study found variability in NMD efficiency for
collagen type X a-1 (COL10A1) transcripts carrying a PTC
among cells derived from different tissues of a Schmid
metaphyseal chondrodysplasia patient [55]. Similarly,
variable NMD efficiency of ESCO2 (establishment of cohe-
sion 1 homolog 2) transcripts carrying a PTC was found
between cells derived from different tissues of two fetuses
with Roberts syndrome [56]. Recently, NMD efficiency was
shown to vary even among cells derived from the same
tissue [47]. This variability was found for transcripts
carrying disease-causing PTCs in different genes such as
the W1282X CFTR and NS39 b-globin, and for different
NMD physiologic substrates such as RPL3, SC35 1.6 kb,
SC35 1.7 kb, ASNS and CARS [47,57]. There were cells
(CFP22a, CFP15a and HeLa) in which NMD was highly

http://www.ptcbio.com/
http://www.ptcbio.com/
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efficient for all analyzed transcripts and cells (CFP15b and
MCF7) in which NMDwas less efficient, thereby indicating
that the NMD efficiency is a general phenomenon and an
inherent character of cells [47,57]. Importantly, such varia-
bility in NMD efficiency might lead to variable levels of
nonsense transcripts available for readthrough. When
NMD is efficient, the level of nonsense transcripts is
markedly reduced such that there are not enough nonsense
transcripts to make sufficient proteins, even if a read-
through drug is provided. By contrast, when NMD is less
efficient, the level of nonsense transcripts is higher and is
expected to enable a response.

There are >30 known proteins participating in NMD
and there might be additional, as yet unknown, NMD
factors and/or regulators. These factors might lead to
variable NMD efficiency owing to sequence differences that
affect the level and function of mRNAs and/or proteins.
Recently, Viegas et al. [58] searched for themolecular basis
of variable NMD efficiency among three different HeLa
strains. TheNMDwas less efficient in strains B andC than
in strain A. The results showed different levels of one of the
NMD factors, RNA-binding protein S1 (RNPS1), which is
part of the exon–junction complex (EJC), among the
strains. In strain B, the level was �30% of that in strains
A or C. Increasing the amount of RNPS1 in strain B led to
higher NMD efficiency, indicating that RNPS1 might be
the limiting factor in NMD efficiency in this strain [58].
Future proteomic studies can contribute to the identifi-
cation of additional factors that might affect NMD effi-
ciency. Combining a proteomic approach with readthrough
treatments might shed new light on the genetic factors
regulating the readthrough response.

NMD has effects on other genetic aspects such as the
phenotype and mode of inheritance in patients carrying
PTC-causing diseases (for a review see Refs [59,60]). In
cases that themutant protein has a residual activity associ-
atedwith amild phenotype, degradation of thePTC-bearing
transcripts by NMD leads to a more severe phenotype. For
example, PTCs near the 30 end of the dystrophin gene result
in a mild phenotype (BMD), thus, indicating that these
truncatedproteins canpartially rescue thephenotype.How-
ever, PTCs in the 50 part of the gene were associated with a
severe phenotype (DMD). Although it was not directly
shown, this severe phenotype is probably caused by the
function of NMD [61]. In cases in which the mutant protein
has a dominant-negative effect, degradation of the PTC-
bearing transcripts by NMD leads to a mild phenotype. For
example,PTCs in thefinal exonof theSRY–BOX10(SOX10)
gene escape NMD and, as a result, large amounts of trun-
cated proteins are produced. These truncated proteins have
a dominant-negative effect that leads to a severe and
extended neurological phenotype. However, PTCs in
SOX10 gene that trigger NMD reduce the dominant-nega-
tive expression, leading to a relatively milder phenotype
[62]. Similarly, different PTCs in the myelin protein zero
(MPZ) gene are responsible for distinct clinical phenotypes
that affect the myelin of the peripheral nervous system.
These neuropathies include severe early-onset congenital
neuropathy, and themilder adult-onset phenotype. PTCs in
theMPZ gene that do not elicit NMD cause themore severe
phenotype, owing to dominant-negative effects, whereas
PTCs that are subject to NMD cause the milder adult-onset
phenotype owing to loss-of-function effects [62]. Another
example is the R1014X nonsense mutation in the human
ether-a-go-go-related (hERG) gene, which causes long QT
syndrome [63]. In cases in which the mutant protein has a
dominant-negative effect and the NMD is highly efficient, a
disease phenotype is found only in patients carrying two
defective alleles, thereby changing the mode of inheritance
from dominant to recessive. PTCs in the 50 part of the b-
globingeneelicitNMDveryefficiently, leading toa recessive
b-thalassemia. PTCs in the 30 part of the gene, which escape
NMD, result in an atypical dominant form of the disease
owing to a dominant-negative effect [64,65]. Myotonia con-
genita provides another example for the role of NMD as a
modifier of themode of inheritance. PTCs in the last exon of
the chloride channel 1 (CLCN1) gene escape NMD and lead
to Thomsen disease, which is the dominant form of the
disease. However, PTCs in an upstream exon of CLCN1
gene efficiently triggerNMDand lead toBecker disease, the
recessive form of the disease [66]. Future studies should
investigate the effect of NMD efficiency on disease severity
and mode of inheritance among patients carrying the same
PTC.

Concluding remarks
This review has discussed the molecular basis for varia-
bility in response to readthrough of disease-causing PTCs
by aminoglycosides and the recently identified read-
through drug, PTC124. This includes the identity of the
PTC and its sequence context, the chemical composition of
the readthrough drug and the level of PTC-bearing tran-
scripts. Several mechanisms can regulate the level of
transcripts including transcription, pre-mRNA processing
and mRNA degradation. Recent studies indicate a role for
NMD in regulating the response to readthrough treatment.
Understanding the mechanisms regulating the response is
important for the development of safe and efficient treat-
ments for patients carrying PTCs. This might be achieved
by identification of functional single nucleotide polymorph-
isms in candidate NMD genes, comparison of the tran-
scriptome and proteome of responders and non-responders
patients and identification of functional modifications of
NMD proteins, among others. This is expected to reveal
inter-ethnic and individual genetic differences that will
facilitate rational drug discovery and development and to
distinguish ‘good responders’ from ‘poor responders’ before
therapy. This should lead to a deeper understanding of the
pharmacogenomics of readthrough-based therapies and to
the development of readthrough ‘tailor made’ therapies
based on the sequence profile of each individual for many
human genetic diseases caused by PTCs.
References
1 Frischmeyer, P.A. and Dietz, H.C. (1999) Nonsense-mediated mRNA

decay in health and disease. Hum. Mol. Genet. 8, 1893–1900
2 Diop, D. et al. (2007) Aminoglycosides and other factors promoting

stop codon readthrough in human cells. C. R. Biol. 330, 71–79
3 Kuzmiak, H.A. and Maquat, L.E. (2006) Applying nonsense-mediated

mRNA decay research to the clinic: progress and challenges. Trends
Mol. Med. 12, 306–316

4 Hermann, T. (2007) Aminoglycoside antibiotics: old drugs and new
therapeutic approaches. Cell. Mol. Life Sci. 64, 1841–1852
561



Review Trends in Genetics Vol.24 No.11
5 Zingman, L.V. et al. (2007) Aminoglycoside-induced translational
read-through in disease: overcoming nonsense mutations by
pharmacogenetic therapy. Clin. Pharmacol. Ther. 81, 99–103

6 Kellermayer, R. (2006) Translational readthrough induction of
pathogenic nonsense mutations. Eur. J. Med. Genet. 49, 445–450

7 Kulyte, A. et al. (2005) Gene selective suppression of nonsense
termination using antisense agents. Biochim. Biophys. Acta 1730,
165–172

8 Davies, J. et al. (1965) Misreading of RNA codewords induced by
aminoglycoside antibiotics. Mol. Pharmacol. 1, 93–106

9 Singh, A. et al. (1979) Phenotypic suppression and misreading in
Saccharomyces cerevisiae. Nature 277, 146–148

10 Palmer, E. et al. (1979) Phenotypic suppression of nonsense mutants
in yeast by aminoglycoside antibiotics. Nature 277, 148–150

11 Lynch, S.R. et al. (2003) Comparison of X-ray crystal structure of the
30S subunit-antibiotic complex with NMR structure of decoding site
oligonucleotide-paromomycin complex. Structure 11, 43–53

12 Vicens, Q. and Westhof, E. (2001) Crystal structure of paromomycin
docked into the eubacterial ribosomal decoding A site. Structure 9,
647–658

13 Fan-Minogue, H. and Bedwell, D.M. (2007) Eukaryotic ribosomal
RNA determinants of aminoglycoside resistance and their role in
translational fidelity. RNA 14, 148–157

14 Van de Peer, Y. et al. (1994) Database on the structure of small
ribosomal subunit RNA. Nucleic Acids Res. 22, 3488–3494

15 Fourmy, D. et al. (1996) Structure of the A site of Escherichia coli 16S
ribosomal RNA complexed with an aminoglycoside antibiotic. Science
274, 1367–1371

16 Recht, M.I. et al. (1996) RNA sequence determinants for
aminoglycoside binding to an A-site rRNA model oligonucleotide. J.
Mol. Biol. 262, 421–436

17 Recht, M.I. et al. (1999) Basis for prokaryotic specificity of action of
aminoglycoside antibiotics. EMBO J. 18, 3133–3138

18 Burke, J.F. and Mogg, A.E. (1985) Suppression of a nonsense
mutation in mammalian cells in vivo by the aminoglycoside
antibiotics G-418 and paromomycin.Nucleic Acids Res. 13, 6265–6272

19 Martin, R. et al. (1989) Aminoglycoside suppression at UAG, UAA and
UGA codons in Escherichia coli and human tissue culture cells. Mol.
Gen. Genet. 217, 411–418

20 Bonetti, B. et al. (1995) The efficiency of translation termination is
determined by a synergistic interplay between upstream and
downstream sequences in Saccharomyces cerevisiae. J. Mol. Biol.
251, 334–345

21 Brown, C.M. et al. (1990) Sequence analysis suggests that tetra-
nucleotides signal the termination of protein synthesis in
eukaryotes. Nucleic Acids Res. 18, 6339–6345

22 McCaughan, K.K. et al. (1995) Translational termination efficiency in
mammals is influenced by the base following the stop codon. Proc.
Natl. Acad. Sci. U. S. A. 92, 5431–5435

23 Namy, O. et al. (2001) Impact of the six nucleotides downstream of the
stop codon on translation termination. EMBO Rep. 2, 787–793

24 Amrani, N. et al. (2004) A faux 30-UTR promotes aberrant termination
and triggers nonsense-mediated mRNA decay. Nature 432, 112–118

25 Howard, M. et al. (1996) Aminoglycoside antibiotics restore CFTR
function by overcoming premature stop mutations. Nat. Med. 2, 467–

469
26 Bedwell, D.M. et al. (1997) Suppression of a CFTR premature stop

mutation in a bronchial epithelial cell line. Nat. Med. 3, 1280–1284
27 Clancy, J.P. et al. (2001) Evidence that systemic gentamicin

suppresses premature stop mutations in patients with cystic
fibrosis. Am. J. Respir. Crit. Care Med. 163, 1683–1692

28 Zsembery, A. et al. (2002) Correction of CFTR malfunction and
stimulation of Ca+-activated Cl� channels restore HCO3� secretion
in cystic fibrosis bile ductular cells. Hepatology 35, 95–104

29 Wilschanski, M. et al. (2000) A pilot study of the effect of gentamicin
on nasal potential difference measurements in cystic fibrosis
patients carrying stop mutations. Am. J. Respir. Crit. Care Med.
161, 860–865

30 Wilschanski, M. et al. (2003) Gentamicin-induced correction of CFTR
function in patients with cystic fibrosis and CFTR stop mutations. N.
Engl. J. Med. 349, 1433–1441

31 Clancy, J.P. et al. (2007) No detectable improvements in cystic fibrosis
transmembrane conductance regulator by nasal aminoglycosides in
562
patients with cystic fibrosis with stop mutations. Am. J. Respir. Cell
Mol. Biol. 37, 57–66

32 Barton-Davis, E.R. et al. (1999) Aminoglycoside antibiotics restore
dystrophin function to skeletal muscles of mdx mice. J. Clin. Invest.
104, 375–381

33 Loufrani, L. et al. (2004) Absence of dystrophin in mice reduces NO-
dependent vascular function and vascular density: total recovery after
a treatment with the aminoglycoside gentamicin. Arterioscler.
Thromb. Vasc. Biol. 24, 671–676

34 Dunant, P. et al. (2003) Gentamicin fails to increase dystrophin
expression in dystrophin-deficient muscle. Muscle Nerve 27, 624–627

35 Wagner, K.R. et al. (2001) Gentamicin treatment of Duchenne and
Becker muscular dystrophy due to nonsense mutations. Ann. Neurol.
49, 706–711

36 Politano, L. et al. (2003) Gentamicin administration in Duchenne
patients with premature stop codon. Preliminary results. Acta Myol.
22, 15–21

37 Manuvakhova, M. et al. (2000) Aminoglycoside antibiotics mediate
context-dependent suppression of termination codons in a
mammalian translation system. RNA 6, 1044–1055

38 Howard, M.T. et al. (2000) Sequence specificity of aminoglycoside-
induced stop codon readthrough: potential implications for treatment
of Duchenne muscular dystrophy. Ann. Neurol. 48, 164–169

39 Bidou, L. et al. (2004) Premature stop codons involved in muscular
dystrophies show a broad spectrum of readthrough efficiencies in
response to gentamicin treatment. Gene Ther. 11, 619–627

40 Howard, M.T. et al. (2004) Readthrough of dystrophin stop codon
mutations induced by aminoglycosides. Ann. Neurol. 55, 422–426

41 Noensie, E.N. and Dietz, H.C. (2001) A strategy for disease gene
identification through nonsense-mediated mRNA decay inhibition.
Nat. Biotechnol. 19, 434–439

42 Du, M. et al. (2002) Aminoglycoside suppression of a premature stop
mutation in a Cftr�/� mouse carrying a human CFTR–G542X
transgene. J. Mol. Med. 80, 595–604

43 Du, M. et al. (2006) Clinical doses of amikacin provide more effective
suppression of the human CFTR–G542X stop mutation than
gentamicin in a transgenic CFmouse model. J. Mol. Med. 84, 573–582

44 Yoshizawa, S. et al. (1998) Structural origins of gentamicin antibiotic
action. EMBO J. 17, 6437–6448

45 Sermet-Gaudelus, I. et al. (2007) In vitro prediction of stop-codon
suppression by intravenous gentamicin in patients with cystic
fibrosis: a pilot study. BMC Med. 5, 5

46 Sereth, H. et al. (1993) Extended haplotype analysis of cystic fibrosis
mutations and its implications for the selective advantage hypothesis.
Hum. Genet. 92, 289–295

47 Linde, L. et al. (2007) Nonsense-mediated mRNA decay affects
nonsense transcript levels and governs response of cystic fibrosis
patients to gentamicin. J. Clin. Invest. 117, 683–692

48 Mingeot-Leclercq, M.P. and Tulkens, P.M. (1999) Aminoglycosides:
nephrotoxicity. Antimicrob. Agents Chemother. 43, 1003–1012

49 Fischel-Ghodsian, N. (2005) Genetic factors in aminoglycoside
toxicity. Pharmacogenomics 6, 27–36

50 Hirawat, S. et al. (2007) Safety, tolerability, and pharmacokinetics of
PTC124, a nonaminoglycoside nonsense mutation suppressor,
following single- and multiple-dose administration to healthy male
and female adult volunteers. J. Clin. Pharmacol. 47, 430–444

51 Welch, E.M. et al. (2007) PTC124 targets genetic disorders caused by
nonsense mutations. Nature 447, 87–91

52 Kerem, E. et al. Effectiveness of PTC124 treatment of cystic fibrosis
caused by nonsense mutations: a prospective phase II trial. Lancet
372, 719–727

53 Du, M. et al. (2008) PTC124 is an orally bioavailable compound that
promotes suppression of the human CFTR–G542X nonsense allele in
a CF mouse model. Proc. Natl. Acad. Sci. U. S. A. 105, 2064–2069

54 Carter, M.S. et al. (1996) A splicing-dependent regulatory mechanism
that detects translation signals. EMBO J. 15, 5965–5975

55 Bateman,J.F. et al. (2003)Tissue-specificRNAsurveillance?Nonsense-
mediated mRNA decay causes collagen X haploinsufficiency in
Schmid metaphyseal chondrodysplasia cartilage. Hum. Mol. Genet.
12, 217–225

56 Resta, N. et al. (2006) A homozygous frameshift mutation in the
ESCO2 gene: evidence of intertissue and interindividual variation
in Nmd efficiency. J. Cell. Physiol. 209, 67–73



Review Trends in Genetics Vol.24 No.11
57 Linde, L. et al. (2007) The efficiency of nonsense-mediated mRNA
decay is an inherent character and varies among different cells. Eur.
J. Hum. Genet. 15, 1156–1162

58 Viegas, M.H. et al. (2007) The abundance of RNPS1, a protein
component of the exon junction complex, can determine the
variability in efficiency of the nonsense mediated decay pathway.
Nucleic Acids Res. 35, 4542–4551

59 Khajavi, M. et al. (2006) Nonsense-mediated mRNA decay modulates
clinical outcome of genetic disease. Eur. J. Hum. Genet. 14, 1074–

1081
60 Holbrook, J.A. et al. (2004) Nonsense-mediated decay approaches the

clinic. Nat. Genet. 36, 801–808
61 Kerr, T.P. et al. (2001) Long mutant dystrophins and variable

phenotypes: evasion of nonsense-mediated decay? Hum. Genet. 109,
402–407

62 Inoue, K. et al. (2004) Molecular mechanism for distinct neurological
phenotypes conveyed by allelic truncating mutations. Nat. Genet. 36,
361–369

63 Gong, Q. et al. (2007) Nonsense mutations in hERG cause a decrease
in mutant mRNA transcripts by nonsense-mediated mRNA decay in
human long-QT syndrome. Circulation 116, 17–24

64 Forget, B.G. et al. (1974) Absence of messenger RNA for b globin chain
in b(0) thalassaemia. Nature 247, 379–381

65 Baserga, S.J. and Benz, E.J., Jr (1988) Nonsense mutations in the
human b-globin gene affect mRNA metabolism. Proc. Natl. Acad. Sci.
U. S. A. 85, 2056–2060

66 Pusch,M. (2002)Myotonia caused bymutations in themuscle chloride
channel gene CLCN1. Hum. Mutat. 19, 423–434

67 Rowe, S.M. et al. (2007) Restoration of W1282X CFTR activity by
enhanced expression. Am. J. Respir. Cell Mol. Biol. 37, 347–356

68 Allamand, V. et al. (2008) Drug-induced readthrough of premature
stop codons leads to the stabilization of laminin a2 chain mRNA in
CMD myotubes. J. Gene Med. 10, 217–224

69 Keeling, K.M. et al. (2001) Gentamicin-mediated suppression of
Hurler syndrome stop mutations restores a low level of a-L-
iduronidase activity and reduces lysosomal glycosaminoglycan
accumulation. Hum. Mol. Genet. 10, 291–299

70 Keeling, K.M. and Bedwell, D.M. (2002) Clinically relevant
aminoglycosides can suppress disease-associated premature stop
mutations in the IDUA and P53 cDNAs in a mammalian
translation system. J. Mol. Med. 80, 367–376

71 Hein, L.K. et al. (2004) a-L-iduronidase premature stop codons and
potential read-through in mucopolysaccharidosis type I patients. J.
Mol. Biol. 338, 453–462

72 Sossi, V. et al. (2001) Premature termination mutations in exon 3 of
the SMN1 gene are associated with exon skipping and a relatively
mild SMA phenotype. Eur. J. Hum. Genet. 9, 113–120

73 Wolstencroft, E.C. et al. (2005) A non-sequence-specific requirement
for SMN protein activity: the role of aminoglycosides in
inducing elevated SMN protein levels. Hum. Mol. Genet. 14, 1199–

1210
74 Schulz, A. et al. (2002) Aminoglycoside pretreatment partially

restores the function of truncated V2 vasopressin receptors found
in patients with nephrogenic diabetes insipidus. J. Clin.
Endocrinol. Metab. 87, 5247–5257

75 Sangkuhl, K. et al. (2004) Aminoglycoside-mediated rescue of a
disease-causing nonsense mutation in the V2 vasopressin receptor
gene in vitro and in vivo. Hum. Mol. Genet. 13, 893–903

76 Grayson, C. et al. (2002) In vitro analysis of aminoglycoside therapy
for the Arg120 stop nonsensemutation in RP2 patients. J.Med. Genet.
39, 62–67

77 Helip-Wooley, A. et al. (2002) Expression of CTNS alleles: subcellular
localization and aminoglycoside correction in vitro.Mol. Genet. Metab.
75, 128–133

78 Lai, C.H. et al. (2004) Correction of ATM gene function by
aminoglycoside-induced read-through of premature termination
codons. Proc. Natl. Acad. Sci. U. S. A. 101, 15676–15681

79 Aguiari, G. et al. (2004) Deficiency of polycystin-2 reduces Ca2+

channel activity and cell proliferation in ADPKD lymphoblastoid
cells. FASEB J. 18, 884–886

80 Pinotti, M. et al. (2006) Intracellular readthrough of nonsense
mutations by aminoglycosides in coagulation factor VII. J. Thromb.
Haemost. 4, 1308–1314
81 Olson, T.M. et al. (2006) Kv1.5 channelopathy due to KCNA5 loss-of-
function mutation causes human atrial fibrillation. Hum. Mol. Genet.
15, 2185–2191

82 Yang, C. et al. (2007) A mouse model for nonsense mutation bypass
therapy shows a dramatic multiday response to geneticin. Proc. Natl.
Acad. Sci. U. S. A. 104, 15394–15399

83 Schroers, A. et al. (2006) Gentamicin treatment in McArdle disease:
failure to correct myophosphorylase deficiency.Neurology 66, 285–286

84 Rebibo-Sabbah, A. et al. (2007) In vitro and ex vivo suppression by
aminoglycosides of PCDH15 nonsense mutations underlying type 1
Usher syndrome. Hum. Genet. 122, 373–381

85 Nudelman, I. et al. (2006) Redesign of aminoglycosides for treatment
of human genetic diseases caused by premature stop mutations.
Bioorg. Med. Chem. Lett. 16, 6310–6315

86 James, P.D. et al. (2005) Aminoglycoside suppression of nonsense
mutations in severe hemophilia. Blood 106, 3043–3048

87 Pinotti, M. et al. (2006) Gentamicin induces sub-therapeutic levels of
coagulation factor VII in patients with nonsense mutations. J.
Thromb. Haemost. 4, 1828–1830

88 Kellermayer, R. et al. (2006) Aminoglycosides as potential
pharmacogenetic agents in the treatment of Hailey–Hailey disease.
J. Invest. Dermatol. 126, 229–231

89 Isken, O. and Maquat, L.E. (2007) Quality control of eukaryotic
mRNA: safeguarding cells from abnormal mRNA function. Genes
Dev. 21, 1833–1856

90 Garneau, N.L. et al. (2007) The highways and byways of mRNA decay.
Nat. Rev. Mol. Cell Biol. 8, 113–126

91 Chang, Y.F. et al. (2007) The nonsense-mediated decay RNA
surveillance pathway. Annu. Rev. Biochem. 76, 51–74

92 Conti, E. and Izaurralde, E. (2005) Nonsense-mediated mRNA decay:
molecular insights and mechanistic variations across species. Curr.
Opin. Cell Biol. 17, 316–325

93 Mendell, J.T. et al. (2004) Nonsense surveillance regulates expression
of diverse classes of mammalian transcripts andmutes genomic noise.
Nat. Genet. 36, 1073–1078

94 Lewis, B.P. et al. (2003) Evidence for the widespread coupling of
alternative splicing and nonsense-mediated mRNA decay in
humans. Proc. Natl. Acad. Sci. U. S. A. 100, 189–192

95 He, F. et al. (2003) Genome-wide analysis of mRNAs regulated by the
nonsense-mediated and 50 to 30 mRNA decay pathways in yeast. Mol.
Cell 12, 1439–1452

96 Mitrovich, Q.M. and Anderson, P. (2000) Unproductively spliced
ribosomal protein mRNAs are natural targets of mRNA
surveillance in C. elegans. Genes Dev. 14, 2173–2184

97 Rehwinkel, J. et al. (2005) Nonsense-mediated mRNA decay factors
act in concert to regulate commonmRNA targets. RNA 11, 1530–1544

98 Rehwinkel, J. et al. (2006) Nonsense-mediated mRNA decay: target
genes and functional diversification of effectors. Trends Biochem. Sci.
31, 639–646

99 Wittmann, J. et al. (2006) hUPF2 silencing identifies physiologic
substrates of mammalian nonsense-mediated mRNA decay. Mol.
Cell. Biol. 26, 1272–1287

100 Chan, W.K. et al. (2007) An alternative branch of the nonsense-
mediated decay pathway. EMBO J. 26, 1820–1830

101 Le Hir, H. et al. (2000) Pre-mRNA splicing alters mRNP composition:
evidence for stable association of proteins at exon-exon junctions.
Genes Dev. 14, 1098–1108

102 Le Hir, H. et al. (2001) The exon–exon junction complex provides a
binding platform for factors involved in mRNA export and nonsense-
mediated mRNA decay. EMBO J. 20, 4987–4997

103 Nagy, E. and Maquat, L.E. (1998) A rule for termination-codon
position within intron-containing genes: when nonsense affects
RNA abundance. Trends Biochem. Sci. 23, 198–199

104 Chen, C.Y. and Shyu, A.B. (2003) Rapid deadenylation triggered by a
nonsense codon precedes decay of the RNA body in a mammalian
cytoplasmic nonsense-mediated decay pathway. Mol. Cell. Biol. 23,
4805–4813

105 Lejeune, F. et al. (2003) Nonsense-mediated mRNA decay in
mammalian cells involves decapping, deadenylating, and
exonucleolytic activities. Mol. Cell 12, 675–687

106 Couttet, P. and Grange, T. (2004) Premature termination codons
enhance mRNA decapping in human cells. Nucleic Acids Res. 32,
488–494
563


	Introducing sense into nonsense in treatments of human genetic diseases
	Therapeutic approaches for correcting PTCs
	Factors affecting the response to readthrough by aminoglycosides
	PTC124 - a new readthrough drug
	NMD efficiency can modify the response to readthrough
	Concluding remarks
	References


