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Abstract: Several types of thalassemia (including β039-thalassemia) are caused by nonsense
mutations in genes controlling globin production, leading to premature translation termination
and mRNA destabilization mediated by the nonsense mediated mRNA decay. Drugs (for instance,
aminoglycosides) can be designed to suppress premature translation termination by inducing
readthrough (or nonsense suppression) at the premature termination codon. These findings have
introduced new hopes for the development of a pharmacologic approach to cure this genetic disease.
In the present review, we first summarize the principle and current status of the chemical relief for
the expression of functional proteins from genes otherwise unfruitful for the presence of nonsense
mutations. Second, we compare data available on readthrough molecules for β0-thalassemia. The
examples reported in the review strongly suggest that ribosomal readthrough should be considered as a
therapeutic approach for the treatment of β0-thalassemia caused by nonsense mutations. Concluding,
the discovery of molecules, exhibiting the property of inducing β-globin, such as readthrough
compounds, is of great interest and represents a hope for several patients, whose survival will depend
on the possible use of drugs rendering blood transfusion and chelation therapy unnecessary.

Keywords: nonsense suppression; premature termination codon; nonsense mediated mRNA decay;
β0-thalassemia; readthrough molecules

1. Introduction

Gene expression requires quality control mechanisms to ensure the synthesis of fully functional
gene products. Many errors produced during the various steps of gene expression may cause genetic
diseases. A significant subset of such errors consists of nonsense mutations, frameshift mutations,
and mutations that result in alternative splicing events that interrupt the open reading frames by
introducing premature termination codons (PTCs). Recent advances of genomic technologies, allowing
complete inspection of the genome sequence and genome editing, constitute an unprecedented
opportunity to diagnose genetic disorders and pave the way to gene therapy. It has been estimated that
approximately 12% of inherited genetic diseases and several forms of cancer are caused by nonsense
mutations, resulting in a single nucleotide change that converts a sense codon within protein coding
genes into a premature termination codon [1]. PTCs (or nonsense mutations) are generally associated
with a dramatic reduction in gene expression. mRNAs containing in-frame PTCs (PTC-mRNAs) are
substrates of the nonsense mRNA mediated decay pathway (NMD), a mRNA surveillance process that
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recognizes and rapidly degrades them. PTCs, therefore, preclude the synthesis of a functional full
length protein because the expression of PTC genes is compromised by a premature arrest of translation
and low level of PTC mRNAs, leading to severe inherited diseases. These include cystic fibrosis
(CF) [2], Duchenne muscular dystrophy (DMD) [3], spinal muscular atrophy [4], hemophilia, [5],
Hurler syndrome [6], Usher syndrome [7], ataxia telangiectasia [8], lysosomal storage diseases [9],
and several genetic diseases and cancer forms recently described. So far, no gene therapy is available
for the treatment of these disorders, and the applications of genome editing tools are currently at the
level of the disease model organism and are approaching the clinic for some treatments. In recent
years, an alternate therapeutic approach, known as “nonsense suppression therapy”, was developed to
restore un-functional or aberrant PTC containing genes by using chemical compounds to reactivate
gene expression [2,10,11]. Gene dysfunction rescue is based on the ability of certain molecules to
overcome the premature arrest of translation by promoting nonsense suppression (readthrough) at
PTCs, restoring the full length protein synthesis. The extent of PTC suppression depends not only on
the efficacy of the readthrough mediating molecule, but also on the PTC mRNA abundance, which
depends on the efficiency of NMD. Inhibition of NMD is therefore considered an important target to
facilitate gene expression, and current strategies envisage extensive searching of chemical compounds
targeting either premature translation termination, or NMD, or both. In recent years, excellent reviews
have been published that cover the huge amount of information derived from the rapid progress in
knowledge about (a) the fundamental steps of gene expression like translation [10,11] and NMD [10–18],
(b) the nonsense suppression therapeutic approach [2,10–12,19,20], (c) genetic diseases associated
with nonsense mutations linking together the two processes [20–23], and (d) small molecules able
to interfere with one, the other, or both processes [24–27], in an effort to correct in the cytoplasm
errors produced in the nucleus. So far, one of the most widespread genetic diseases, β0-thalassemia,
caused by nonsense mutations, has not been involved in the therapeutic approach based on nonsense
suppression mediated by small molecules, despite it having been a long time since it was shown to
be caused by nonsense mutations [28–30]. In the present review, we summarize the principle and
current status on the chemical relief for the expression of functional proteins from genes otherwise
unfruitful for the presence of nonsense mutations, as well as emerging strategies to identify novel safe
compounds suitable for combinatorial approaches aimed at suppressing concomitantly premature
translation termination and inhibiting NMD. As a novelty for a review in the field, we report examples
unraveling the potential of ribosomal readthrough as a therapeutic approach for the treatment of
β0-thalassemia. Screening small molecules able to induce nonsense suppression in β-globin, as well
as NMD inhibitors is of great interest and represents a hope for several patients, whose survival will
depend on the possible use of drugs rendering blood transfusion and chelation therapy unnecessary.

2. Overview of the Nonsense Suppression Therapeutic Approach

The synthesis of a protein results from mRNA translation. This process initiates when the start
codon AUG enters the A-site of the ribosome, with a complimentary base pairing of aminoacyl-tRNA
anticodon, loaded with methionine. For each of 61 codons specifying an amino acid, a corresponding
aminoacyl-tRNA anticodon is available in the cell (see for details [10,11] and the references therein).
During elongation, mRNA shifts such as the AUG codon moving from the A-site (aminoacyl) to the P-site
(peptidyl) of the ribosome and an additional aminoacyl-tRNA, loaded with another amino acid, can base
pair with the next codon. The latter amino acid binds the methionine, forming a peptide bond. This
process is reproduced for each codon along the mRNA sequence until one of the three stop codons UGA,
UAG, or UAA enters the A-site. Decoding of the stop codons does not occur via nucleoside base pairing
since no complimentary tRNA anticodon is available, and the recognition of each termination codon for
translation termination is mediated by eukaryotic translation termination factors, eRF1 and eRF3 (release
factors). Occasionally, sampling at the stop codon results in a near-cognate aminoacyl-tRNA replacing
eRF1, leading to stop codon suppression (also known as readthrough). This phenomenon does occur
in eukaryotes at natural termination codons with a frequency of less than 0.1% and with the efficiency
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rank UGA > UAG > UAA. Thus, readthrough occurs as a natural process at the normal stop codon when
during the proofreading stage, an aminoacyl-tRNA base pairing successfully competes with the release
factor eRF1, resulting in insertion of an amino acid in the growing peptide. The expression of several
genes has been found to be regulated by readthrough in human cells [20,22]. A premature termination
codon (PTC), generated by a single point mutation in a sense codon, is recognized by entering the A-site in
the ribosome as in translation termination of the natural stop codon. However, the translation machinery
is believed to be endowed with molecular mechanisms able to recognize a PTC as an atypical stop codon.
Events involving factors and interactions mainly occurring downstream of the pre-terminating ribosomes
stalling at the PTC culminate in the activation of NMD, the process by which mRNAs harboring the
premature termination signal are recognized and rapidly degraded [20,31–33]. NMD is triggered only
when elongating ribosomes sense the presence of PTC internally to the open reading frame located, likely,
in a translation termination context thought to be different from the natural stop codon. Several pieces of
evidence indicate that translation and NMD are intimately linked processes. For instance, translation is
required for PTC recognition since translation inhibitors like cycloheximide, puromycin, or emetine also
inhibit NMD. However, the efficiency in translation termination of PTC is lower than natural translation
termination and is generally associated with higher susceptibility to suppressing the PTC, i.e., a ten fold
increased capability of an aminoacyl-tRNA to be inserted at PTC, compared to the natural stop codon. As
a result, an amino acid is added to the elongating peptidyl-tRNA (basal readthrough ≥ 1%).

Several models have been proposed to explain the mechanistic differences between natural
translation termination and premature translation termination that triggers NMD in the latter, but not
in the former. A description of these models is beyond the scope of this review, and readers should
refer to the excellent review by He and Jacobson [17].

Central to all proposed NMD models is the core surveillance complex of NMD composed by three
“up frameshift proteins” (Upf)s, Upf1, Upf2, and Upf3. interacting in the sequence Upf1-Upf2-Upf3 in the
activation of NMD [25–33]. Each of these proteins is required for NMD function. Among them, Upf1, a
superfamily I helicase with ATPase and mRNA binding properties [34–36], likely plays a pivotal role in
communicating the translation termination status at PTC to the mRNP configuration downstream PTC,
preluding NMD. First, Upf1 interacts with the release factor eRF1 on the ribosome and then with Upf2-Upf3
associated with mRNA protein complexes downstream of the stalling pre-terminating ribosome. In their
unified model, He and Jacobson [17] proposed that premature translation termination is a complex process
requiring several functions delivered by the three Upf proteins, covering increased activity of the release
factor and the dissociation and recycling of premature terminating ribosomes. Multifunctional Upf1 is
subject to a phosphorylation/dephosphorylation cycle, is the principal regulator of NMD, and provides its
ATPase activity to promote the key conformational and compositional changes of the terminating mRNP
status to initiate and carry it to the completion of NMD. Alternative models for the function of Upf1 have
been recently proposed [34–36], and new concepts about a more general context into which NMD would
operate in gene expression are emerging [14,16,31,37–39].

Unravelling the mechanisms governing NMD is a crucial step in identifying targets and factors
aimed at attenuating NMD, thus increasing the abundance of PTC mRNAs available for the nonsense
suppression therapy.

Most of the genetic disorders caused by nonsense mutations are characterized by a severe
phenotype resulting from the combined effect of the premature arrest of translation and the accelerated
degradation of the relevant mRNA. In principle, conditions leading to a decrease in the efficiency of
translation termination at PTC could favor, to some extent, the synthesis of a full length protein and
the stabilization of mRNA encoding it. Considering that even a small amount of the gene product
(1–5% of the normal level) could be sufficient to alleviate the phenotype of a genetic disease [40], a
favorable approach is the modulation of the efficiency of the translation termination [2]. Although
translation termination is an accurate process, an error can arise when a near-cognate aminoacyl-tRNA
with an anticodon is complimentary to two of the three nucleotides in the stop codon UGA, UAG, or
UAA. Mispairing of the near-cognate aminoacyl tRNA at one of the stop codons can result in insertion
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of an amino acid overcoming the translation termination [11]. As an example, a near-cognate codon
AAA with a single mispairing respect to the stop codon UAA can incorporate the amino acid Lys. On
this basis, a set of amino acids can be preferentially available for the suppression of each stop codon.
Very recently, amino acids inserted at UGA, UAG, and UAA have been identified during readthrough
mediated by non-aminoglycoside PTC124 in both yeast and human cells and by aminoglycoside
G418 (geneticin) in human cells harboring reporters expressing mutated forms of CFTR outlining CF
genetic disease (see below) [41–43]. Because nonsense suppression occurs at a PTC with a frequency
much higher than a normal stop codon, efforts have been made to discover small molecules with the
properties of decreasing the fidelity of translation termination at PTCs, but not at the natural stop
codon, and possibly of attenuating NMD (Figure 1) [2,11].
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Figure 1. Functional consequences of the premature termination codon (PTC) on gene expression
and the basic principle of the nonsense suppression therapeutic approach. (A) Natural abundance of
physiological mRNA and relevant full length protein production are drastically reduced in the presence
of a PTC. The premature arrest of translation results in the synthesis of truncated protein. Nonsense
suppression at PTC restores to some extent full length protein synthesis. (B) Negative modulation of
the nonsense mRNA mediated decay pathway (NMD) attenuates mRNA destabilization and increases
mRNA abundance. The concomitant presence of a compound promoting nonsense suppression allows
more full length protein production.
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3. Compounds with Nonsense Suppression Properties

3.1. Aminoglycosides

The properties of aminoglycoside antibiotics to mediate phenotypic suppression of nonsense
mutations were first evidenced in the yeast Saccharomyces cerevisiae [44,45]. These compounds, consisting
of a 2-deoxystreptamine ring linked to amino sugars (Figure 2), bind the ribosome at the decoding
center where the proofreading takes place to select the appropriate cognate aminoacyl-tRNAs. A
crucial difference in two nucleotides in the eukaryotic RNA ribosomal sequence, compared to the
prokaryotic sequence, strongly reduces the aminoglycoside affinity for the eukaryotic decoding center,
thus allowing their use as antibiotics. The first example of nonsense suppression therapy was provided
by using the aminoglycoside G418 (geneticin) (Figure 2), in cultured cells harboring nonsense mutations
in the cystic fibrosis transmembrane conductance regulator (CFTR), whose dysfunction in humans
causes the relevant genetic inherited disease (CF) [46]. Since then, many studies demonstrated the
ability of aminoglycosides G418, paromomycin. and gentamicin to promote nonsense suppression in
many disease model systems [11,47]. In clinical applications, gentamicin was used in CF and DMD
(Duchenne muscular dystrophy) patients with restoration of a significant amount of functional CFTR
protein or dystrophin. However, only half of CF patients and fractions of DMD patients exhibited
the functional rescue of the CFTR and dystrophin respectively. In addition, long term treatment
with aminoglycosides, administered in nasal droplets or intravenously, lead to serious side effects
involving hearing loss and nephrotoxicity, although some of these effects could be attenuated by
antioxidants (D-methionine, melatonin) and liposomal vehicle administration of aminoglycoside.
The cellular target of aminoglycoside antibiotics in eukaryotes is likely the translation machinery,
potentially involving the mitochondrial translation system regarding toxicity due to the similarity
with the bacterial translation apparatus [48–51]. Based on the hypothesis that nonsense suppression
properties and toxicity are separate functions in the aminoglycoside structure, a rational design strategy
was developed by which the moieties responsible for the cytoplasmic binding of the drug were
enhanced and the one responsible for mitochondrial binding reduced. The resulting paromomycin
derivative aminoglycoside NB30 (Figure 2) was indeed found to be over ten fold less toxic than the
original compound while maintaining nonsense suppression ability, although with reduced efficiency
compared to gentamicin. Subsequent applications of such a drug re-designing approach led to
synthetic compounds based on the modification of neomycin, kanamycin analogs, and a derivative of
paromomycin and geneticin (G418) [52]. Among these, the aminoglycoside derivative NB54 (Figure 2)
was demonstrated to be much less toxic and more efficient than gentamicin in suppressing nonsense
mutations in cell culture and mouse models of diseases like CF, DMD, and the lysosomal storage disease
(LSD) mucopolysaccharidosis I-Hurler (MPS I-H) [53] and in cultivated cells harboring nonsense
mutations associated with Rett syndrome and Usher syndrome [54–56]. A significant improvement in
the suppression of nonsense mutations related to MPS I-H, in mouse models, was achieved with NB84
(Figure 2), a further version of modified aminoglycoside proven to be superior to gentamicin [57,58]. A
new generation of synthetic aminoglycoside, NB124 (Figure 2), was demonstrated to be more efficient
than gentamicin in suppressing the nonsense mutations G542X, R1162X, and W1282X, among the
prevalent nonsense mutations in the CFTR gene causing CF. NB124 was found able to restore the full
length synthesis of CFTR and chloride transport in an animal genetic model and rescue about 7% of
CFTR function in primary human bronchial epithelial (HBE) CF cells [59]. Most recently, NB124 was
identified as a potent nonsense suppressor of several nonsense mutations located in the p53 and APC
(adenomatous polyposis coli) tumor suppressor genes, which account for 10% and 30% of mutations in
human cancers, respectively [60]. NB124 restores the full length expression of p53, which is functional
in inducing the transcription of its target genes. Remarkably, the nonsense suppression efficiency of
NB124 supersedes gentamicin in efficacy by ten fold.
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Figure 2. Chemical structures of aminoglycosides mediating PTC suppression. (a) Structures of
antibiotic aminoglycosides: G418 (geneticin), gentamicin with its isomers, the two isomers of gentamicin
B1, paromomycin, and amikacin. (b) Synthetic novel designer aminoglycosides: structural features
of natural aminoglycosides paromomycin (the three ring pseudo-trisaccharide backbone, in blue),
amikacin (functional group called AHB on C10, in light red), and G418 (methyl group on C6′, in yellow)
were combined to produce designer aminoglycosides NB30, NB54, NB84, and NB124 [11,24].

New pseudotrisaccharide derivatives of aminoglycosides, in addition, have been designed that
exhibit enhanced readthrough properties, compared with gentamicin, on mutations underlying the
genetic diseases CF, Usher syndrome, and Hurler syndrome [61]. Overall, this approach proved to
be convincing in the development of novel safe and efficient compounds useful for the nonsense
suppression therapy of various diseases. However, recent findings have shown that gentamicin, the
major component of the pharmaceutical aminoglycosides mixture, often administered as “gentamicin”
to humans, lacks PTC readthrough properties, whereas gentamicin B1, present as a minor component
of the pharmaceutical gentamicin aminoglycosides’ mixture, demonstrated, when purified, potent
PTC readthrough capabilities at all three UAG, UGA, and UAA PTCs in several cultured cell models
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expressing various nonsense alleles. Furthermore, gentamicin was found to suppress gentamicin B1
readthrough ability [62].

A novel promising approach was recently described that was based in a high throughput
screening for molecules able to potentiate the nonsense suppression mediated by aminoglycosides.
Five compounds, named CDX3, CDX4, CDX5, CDX10, and CDX11 (Figure 3), were identified that
were not able to mediate readthrough in human cells when used alone, but strongly enhanced the
readthrough ability of aminoglycosides [63]. The most potent of the novel compounds, CDX5, was
found to greatly increase the G418 mediated readthrough (up to 180 fold) with respect to G418 used
as a single agent. These findings indicated that a much lesser amount of G418 could be used for an
efficient readthrough with minor toxic effects. A cooperative effect in the aminoglycoside mediated
readthrough was also observed for poly-L-aspartic acid. This polyanion was previously described as a
protective agent against alterations induced by aminoglycosides in cultured human proximal tubule
cells, as well as in gentamicin induced early renal alterations. In a more recent study, an increase (up to
40%) of nonsense suppression mediated by gentamicin, in the presence of poly-L-aspartic acid, was
detected in a nonsense mouse model of CF, in which CFTR was more functional than with gentamicin
alone ([10] and the references therein). Synergistic effects were obtained both in vitro and in vivo
studies in nonsense mutations’ readthrough combining ivacaftor, a gating-channel potentiator, with
the synthetic aminoglycoside NB124 [59]. Very recently, a CF patient homozygous for the nonsense
mutation W1282X, a C-terminal CFTR mutation that results in a truncated protein with partial activity,
was subjected to treatment with ivacaftor, resulting in therapeutic benefit. Combining ivacaftor with
aminoglycoside G418 in W1282X expressing cells derived from the same patient further increased
CFTR activity [64].
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Figure 3. Chemical structure of compounds with nonsense suppression properties and aminoglycoside
readthrough enhancer. (a) Structures of non-aminoglycosides that induce PTC suppression.
Non-aminoglycoside compounds, such as ataluren (PTC124), RTC13, RTC14, and amlexanox, are
small organic molecules with no structural similarity to aminoglycosides. (b) Structure of clitocine,
a naturally occurring adenosine nucleoside analog. (c) Structures of the CDX compounds that are
aminoglycoside readthrough enhancers, identified in the high throughput screen.
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3.2. Ataluren (PTC124)

In the search for small molecules that could have readthrough properties, be safe,
and orally administered, high throughput screens of 800,000 compounds were performed
by using luciferase reporters stably expressed in HEK293 cells or rabbit reticulocytes [65].
Subsequent characterization studies led to identifying a small molecule drug ataluren
(3-(5-(2-fluorophenyl)-1,2,4-oxadiazol-3-yl)-benzoic acid; also known as PTC124 or Translarna [2]. The
structure of ataluren (Figure 3) is different from aminoglycoside antibiotics (Figure 2), has no antibiotic
properties, and has no similarity to other clinically available compounds. Importantly, ataluren is
efficient at suppressing all three stop codons, in the hierarchy UGA > UAG > UAA, but not the natural
stop codon, and displays maximal activity at a concentration much lower (3 µM) than gentamicin when
used for comparison. Following an extensive pharmacological characterization, ataluren was tested
with many disease models based on the general concept that a single readthrough inducing molecule
could alleviate the phenotype of different diseases when each of them is associated with nonsense
mutations. Initial preclinical studies on ataluren’s potential in nonsense suppression therapy were
related to Duchenne muscular dystrophy DMD, a rare genetic disorder caused by mutations in the
gene for dystrophin. Patients unable to express this muscle protein loose ambulation from childhood or
early adolescence. Ataluren treatment of mdx mouse cultured cells or mdx mice harboring a UAA PTC
in the dystrophin gene showed the production of full length dystrophin protein and enhanced muscle
function respectively. In cystic fibrosis (CF), another severe inherited disease caused by loss of function
of the gene encoding the cystic fibrosis trans-membrane conductance regulator CFTR, approximately
10% of cases are caused by nonsense mutations. In the CF mouse model expressing a human CFTR
with a nonsense mutation, treatment with ataluren restored the synthesis of a functional CFTR [66].
The ataluren approach in clinical studies (phase 1, phase 2a) demonstrated pharmacological activity in
CF and DMD patients. Consistent with results in model systems, ataluren was shown to induce the
synthesis of full length CFTR protein CF and increase the expression of dystrophin in a significant
fraction of DMD patients. Importantly, the restored CFTR protein was functional in CF patients,
and a three months treatment with ataluren recovered even a better pulmonary function [67–70].
Subsequent international clinical trials for DMD (phase 2b) and CF (phase 3) assessed that ataluren
was well tolerated, exhibiting a safety profile similar to placebo. In DMD patients, a positive trend in
improvement of muscle function, as well as other measured physical functions was observed after 48
weeks of ataluren treatment. In CF clinical trials, ataluren treated patients were not differentiated from
the placebo controls concerning the lung function. CF patients were under simultaneous antibiotic
chronic therapy with, among others, aminoglycoside tobramycin, which in further analysis was
indicated as an antagonist of ataluren. Patients who were not inhaling tobramycin showed indeed
alleviation of pulmonary exacerbations. An extension of the phase 3 clinical trial was launched for
CF patients not administered with tobramycin therapy. Having shown that ataluren helps slow the
disease progression, this drug has received a conditional approval from the European Medicines
Agency for ambulatorial treatment of DMD patients ≥5 years old. Overall, unless with some cell
systems [71,72], ataluren has been shown to rescue the dysfunction associated with PTCs in many
types of nonsense reporter and mouse disease model systems, in cultured human cells, and human
patients. In addition, ataluren was demonstrated to be improved by altering its structure on the basis of
a computer driven re-designing approach [73]. However, despite the huge amount of evidence about
ataluren’s readthrough potential, very recent outcomes of the extended phase 3 study in CF patients
did not achieve its primary and secondary endpoints. Inconsistent results for PT124 in readthrough
assays have also been recently reported [74,75]. These controversial issues about the readthrough
potential of PTC124 deserve a wide analysis about the genetic and physiological context in which
this molecule is operating (see the Conclusion). A crucial point in nonsense suppression therapy
is that the amino acid incorporated during readthrough may differ from the original and affect the
natural function of the protein. In recent studies, the nature of the translational events mediated by
ataluren, and aminoglycosides G418 and gentamicin, has been investigated in the simple eukaryote
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Saccharomyces cerevisiae, as well as in human cells expressing multiple nonsense mutations including a
CFTR nonsense allele [42,43]. Readthrough products expressed by specifically constructed reporters
were purified and identified by MS in both systems and shown to contain amino acid insertions at
PTCs analogous to those observed in the basal readthrough. When the PTCs were UAA or UAG, Gln,
Lys, or Tyr was inserted, whereas at UGA PTCs, Trp, Arg, or Cys was inserted, demonstrating that
ataluren stimulates selection of near-cognate tRNAs preferentially through mRNA:tRNA mispairing
at positions 1 and 3. Importantly, each replacement was functional, suggesting it is unlikely that the
readthrough products could acquire immunogenicity or dominant negative functions [39]. In a very
recent study, it was shown that an identical set of amino acids, Trp, Arg, and Cys, was incorporated
during readthrough mediated by G418 at the UGA stop codon [41], indicating that chemically induced
readthrough mimics the basal readthrough in yeast [76]. However, aminoglycoside mediated nonsense
suppression and the efficiency of translation termination are known to depend on the local mRNA
sequence [77,78]. By using reporters expressing the CFTR mutation W1282X (UGA) embedded in its
surrounding context and subjected to nonsense suppression by G418, the set of amino acids Leu (58%),
Cys (38%), and Trp (4%) was identified [42]. Surprisingly, these amino acids differ, both in identity and
proportions, from those identified for the CFTR G542X mutation, another UGA PTC, including Cys
(44%), Trp (36%), and Arg (20%), in the previous study [43]. These results shed light on the mechanism
of nonsense suppression, both in the basal and chemical mediated conditions, and add predictive
value about the quality of the amino acid inserted during the readthrough as a function of the mRNA
local context surrounding PTCs.

3.3. Novel Small Compounds with Nonsense Suppression Properties

Novel non-aminoglycosides with readthrough properties have been identified, by using an ELISA
based assay, in a screening of a library of 34,000 small compounds for searching for those capable of
suppressing nonsense mutations in the ATM gene that causes ataxia telangiectasia (AT) [79]. Two
compounds, RT13 and RT14, were most effective at restoring ATM kinase function in AT patient
fibroblasts [79]. The same compounds were subsequently found to relieve the expression of the full
length dystrophin protein in myotubes derived from a nonsense mouse model of DMD [80]. Additional
antibiotic compounds including macrolide [81,82] and negamycin peptide antibiotics were identified
to promote readthrough in mice and skeletal muscle mdx models [83,84]. In another approach, the
ability to induce readthrough was screened among a collection of 1200 small molecules already in
use in the clinic for other purposes. This screening led to the identification of amlexanox (Figure 3),
found to act as a suppressor of nonsense mutations in human cell disease models [85]. In addition,
the anti-inflammatory amlexanox was also shown to suppress multiple disease associated nonsense
mutations in mammalian cells [85]. The approach of re-designing molecules recently led to generating
nontoxic derivatives of PTC124 in which the fluoroaryl moiety was altered. The novel PTC124
derivatives resulted in being more potent than PTC124 in the suppression of a premature termination
UGA codon in reporter cells and in a bronchial epithelial cell line derived from a cystic fibrosis patient.
These data suggest that the structure of PTC124 may be further optimized to mediate more efficient
suppression at some PTCs [86]. In addition, a novel PTC124 analog, PTC-414, was recently described
to be able to induce as well as PTC124 functional rescue of REP1 in human choroideremia fibroblasts
and the nonsense mediated zebrafish model [87]. In a recent study, the nucleoside analog clitocine
was identified as a potent readthrough agent [88]. Incorporation of clitocine into RNA at the third
position of a premature termination codon results in the suppression of nonsense mutations in cells
harboring p53 nonsense alleles. In these cells, full length p53 was restored and was functional in
the transcriptional activation of p53 regulated genes. This novel mechanism represents an alternate
therapeutic modality for treatment of cancers and genetic diseases caused by nonsense mutations [88].
Overall, these results indicate that a wide chemicals repertoire, involving different action mechanisms,
may be available for treatments of cancers and genetic diseases caused by nonsense mutations.
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4. Negative Modulation of Nonsense Mediated mRNA Decay

Introduction of a PTC within an open reading frame can generate the synthesis of a truncated
protein that could be un-functional, partially functional, or aberrant for a gained negative-dominant
function. In the latter case, NMD has a surveillance function preventing the synthesis of harmful
protein by accelerating the turnover of the mRNA harboring the PTC. In doing this, even when the
truncated protein still retains partial function, NMD precludes its expression, worsening the disease
phenotype. In all cases, NMD decreases the expression of mRNA containing PTCs, limiting the
potential of the nonsense suppression therapy [10,22]. The functional consequences of PTC on gene
expression are schematically exemplified in Figure 1. In principle, an efficient NMD would alleviate
disorders potentially caused by anomalous truncated protein, whereas inhibition of NMD would
increase the pool of mRNA that could be translated in diseases caused by a lack of a specific function
(see the scheme in Figure 1B). The efficiency of NMD is individually variable within the same inherited
disease and can have critical consequences on the severity of the disease [89–93]. A clear example
of a personal level of NMD is represented by CF patients carrying the nonsense mutation W1282X
in the CFTR gene, whose derived nasal epithelial cells present different levels of mRNA encoding
that mutation [92]. In these cells, the readthrough response to gentamicin is correlated with the
abundance of the CFTR W1282X harboring the transcript with no response in cells with the lowest
CFTR transcript. Consistently, negative modulation of NMD in cells from patients unresponsive to
gentamicin alone rescued the nonsense suppression. More recently a similar approach was used
in vivo with a mouse model of the lysosomal storage disease mucopolysaccharidosis I-Hurler (MPS
I-H) [58]. Keeling and co-workers showed that aminoglycoside and the NMD inhibitor NMDI-1, when
concomitantly administered to mice carrying a PTC in the Idua locus, resulted in increased enzyme
function compared to aminoglycoside used as a single readthrough agent. In addition to NMDI-1, other
NMD inhibitors, have been described as effective in genetic diseases and cancer caused by nonsense
mutations [94]. NMD was found negatively modulated by 5-azacytidine, an analogue of the naturally
occurring pyrimidine nucleoside cytidine, a drug that was already approved for the treatment of
myelodysplastic syndrome and myeloid leukemia [95]. Among the repurposed drugs, amlexanox is
unique in that combines both readthrough and NMD attenuation properties and was identified in a
dedicated screening of compounds already used in the clinic for other purposes [85]. This approach, i.e.,
searching among already known compounds those with readthrough and possible NMD modulating
properties, is of advantage in that it avoids the long optimization and development process required
for access to the clinic. This would, hopefully, facilitate the use of drugs like amlexanox in nonsense
suppression therapy. Finally, NMD was found to be modulated by rapamycin, a naturally occurring
macrolide known to be an inhibitor of cap dependent mRNA translation [96]. The emerging picture of
this study is that mammalian cells can regulate NMD efficiency of mRNA loaded with polyribosomes
as a function of cellular need.

5. β-Thalassemia

In the last few years, nonsense suppression therapy has been approached for a variety of genetic
diseases based on nonsense mutations, including lysosomal storage diseases (LSDs) and genetic eye
disorders. The first two diseases have been recently reviewed respectively [22,23]. Here, we focus on
β-thalassemia, one of the most widespread autosomal recessive disorders worldwide [97] caused by
the reduced (β−) or absent (β0) synthesis of the β-globin chains of adult hemoglobin (HbA).

The β-globin gene is located in the distal portion of the short arm of chromosome 11, within the
β-globin gene cluster. It extends for 1.6 Kb and contains three exons, two introns, and two sequences
in the flanking 5′ and 3′ defined as untranslated regions (UTRs) [98]. Its expression is regulated by an
upstream promoter, containing TATA (TATA box) and CAAT (CAAT box) sequences and duplicated
CACCC sequences (CACC distal and proximal boxes) [97]. A major regulatory region, containing also
a strong enhancer, maps 50 Kb from the β-globin gene. This region, called the locus control region
(LCR), contains five (HS-1 to HS-5) erythroid specific DNAse hypersensitive sites (HSs), which are the
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hallmark of DNA–protein interaction. Each HS site is constituted of a combination of several DNA
motifs interacting with transcription factors, among which the most important are GATA-1, nuclear
factor erythroid 2, and erythroid Krüppel-like factor [97].

5.1. Nonsense Mutations and Nonsense Mediated mRNA Decay in β-Thalassemia

Nonsense mutations are among the most important alterations of the β-globin gene in
β-thalassemia patients and are based on a change of an amino acid codon to a premature termination
codon (PTC). For instance, in β039-thalassemia, the CAG (glutamine) codon of the β-globin mRNA is
mutated to the UAG stop codon [98,99], leading to premature translation termination and to mRNA
destabilization through the NMD mechanism [100–103]. The activation or not of the NMD mechanism
impacts the β-thalassemia phenotype. As summarized by Peixeiro et al. [104], β-globin nonsense
mutations located in the 3′ region of exon 1 (for example, at codon 26) and within the 5′ region of
exon 2 (at codons 36, 60/61, 75, and 82) promote NMD. In contrast, mRNAs bearing PTCs towards
the 3′ end of exon 2 (at codons 88, 91, 95, 98, 101, and 103) and those with PTCs in exon 3 (at codons
106, 107, 114, 121, and 141) are all NMD resistant [102–106]. The NMD mechanism usually requires a
minimum distance between the nonsense mutation and the final exon-exon junction, but on β-globin
transcripts, the required maximum distance appears to be considerably less important. Indeed, a
β-globin mRNA with a nonsense mutation at codon 39 [102,107] elicits NMD machinery, even when
the distance between the PTC and the 3′ exon-exon junction is increased from the normal 180 nt up to
654 nt [104,108].

The disease is inherited in a recessive mode, and heterozygote subjects are asymptomatic, when
the PTC is located at a position activating NMD. In this case, the NMD degradation of the defective
β-globin transcript produces a reduced synthesis of the truncated protein [104]. If the PTC is located at
a position that does not induce NMD (at less than 55 nt upstream of the last exon-exon junction or at the
5′-part of exon 3), the small quantity of synthesized truncated product could be efficiently degraded by
the proteolytic system of the red blood cell, and the relative heterozygotes will be asymptomatic [106].
If the PTC is located further downstream at exon 3 of the β-globin mRNA, NMD is also not activated.
In this condition, the mutant β-globin mRNAs, encoding for the truncated protein, are long enough to
overload the cellular proteolytic system [104]. The excessive accumulation of the truncated products, as
well as, free α-globin chains causes the precipitation of insoluble globins, leading to cellular toxic effects.
This condition, called thalassemia intermedia, is correlated with a symptomatic form in heterozygotes
and a dominant modality of inheritance [104,109]. In Table 1 is reported a list of PTCs on β-globin
eliciting or not eliciting NMD.
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Table 1. β-thalassemia nonsense mutations. For each mutation, sense codon, stop codon, nucleotide
substitution, relative frequency (indicating the mutation occurrence in a specific country or geographic
area based on all the β-thalassemia patients and obtained from the HbVar database and NMD activation
are reported.

Nonsense
Mutation

Sense/Nonsense
Codon

Nucleotide
Substitution Frequency NMD Activation Reference

β◦15 TGG/TAG G→A Bangladesh 10% NO 97

β◦15 TGG/TGA G→A Portugal 11.79%
Russia 6.45% NO 98

β◦17 AAG/TAG A→T Thailand 18.56%
China 14.1% NO 98

β◦22 GAA/TAA G→T La Réunion
(one case) NO 98

β◦26 GAG/TAG G→T Thailand 0.12% YES 99

β◦35 TAC/TAA C→A Thailand 1.22% YES 99

β◦37 TGG/TAG G→A Afghanistan YES 100

β◦37 TGG/TGA G→A Arab countries 18.6% YES 101

β◦39 CAG/TAG C→T
Italy 66.84%; Argentina
47.06%; Portugal 34.9%;

England 34.78%
YES 102

β◦43 GAG/TAG G→T Singapore 0.75%;
Thailand 0.37% YES 103

β◦59 AAG/TAG A→T Italian-American Family YES 104

β◦61 AAG/TAG A→T USA (one case) YES 105

β◦90 GAG/TAG G→T Japan 13.8% YES 99

β◦112 TGT/TGA T→A Slovakia (one case) YES 96

β◦121 GAA/TAA G→T Czechoslovakia 11.83%
England 13.04% YES 106

β◦127 CAG/TAG C→T England (one case) NO 107

5.2. Readthrough Approach for β-Thalassemia

In β-thalassemia, the absence or reduced synthesis of β-globin chains causes severe chronic anemia
and treatment related complications. Patients are usually treated with chronic blood transfusions and
iron chelation therapy. Alternatively, bone marrow transplantation has been proposed. Gene therapy
is still not currently available. In addition, novel strategies such as the ribosomal readthrough could
introduce new hopes for the development of a pharmacologic approach to cure β-thalassemia caused
by PTC, such as β0-39-thalassemia.

Recently, Salvatori et al. [110] reported the development of a novel experimental system suitable
to screen potential modifiers of the biological consequences of stop mutations. This system was
generated using two lentiviral constructs, one containing the human normal β-globin gene and the
other containing the β◦39-thalassemia globin gene, both under the control of the β-globin promoter
and an LCR cassette. These vectors were transfected to K562 cells and several isolated K562 cell clones,
expressing either the normal β-globin or the β◦39-thalassemia globin genes at different levels. Then,
the system was evaluated to detect the readthrough molecules such as aminoglycosides [110].

In another article, Salvatori et al. [111] demonstrated that aminoglycoside geneticin (G418) was
able to induce production of β-globin in cells carrying β-globin genes with the β◦39-thalassemia
mutation, by the readthrough mechanism, leading to translation of β◦39-globin mRNA and ultimate
production of HbA [112]. This was reproducibly obtained using K562 cell clones carrying β◦39-globin
genes previously described [110].

Moreover, an efficient production of β-globin by β◦39-globin mRNA was reported in erythroid
precursor cells isolated from six homozygous β◦39-thalassemia patients and treated with erythropoietin
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(EPO) with or without G418. Using G418, the conversion of a high proportion of these cells from being
negative for β-globin chain synthesis to β-globin producing cells was observed by both FACS and
HPLC analyses [111]. Obviously, this finding is far from obtaining a full restoration of HbA content in
homozygous β◦39-thalassemic cells, due to the fact that the β◦39-globin mRNA is present in very low
amounts, even if a partial increase of HbA might be beneficial in patients carrying selected genotypes
(for instance β◦/β+) or when this approach is carried out in combination with other treatments, such
as hydroxyurea, as inducers of HbF production [113] or NMD inhibitors [112,114,115]. For instance,
silencing RNAs against SMG-1 and Upf1 strongly inhibits NMD with a mechanism of action clearly
different from G418 mediated effects [114–116]. In addition, inhibition of NMD can be reached under
hypoxic conditions, as suggested by Gardner [112].

Recently, Kar et al. [117] investigated oligonucleotides targeting HBB mRNA downstream of the
premature stop codon as novel and potential readthrough molecules for the treatment of β-thalassemia,
producing a full length β-globin protein and opening a novel opportunity in the field of readthrough
strategies of PTCs.

Finally, the current clinical trials under investigation for β-thalassemia are relatives of gene
therapies, HbF inducers, iron chelators, but not for readthrough molecules, which should be considered
as potential and alternative approaches to be deeply investigated for this hemoglobinopathy. However,
the possible application of readthrough molecules toβ-thalassemia is clearly mentioned in some granted
patents (such as USP-9255088, USP-9358246, and USP-10398718) in which the possible application of
the invented compounds for personalized therapy of β-thalassemia is clearly proposed [118–120].

Moreover, β-thalassemia is characterized by ineffective erythropoiesis (IE) and anemia, so novel
approaches should restore the tissue oxygenation producing adequate and functional red blood cells.
From this point of view, the iron reduction can decrease erythroid cells’ production with abnormal
Hb and improve erythropoiesis. In particular, novel molecules targeting iron (e.g., mini-hepcidin
agonists, serine protease in combination with iron chelators, apotransferrin) can be useful to improve
IE [118–121] and should be investigated in combination with readthrough inducers.

6. Conclusions and Perspectives

Since the original evidence that nonsense suppression approach could provide a means to restore
the synthesis and the function of CFTR, inactivated by a nonsense mutation, many studies have explored
the feasibility of the nonsense suppression approach through numerous genetic diseases caused by
PTC [10,24,47]. The possibility to extend the therapeutic principle to most if not all genetic diseases
associated with nonsense mutations, including several forms of cancer, has presented new expectations
to cure different diseases by using the same therapeutic based on the stop codon readthrough mediated
by small compounds. Several variables are likely to play a role in the success of the nonsense
suppression therapy. First is the availability of novel safe compounds effective at inducing readthrough
with no side effects. In this context, the possibility to re-design the aminoglycosides, including the new
entry gentamicin B1, so as to minimize the toxic moieties while saving the readthrough properties,
may soon provide the drug for the long term treatments required for the cure of these severe diseases.
A great advantage would come by using a much lower concentration of aminoglycosides when
co-administered with enhancer molecules, of the type of CDX compounds, once proven to be safe.
Second, assessment of the therapeutic threshold for each disease, in terms of the minimal product
production needed to alleviate the relevant phenotype, would help in designing a proper treatment
strategy. Third, a combined therapy should be evaluated when mRNA is particularly destabilized
by NMD. The discovery of amlexanox, combining readthrough and NMD inhibition properties,
suggests that future screenings could be addressed to this category of compounds. Inhibition of
NMD as a therapeutic approach may result in various effects and is achieved by using drugs [94].
In this context, strategic targeting of genes encoding components of the complex NMD machinery
by clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) technologies has been
evaluated [119–122]. However, recent studies provided evidence that NMD is not only involved in
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the mRNA surveillance pathway, but constitutes a post-transcriptional control of gene expression
and is at the crossroads of many cellular functions [13,37,120–126]. Thus, the catalogue of the mRNA
target of NMD has been extended to hundreds of physiological transcripts encoding no PTC [38,39]. In
this respect, although being promising for the treatment of many nonsense mutation related diseases,
modulation of NMD is an approach that must be taken with caution. In addition, NMD efficacy is
variable and has an impact on the clinical outcome of PTC. Interestingly enough however, a powerful
method to study NMD variability by a single molecule is now available and is revealing rules governing
the fate of mRNA harboring PTCs [124–127]. Moreover, the impact of introducing PTCs at the human
genome level has been, very recently, approached by developing a resource, NMDetective, for genome
wide prediction of NMD efficacy in human and mouse models [125–128]. Results have shown that
(a) NMD often exacerbated the disease, (b) failure to trigger NMD can be a cause of ineffective gene
inactivation by CRISPR/Cas9 gene editing, and (c) inhibiting NMD may be effective at enhancing cancer
immunotherapy. These important achievements on key mechanisms influencing NMD suggest that
identifying the PTC for each patient is crucial in the decision about the most appropriate therapeutic
approach. In particular, when NMD leads to a worsened phenotype, then the well tolerated NMD
inhibitors could be useful for a broad range of genetic diseases.

Thalassemia is one the most important health problems in developing countries mainly because
of the absence of genetic counseling and prenatal diagnosis [126–129]. The pharmacological therapy of
β-thalassemia is expected to be crucial for several developing countries, unable to sustain efficiently
the high cost clinical management of β-thalassemia patients requiring a regular transfusion regimen,
chelation therapy, and advanced hospital facilities. Alternative and promising therapeutic approaches
such as gene therapy and bone marrow transplantation are expected to be useful only for a minority of
patients, based on specific biological/genetic parameters and with the economic possibility to afford
these therapies [118,127–130]. Therefore, the discovery of molecules exhibiting the property of inducing
β-globin, such as readthrough compounds, is of great interest and represents a hope for several patients,
whose survival will depend on the possible use of drugs rendering blood transfusion and chelation
therapy unnecessary. In this respect, the rapid and inexpensive dual fluorescence screening system
based on the yeast S. cerevisiae, recently developed, could be useful for the identification of novel small
readthrough compounds and/or NMD modulators [128–131].

In conclusion, while significant progress has been made in the development of a therapeutic
strategy for the treatment of disparate genetic diseases and various forms of cancer, combining nonsense
mutations, clinical issues still remain below expectations. In this context, we are aware that the use of
readthrough mediating compounds is often associated with many risks and difficulties related to not
only drug toxicity to the cell and to the organism, but also to the lack of certainty about the identity of
amino acids decoded under the readthrough treatment. Nevertheless, considering the extreme severity
of many PTC caused genetic diseases and considering that even a small response to the therapy could
make the difference, any effort to improve the readthrough therapeutic approach should be produced.
As an example, the small and safe molecule ataluren has been recently used in CF cells in combination
with caffeine, an attenuator of NMD, and found to increase the recovery of a functional full-length
CFTR protein [129–132]. Hopefully, such results might be reproduced in the clinic.

A recent study, combining genomic, proteomic, and biochemical data, demonstrated that many
common nonsense variants do not necessarily result in loss of protein production and provided
experimental evidence for the existence of gene rescue mechanisms [130–133]. In this respect, it is
likely that in the near future, increased knowledge about the human genome’s plasticity will play a
key role in understanding how the general genetic background establishes the individual threshold in
response to the nonsense suppression therapy of a given genetic disease.
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Abbreviations

APC adenomatous polyposis coli
CF Cystic Fibrosis
CFTR cystic fibrosis trans-membrane conductance regulator
DMD Duchenne muscular dystrophy
HbA Adult Hemoglobin (HbA)
HBE human bronchial epithelial
HSs hypersensitive sites
LCR locus control region
LSD lysosomal storage diseases
MPS I-H mucopolysaccharidosis I-Hurler
NMD Nonsense mRNA-mediated decay
PTCs premature termination codons
UTRs untranslated regions

References

1. Mort, M.; Ivanov, D.; Cooper, D.N.; Chuzhanova, N.A. A meta-analysis of nonsense mutations causing
human genetic disease. Hum. Mutat. 2008, 29, 1037–1047. [CrossRef] [PubMed]

2. Peltz, S.W.; Morsy, M.; Welch, E.M.; Jacobson, A. Ataluren as an agent for therapeutic nonsense suppression.
Annu. Rev. Med. 2013, 64, 407–425. [CrossRef] [PubMed]

3. Shieh, P.B. Emerging strategies in the treatment of Duchenne muscular dystrophy. Neurotherapeutics 2018, 15,
840–848. [CrossRef]

4. Lefebvre, S.; Bürglen, L.; Reboullet, S.; Clermont, O.; Burlet, P.; Viollet, L.; Benichou, B.; Cruaud, C.;
Millasseau, P.; Zeviani, M.; et al. Identification and characterization of a spinal muscular atrophy-determining
gene. Cell 1995, 80, 155–165. [CrossRef]

5. Ballabio, A.; Gieselmann, V. Lysosomal disorders: From storage to cellular damage. Biochim. Biophys. Acta
2009, 1793, 684–696. [CrossRef] [PubMed]

6. James, P.D.; Raut, S.; Rivard, G.E.; Poon, M.C.; Warner, M.; McKenna, S.; Leggo, J.; Lillicrap, D. Aminoglycoside
suppression of nonsense mutations in severe hemophilia. Blood 2005, 106, 3043–3048. [CrossRef]

7. Gilad, S.; Bar-Shira, A.; Harnik, R.; Shkedy, D.; Ziv, Y.; Khosravi, R.; Brown, K.; Vanagaite, L.; Xu, G.;
Frydman, M.; et al. Ataxia-telangiectasia: Founder effect among north African Jews. Hum. Mol. Genet. 1996,
12, 2033–2037. [CrossRef]

8. Reiners, J.; Nagel-Wolfrum, K.; Jurgens, K.; Marker, T.; Wolfrum, U. Molecular basis of human Usher syndrome:
Deciphering the meshes of the Usher protein network provides insights into the pathomechanisms of the
Usher disease. Exp. Eye Res. 2006, 83, 97–119. [CrossRef]

9. Gwen, G.; Yanying, D.; Ming, D.; Valery, B.; Jeyakumar, K.; Trenton, R.S.; Timor, B.; David, M.B.; Kim, M.K.
Long-term nonsense suppression therapy moderates MPS I-H disease progression. Mol. Genet. Metab. 2014,
111, 374–381.

10. Keeling, K.M.; Xue, X.; Gunn, G.; Bedwell, D.M. Therapeutics based on stop codon readthrough. Annu. Rev.
Genomics Hum. Genet. 2014, 15, 371–394. [CrossRef]

11. Keeling, K.M.; Wang, D.; Conard, S.E.; Bedwell, D.M. Suppression of premature termination codons as a
therapeutic approach. Crit. Rev. Biochem. Mol. Biol. 2012, 47, 444–463. [CrossRef] [PubMed]

12. Kurosaki, T.; Maquat, L.E. Nonsense mediated mRNA decay in humans at a glance. J. Cell Sci. 2016, 129,
461–467. [CrossRef] [PubMed]

13. Lejeune, F. Nonsense mediated mRNA decay at the crossroads of many cellular pathways. BMB Rep. 2017,
50, 175–185. [CrossRef] [PubMed]

14. Brogna, S.; McLeod, T.; Petric, M. The meaning of NMD: Translate or perish. Trends Genet. 2016, 32, 395–407.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/humu.20763
http://www.ncbi.nlm.nih.gov/pubmed/18454449
http://dx.doi.org/10.1146/annurev-med-120611-144851
http://www.ncbi.nlm.nih.gov/pubmed/23215857
http://dx.doi.org/10.1007/s13311-018-00687-z
http://dx.doi.org/10.1016/0092-8674(95)90460-3
http://dx.doi.org/10.1016/j.bbamcr.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19111581
http://dx.doi.org/10.1182/blood-2005-03-1307
http://dx.doi.org/10.1093/hmg/5.12.2033
http://dx.doi.org/10.1016/j.exer.2005.11.010
http://dx.doi.org/10.1146/annurev-genom-091212-153527
http://dx.doi.org/10.3109/10409238.2012.694846
http://www.ncbi.nlm.nih.gov/pubmed/22672057
http://dx.doi.org/10.1242/jcs.181008
http://www.ncbi.nlm.nih.gov/pubmed/26787741
http://dx.doi.org/10.5483/BMBRep.2017.50.4.015
http://www.ncbi.nlm.nih.gov/pubmed/28115040
http://dx.doi.org/10.1016/j.tig.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27185236


J. Clin. Med. 2020, 9, 289 16 of 21

15. Kervestin, S.; Jacobson, A.N. NMD: A multifaceted response to premature translational termination. Nat.
Rev. Mol. Cell Biol. 2012, 13, 700–712. [CrossRef]

16. Karousis, E.D.; Nasif, S.; Muhlemann, O. Nonsense mediated mRNA decay: Novel mechanistic insights and
biological impact. WIRES RNA 2016, 7, 661–682. [CrossRef]

17. He, F.; Jacobson, A. Nonsense mediated mRNA decay: Degradation of defective transcripts is only part of
the story. Annu. Rev. Genet. 2015, 49, 339–366. [CrossRef]

18. Lykke-Andersen, S.; Jensen, T.H. Nonsense mediated mRNA decay: An intricate machinery that shapes
transcriptomes. Nat. Rev. Mol. Cell Biol. 2015, 16, 665–677. [CrossRef]

19. Bidou, L.; Allamand, V.; Rousset, J.P.; Namy, O. Sense from nonsense: Therapies for premature stop codon
diseases. Trends Mol. Med. 2012, 18, 679–688. [CrossRef]

20. Benhabiles, H.; Jia, J.; Lejeune, F. Nonsense Mutation Correction in Human Diseases: An Approach for Targeted
Medicine, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 1–192.

21. Wang, X.; Gregory-Evans, C.Y. Nonsense suppression therapies in ocular genetic diseases. Cell. Mol. Life Sci.
2015, 72, 1931–1938. [CrossRef]

22. Keeling, K.M. Nonsense suppression as an approach to treat lysosomal storage diseases. Diseases 2016, 4, 32.
[CrossRef] [PubMed]

23. Richardson, R.; Smart, M.; Tracey-White, D.; Webster, A.R.; Moosajee, M. Mechanism and evidence of
nonsense suppression therapy for genetic eye disorders. Exp. Eye Res. 2017, 155, 24–37. [CrossRef] [PubMed]

24. Nagel-Wolfrum, K.; Moller, F.; Penner, I.; Baasov, T.; Wolfrum, U. Targeting nonsense mutations in diseases
with Translational Read-through-Inducing Drugs (TRIDs). BioDrugs 2016, 30, 49–74. [CrossRef] [PubMed]

25. Wolin, S.L.; Maquat, L.E. Cellular RNA surveillance in health and disease. Science 2019, 366, 822–827.
[CrossRef] [PubMed]

26. Dabrowski, M.; Bukowy-Bieryllo, Z.; Zietkiewicz, E. Advances in therapeutic use of a drug-stimulated
translational readthrough of premature termination codons. Mol. Med. 2018, 24, 1–25. [CrossRef] [PubMed]

27. Campofelice, A.; Lentini, L.; Di Leonardo, A.; Melfi, R.; Tutone, M.; Pace, A.; Pibiri, I. Strategies against
nonsense: Oxadiazoles as Translational Readthrough-Inducing Drugs (TRIDs). Int. J. Mol. Sci. 2019, 20, 3329.
[CrossRef]

28. Chang, J.C.; Kan, Y.W. beta 0 thalassemia, a nonsense mutation in man. Proc. Natl. Acad. Sci. USA 1979, 76,
2886–2889. [CrossRef]

29. Maquat, L.E.; Kinniburgh, A.J.; Rachmilewitz, E.A.; Ross, J. Unstable beta-globin mRNA in mRNA-deficient
beta o thalassemia. Cell 1981, 27, 543–553. [CrossRef]

30. Temple, G.F.; Dozy, A.M.; Roy, K.L.; Kan, Y.W. Construction of a functional human suppressor tRNA gene:
An approach to gene therapy for beta-thalassaemia. Nature 1982, 296, 537–540. [CrossRef]

31. Hug, N.; Longman, D.; Caceres, J.F. Mechanism and regulation of the nonsense mediated decay pathway.
Nucleic Acids Res. 2016, 44, 1483–1495. [CrossRef]

32. Fatscher, T.; Boehm, V.; Gehring, N.H. Mechanism, factors, and physiological role of nonsense mediated
mRNA decay. Cell Mol. Life Sci. 2015, 72, 4523–4544. [CrossRef] [PubMed]

33. Celik, A.; Kervestin, S.; Jacobson, A. NMD: At the crossroads between translation termination and ribosome
recycling. Biochimie 2015, 114, 2–9. [CrossRef] [PubMed]

34. Altamura, N.; Groudinsky, O.; Dujardin, G.; Slonimski, P.P. NAM7 nuclear gene encodes a novel member of
a family of helicases with a Zn-ligand motif and is involved in mitochondrial functions in Saccharomyces
cerevisiae. J. Mol. Biol. 1992, 224, 575–587. [CrossRef]

35. Weng, Y.; Czaplinski, K.; Peltz, S.W. Genetic and biochemical characterization of mutations in the ATPase
and helicase regions of the Upf1 protein. Mol. Cell. Biol. 1996, 16, 5477–5490. [CrossRef] [PubMed]

36. Bhattacharya, A.; Czaplinski, K.; Trifillis, P.; He, F.; Jacobson, A.; Peltz, S.W. Characterization of the
biochemical properties of the human Upf1 gene product that is involved in nonsense mediated mRNA decay.
RNA 2000, 6, 1226–1235. [CrossRef]

37. Nickless, A.; Bailis, J.M.; You, Z. Control of gene expression through the nonsense mediated RNA decay
pathway. Cell Biosci. 2017, 7, 26. [CrossRef]

38. Celik, A.; He, F.; Jacobson, A. NMD monitors translational fidelity 24/7. Curr. Genet. 2017, 63, 1007–1010.
[CrossRef]

39. Celik, A.; Baker, R.; He, F.; Jacobson, A. High-resolution profiling of NMD targets in yeast reveals translational
fidelity as a basis for substrate selection. RNA 2017, 23, 735–748. [CrossRef]

http://dx.doi.org/10.1038/nrm3454
http://dx.doi.org/10.1002/wrna.1357
http://dx.doi.org/10.1146/annurev-genet-112414-054639
http://dx.doi.org/10.1038/nrm4063
http://dx.doi.org/10.1016/j.molmed.2012.09.008
http://dx.doi.org/10.1007/s00018-015-1843-0
http://dx.doi.org/10.3390/diseases4040032
http://www.ncbi.nlm.nih.gov/pubmed/28367323
http://dx.doi.org/10.1016/j.exer.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28065590
http://dx.doi.org/10.1007/s40259-016-0157-6
http://www.ncbi.nlm.nih.gov/pubmed/26886021
http://dx.doi.org/10.1126/science.aax2957
http://www.ncbi.nlm.nih.gov/pubmed/31727827
http://dx.doi.org/10.1186/s10020-018-0024-7
http://www.ncbi.nlm.nih.gov/pubmed/30134808
http://dx.doi.org/10.3390/ijms20133329
http://dx.doi.org/10.1073/pnas.76.6.2886
http://dx.doi.org/10.1016/0092-8674(81)90396-2
http://dx.doi.org/10.1038/296537a0
http://dx.doi.org/10.1093/nar/gkw010
http://dx.doi.org/10.1007/s00018-015-2017-9
http://www.ncbi.nlm.nih.gov/pubmed/26283621
http://dx.doi.org/10.1016/j.biochi.2014.10.027
http://www.ncbi.nlm.nih.gov/pubmed/25446649
http://dx.doi.org/10.1016/0022-2836(92)90545-U
http://dx.doi.org/10.1128/MCB.16.10.5477
http://www.ncbi.nlm.nih.gov/pubmed/8816461
http://dx.doi.org/10.1017/S1355838200000546
http://dx.doi.org/10.1186/s13578-017-0153-7
http://dx.doi.org/10.1007/s00294-017-0709-4
http://dx.doi.org/10.1261/rna.060541.116


J. Clin. Med. 2020, 9, 289 17 of 21

40. Kerem, E. Pharmacologic therapy for stop mutations: How much CFTR activity is enough? Curr. Opin. Pulm.
Med. 2004, 10, 547–552. [CrossRef]

41. Xue, X.; Mutyam, V.; Thakerar, A.; Mobley, J.; Bridges, R.J.; Rowe, S.M.; Keeling, K.M.; Bedwell, D.M.
Identification of the amino acids inserted during suppression of CFTR nonsense mutations and determination
of their functional consequences. Hum. Mol. 2017, 26, 3116–3129. [CrossRef]

42. Roy, B.; Friesen, W.J.; Tomizawa, Y.; Leszyk, J.D.; Zhuo, J.; Johnson, B.; Dakka, J.; Trotta, C.R.; Xue, X.;
Mutyam, V.; et al. Ataluren stimulates ribosomal selection of near-cognate tRNAs to promote nonsense
suppression. Proc. Natl. Acad. Sci. USA 2016, 113, 12508–12513. [CrossRef]

43. Roy, B.; Leszyk, J.D.; Mangus, D.A.; Jacobson, A. Nonsense suppression by near-cognate tRNAs employs
alternative base pairing at codon positions 1 and 3. Proc. Natl. Acad. Sci. USA 2015, 112, 3038–3043.
[CrossRef]

44. Singh, A.; Ursic, D.; Davies, J. Phenotypic suppression and misreading Saccharomyces cerevisiae. Nature
1979, 277, 146–148. [CrossRef]

45. Palmer, E.; Wilhelm, J.M.; Sherman, F. Phenotypic suppression of nonsense mutants in yeast by aminoglycoside
antibiotics. Nature 1979, 277, 148–150. [CrossRef]

46. Howard, M.; Frizzell, R.A.; Bedwell, D.M. Aminoglycoside antibiotics restore CFTR function by overcoming
premature stop mutations. Nat. Med. 1996, 2, 467–469. [CrossRef]

47. Lee, H.L.; Dougherty, J.P. Pharmaceutical therapies to recode nonsense mutations in inherited diseases.
Pharmacol. Ther. 2012, 136, 227–266. [CrossRef]

48. Francis, S.P.; Katz, J.; Fanning, K.D.; Harris, K.A.; Nicholas, B.D.; Lacy, M.; Pagana, J.; Agris, P.F.; Shin, J.B.
A novel role of cytosolic protein synthesis inhibition in aminoglycoside ototoxicity. J. Neurosci. 2013, 33,
3079–3093. [CrossRef]

49. Hobbie, S.N.; Akshay, S.; Kalapala, S.K.; Bruell, C.M.; Shcherbakov, D.; Bottger, E.C. Genetic analysis of
interactions with eukaryotic rRNA identify the mitoribosome as target in aminoglycoside ototoxicity. Proc.
Natl. Acad. Sci. USA 2008, 105, 20888–20893. [CrossRef]

50. Kandasamy, J.; Atia-Glikin, D.; Shulman, E.; Shapira, K.; Shavit, M.; Belakhov, V.; Baasov, T. Increased
selectivity toward cytoplasmic versus mitochondrial ribosome confers improved efficiency of synthetic
aminoglycosides in fixing damaged genes: A strategy for treatment of genetic diseases caused by nonsense
mutations. J. Med. Chem. 2012, 55, 10630–10643. [CrossRef]

51. Matt, T.; Ng, C.L.; Lang, K.; Sha, S.H.; Akbergenov, R.; Shcherbakov, D.; Meyer, M.; Duscha, S.;
Xie, J.; Dubbaka, S.R.; et al. Dissociation of antibacterial activity and aminoglycoside ototoxicity in
the 4-monosubstituted 2-deoxystreptamine apramycin. Proc. Natl. Acad. Sci. USA 2012, 109, 10984–10989.
[CrossRef]

52. Nudelman, I.; Rebibo-Sabbah, A.; Cherniavsky, M.; Belakhov, V.; Hainrichson, M.; Chen, F.; Schacht, J.;
Pilch, D.S.; Ben-Yosef, T.; Baasov, T. Development of novel aminoglycoside (NB54) with reduced toxicity
and enhanced suppression of disease-causing premature stop mutations. J. Med. Chem. 2009, 52, 2836–2845.
[CrossRef]

53. Rowe, S.M.; Sloane, P.; Tang, L.P.; Backer, K.; Mazur, M.; Buckley-Lanier, J.; Nudelman, I.; Belakhov, V.;
Bebok, Z.; Schwiebert, E.; et al. Suppression of CFTR premature termination codons and rescue of CFTR
protein and function by the synthetic aminoglycoside NB54. J. Mol. Med. 2011, 89, 1149–1161. [CrossRef]

54. Vecsler, M.; Ben Zeev, B.; Nudelman, I.; Anikster, Y.; Simon, A.J.; Amariglio, N.; Rechavi, G.; Baasov, T.;
Gak, E. Ex vivo treatment with a novel synthetic aminoglycoside NB54 in primary fibroblasts from Rett
syndrome patients suppresses MECP2 nonsense mutations. PLoS ONE 2011, 6, e20733. [CrossRef]

55. Goldmann, T.; Overlack, N.; Moller, F.; Belakhov, V.; van Wyk, M.; Baasov, T.; Wolfrum, U.; Nagel-Wolfrum, K.
A comparative evaluation of NB30, NB54 and PTC124 in translational readthrough efficacy for treatment of
an USH1C nonsense mutation. EMBO Mol. Med. 2012, 4, 1186–1199. [CrossRef]

56. Brendel, C.; Belakhov, V.; Werner, H.; Wegener, E.; Gartner, J.; Nudelman, I.; Baasov, T.; Huppke, P.
Readthrough of nonsense mutations in Rett syndrome: Evaluation of novel aminoglycosides and generation
of a new mouse model. J. Mol. Med. 2011, 89, 389–398. [CrossRef]

57. Wang, D.; Belakhov, V.; Kandasamy, J.; Baasov, T.; Li, S.C.; Li, Y.T.; Bedwell, D.M.; Keeling, K.M. The designer
aminoglycoside NB84 significantly reduces glycosaminoglycan accumulation associated with MPS I-H in
the Idua-W392X mouse. Mol. Genet. Metab. 2012, 105, 116–125. [CrossRef]

http://dx.doi.org/10.1097/01.mcp.0000141247.22078.46
http://dx.doi.org/10.1093/hmg/ddx196
http://dx.doi.org/10.1073/pnas.1605336113
http://dx.doi.org/10.1073/pnas.1424127112
http://dx.doi.org/10.1038/277146a0
http://dx.doi.org/10.1038/277148a0
http://dx.doi.org/10.1038/nm0496-467
http://dx.doi.org/10.1016/j.pharmthera.2012.07.007
http://dx.doi.org/10.1523/JNEUROSCI.3430-12.2013
http://dx.doi.org/10.1073/pnas.0811258106
http://dx.doi.org/10.1021/jm3012992
http://dx.doi.org/10.1073/pnas.1204073109
http://dx.doi.org/10.1021/jm801640k
http://dx.doi.org/10.1007/s00109-011-0787-6
http://dx.doi.org/10.1371/journal.pone.0020733
http://dx.doi.org/10.1002/emmm.201201438
http://dx.doi.org/10.1007/s00109-010-0704-4
http://dx.doi.org/10.1016/j.ymgme.2011.10.005


J. Clin. Med. 2020, 9, 289 18 of 21

58. Keeling, K.M.; Wang, D.; Dai, Y.; Murugesan, S.; Chenna, B.; Clark, J.; Belakhov, V.; Kandasamy, J.; Velu, S.E.;
Baasov, T.; et al. Attenuation of nonsense mediated mRNA decay enhances in vivo nonsense suppression.
PLoS ONE 2013, 8, e60478. [CrossRef]

59. Xue, X.; Mutyam, V.; Tang, L.; Biswas, S.; Du, M.; Jackson, L.A.; Dai, Y.; Belakhov, V.; Shalev, M.; Chen, F.;
et al. Synthetic aminoglycosides efficiently suppress cystic fibrosis transmembrane conductance regulator
nonsense mutations and are enhanced by ivacaftor. Am. J. Respir. Cell. Mol. Biol. 2014, 50, 805–816.
[CrossRef]

60. Bidou, L.; Bugaud, O.; Belakhov, V.; Baasov, T.; Namy, O. Characterization of new-generation aminoglycoside
promoting premature termination codon readthrough in cancer cells. RNA Biol. 2017, 14, 378–388. [CrossRef]

61. Sabbavarapu, N.M.; Shavit, M.; Degani, Y.; Smolkin, B.; Belakhov, V.; Baasov, T. Design of novel
aminoglycoside derivatives with enhanced suppression of diseases-causing nonsense mutations. ACS
Med. Chem. Lett. 2016, 7, 418–423. [CrossRef]

62. Baradaran-Heravi, A.; Niesser, J.; Balgi, A.D.; Choi, K.; Zimmerman, C.; South, A.P.; Anderson, H.J.;
Strynadka, N.C.; Bally, M.B.; Roberge, M. Gentamicin B1 is a minor gentamicin component with major
nonsense mutation suppression activity. Proc. Natl. Acad. Sci. USA 2017, 114, 3479–3484. [CrossRef]
[PubMed]

63. Baradaran-Heravi, A.; Balgi, A.D.; Zimmerman, C.; Choi, K.; Shidmoossavee, F.S.; Tan, J.S.; Bergeaud, C.;
Krause, A.; Flibotte, S.; Shimizu, Y.; et al. Novel small molecules potentiate premature termination codon
readthrough by aminoglycosides. Nucleic Acids Res. 2016, 44, 6583–6598. [CrossRef] [PubMed]

64. Mutyam, V.; Du, M.; Xue, X.; Keeling, K.M.; White, E.L.; Bostwick, J.R.; Rasmussen, L.; Liu, B.; Mazur, M.;
Hong, J.S.; et al. Discovery of clinically approved agents that promote suppression of CFTR nonsense
mutations. Am. J. Respir. Crit. Care Med. 2016, 194, 1092–1103. [CrossRef]

65. Welch, E.M.; Barton, E.R.; Zhuo, J.; Tomizawa, Y.; Friesen, W.J.; Trifillis, P.; Paushkin, S.; Patel, M.; Trotta, C.R.;
Hwang, S.; et al. PTC124 targets genetic disorders caused by nonsense mutations. Nature 2007, 447, 87–91.
[CrossRef]

66. Du, M.; Liu, X.; Welch, E.M.; Hirawat, S.; Peltz, S.W.; Bedwell, D.M. 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. USA 2008, 105, 2064–2069. [CrossRef]

67. Sermet-Gaudelus, I.; Boeck, K.D.; Casimir, G.J.; Vermeulen, F.; Leal, T.; Mogenet, A.; Roussel, D.; Fritsch, J.;
Hanssens, L.; Hirawat, S.; et al. Ataluren (PTC124) induces cystic fibrosis transmembrane conductance
regulator protein expression and activity in children with nonsense mutation cystic fibrosis. Am. J. Respir.
Crit. Care Med. 2010, 182, 1262–1272. [CrossRef]

68. Kerem, E.; Hirawat, S.; Armoni, S.; Yaakov, Y.; Shoseyov, D.; Cohen, M.; Nissim-Rafinia, M.; Blau, H.; Rivlin, J.;
Aviram, M.; et al. Effectiveness of PTC124 treatment of cystic fibrosis caused by nonsense mutations: A
prospective phase II trial. Lancet 2008, 372, 719–727. [CrossRef]

69. Wilschanski, M.; Miller, L.L.; Shoseyov, D.; Blau, H.; Rivlin, J.; Aviram, M.; Cohen, M.; Armoni, S.; Yaakov, Y.;
Pugatsch, T.; et al. Chronic ataluren (PTC124) treatment of nonsense mutation cystic fibrosis. Eur. Respir. J.
2011, 38, 59–69. [CrossRef]

70. Finkel, R.S.; Flanigan, K.M.; Wong, B.; Bonnemann, C.; Sampson, J.; Sweeney, H.L.; Reha, A.; Northcutt, V.J.;
Elfring, G.; Barth, J.; et al. Phase 2a study of ataluren mediated dystrophin production in patients with
nonsense mutation Duchenne muscular dystrophy. PLoS ONE 2013, 8, e81302. [CrossRef]

71. McElroy, S.P.; Nomura, T.; Torrie, L.S.; Warbrick, E.; Gartner, U.; Wood, G.; McLean, W.H. A lack of premature
termination codon readthrough efficacy of PTC124 (Ataluren) in a diverse array of reporter assays. PLoS Biol.
2013, 11, e1001593. [CrossRef]

72. Auld, D.S.; Thorne, N.; Maguire, W.F.; Inglese, J. Mechanism of PTC124 activity in cell-based luciferase
assays of nonsense codon suppression. Proc. Natl. Acad. Sci. USA 2009, 106, 3585–3590. [CrossRef]

73. Pibiri, I.; Lentini, L.; Tutone, M.; Melfi, R.; Pace, A.; Di Leonardo, A. Exploring the readthrough of nonsense
mutations by non-acidic Ataluren analogues selected by ligand-based virtual screening. Eur. J. Med. Chem.
2016, 122, 429–435. [CrossRef]

74. Bolze, F.; Mocek, S.; Zimmermann, A.; Klingenspor, M. Aminoglycosides, but not PTC124 (Ataluren), rescue
nonsense mutations in the leptin receptor and in luciferase reporter genes. Sci. Rep. 2017, 7, 1020. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0060478
http://dx.doi.org/10.1165/rcmb.2013-0282OC
http://dx.doi.org/10.1080/15476286.2017.1285480
http://dx.doi.org/10.1021/acsmedchemlett.6b00006
http://dx.doi.org/10.1073/pnas.1620982114
http://www.ncbi.nlm.nih.gov/pubmed/28289221
http://dx.doi.org/10.1093/nar/gkw638
http://www.ncbi.nlm.nih.gov/pubmed/27407112
http://dx.doi.org/10.1164/rccm.201601-0154OC
http://dx.doi.org/10.1038/nature05756
http://dx.doi.org/10.1073/pnas.0711795105
http://dx.doi.org/10.1164/rccm.201001-0137OC
http://dx.doi.org/10.1016/S0140-6736(08)61168-X
http://dx.doi.org/10.1183/09031936.00120910
http://dx.doi.org/10.1371/journal.pone.0081302
http://dx.doi.org/10.1371/journal.pbio.1001593
http://dx.doi.org/10.1073/pnas.0813345106
http://dx.doi.org/10.1016/j.ejmech.2016.06.048
http://dx.doi.org/10.1038/s41598-017-01093-9


J. Clin. Med. 2020, 9, 289 19 of 21

75. Kerem, E.; Konstan, M.W.; De Boeck, K.; Accurso, F.J.; Sermet-Gaudelus, I.; Wilschanski, M.; Elborn, J.S.;
Melotti, P.; Bronsveld, I.; Fajac, I.; et al. Ataluren for the treatment of nonsense-mutation cystic fibrosis: A
randomised, double-blind, placebo-controlled phase 3 trial. Lancet Respir. Med. 2014, 2, 539–547. [CrossRef]

76. Blanchet, S.; Cornu, D.; Argentini, M.; Namy, O. New insights into the incorporation of natural suppressor
tRNAs at stop codons in Saccharomyces cerevisiae. Nucleic Acids Res. 2014, 42, 10061–10072. [CrossRef]

77. Manuvakhova, M.; Keeling, K.; Bedwell, D.M. Aminoglycoside antibiotics mediate context-dependent
suppression of termination codons in a mammalian translation system. RNA 2000, 6, 1044–1055. [CrossRef]

78. Bonetti, B.; Fu, L.; Moon, J.; Bedwell, D.M. The efficiency of translation termination is determined by a
synergistic interplay between upstream and downstream sequences in Saccharomyces cerevisiae. J. Mol.
Biol. 1995, 251, 334–345. [CrossRef]

79. Du, L.; Damoiseaux, R.; Nahas, S.; Gao, K.; Hu, H.; Pollard, J.M.; Goldstine, J.; Jung, M.E.; Henning, S.M.;
Bertoni, C.; et al. Nonaminoglycoside compounds induce readthrough of nonsense mutations. J. Exp. Med.
2009, 206, 2285–2297. [CrossRef]

80. Kayali, R.; Ku, J.M.; Khitrov, G.; Jung, M.E.; Prikhodko, O.; Bertoni, C. Read-through compound 13 restores
dystrophin expression and improves muscle function in the mdx mouse model for Duchenne muscular
dystrophy. Hum. Mol. Genet. 2012, 21, 4007–4020. [CrossRef]

81. Zilberberg, A.; Lahav, L.; Rosin-Arbesfeld, R. Restoration of APC gene function in colorectal cancer cells
by aminoglycoside- and macrolide-induced readthrough of premature termination codons. Gut 2010, 59,
496–507. [CrossRef]

82. Caspi, M.; Firsow, A.; Rajkumar, R.; Skalka, N.; Moshkovitz, I.; Munitz, A.; Pasmanik-Chor, M.; Greif, H.;
Megido, D.; Kariv, R.; et al. A flow cytometry-based reporter assay identifies macrolide antibiotics as
nonsense mutation readthrough agents. J. Mol. Med. 2016, 94, 469–482. [CrossRef]

83. Floquet, C.; Rousset, J.P.; Bidou, L. Readthrough of premature termination codons in the adenomatous
polyposis coli gene restores its biological activity in human cancer cells. PLoS ONE 2011, 6, e24125. [CrossRef]

84. Arakawa, M.; Shiozuka, M.; Nakayama, Y.; Hara, T.; Hamada, M.; Kondo, S.; Ikeda, D.; Takahashi, Y.;
Sawa, R.; Nonomura, Y.; et al. Negamycin restores dystrophin expression in skeletal and cardiac muscles of
mdx mice. J. Biochem. 2003, 134, 751–758. [CrossRef]

85. Gonzalez-Hilarion, S.; Beghyn, T.; Jia, J.; Debreuck, N.; Berte, G.; Mamchaoui, K.; Mouly, V.; Gruenert, D.C.;
Deprez, B.; Lejeune, F. Rescue of nonsense mutations by amlexanox in human cells. Orphanet J. Rare Dis.
2012, 7, 58. [CrossRef]

86. Pibiri, I.; Lentini, L.; Melfi, R.; Gallucci, G.; Pace, A.; Spinello, A.; Barone, G.; Di Leonardo, A. Enhancement
of premature stop codon readthrough in the CFTR gene by Ataluren (PTC124) derivatives. Eur. J. Med. Chem.
2015, 101, 236–244. [CrossRef]

87. Moosajee, M.; Tracey-White, D.; Smart, M.; Weetall, M.; Torriano, S.; Kalatzis, V.; da Cruz, L.; Coffey, P.;
Webster, A.R.; Welch, E. Functional rescue of REP1 following treatment with PTC124 and novel derivative
PTC-414 in human choroideremia fibroblasts and the nonsense mediated zebrafish model. Hum. Mol. Genet.
2016, 25, 3416–3431. [CrossRef]

88. Friesen, W.J.; Trotta, C.R.; Tomizawa, Y.; Zhuo, J.; Johnson, B.; Sierra, J.; Roy, B.; Weetall, M.; Hedrick, J.;
Sheedy, J.; et al. The nucleoside analog clitocine is a potent and efficacious readthrough agent. RNA 2017, 23,
567–577. [CrossRef]

89. Khajavi, M.; Inoue, K.; Lupski, J.R. Nonsense mediated mRNA decay modulates clinical outcome of genetic
disease. Eur. J. Hum. Genet. 2006, 14, 1074–1081. [CrossRef]

90. Linde, L.; Boelz, S.; Nissim-Rafinia, M.; Oren, Y.S.; Wilschanski, M.; Yaacov, Y.; Virgilis, D.; Neu-Yilik, G.;
Kulozik, A.E.; Kerem, E.; et al. Nonsense mediated mRNA decay affects nonsense transcript levels and
governs response of cystic fibrosis patients to gentamicin. J. Clin. Investig. 2007, 117, 683–692. [CrossRef]

91. Bhuvanagiri, M.; Schlitter, A.M.; Hentze, M.W.; Kulozik, A.E. NMD: RNA biology meets human genetic
medicine. Biochem. J. 2010, 430, 365–377. [CrossRef]

92. Linde, L.; Boelz, S.; Neu-Yilik, G.; Kulozik, A.E.; Kerem, B. The efficiency of nonsense mediated mRNA decay
is an inherent character and varies among different cells. Eur. J. Hum. Genet. 2007, 15, 1156–1162. [CrossRef]

93. Nguyen, L.S.; Wilkinson, M.F.; Gecz, J. Nonsense mediated mRNA decay: Inter-individual variability and
human disease. Neurosci. Biobehav. Rev. 2014, 46, 175–186. [CrossRef]

94. Lejeune, F. Triple effect of nonsense mediated mRNA decay inhibition as a therapeutic approach for cancer.
Single Cell Biol. 2016, 5, 2. [CrossRef]

http://dx.doi.org/10.1016/S2213-2600(14)70100-6
http://dx.doi.org/10.1093/nar/gku663
http://dx.doi.org/10.1017/S1355838200000716
http://dx.doi.org/10.1006/jmbi.1995.0438
http://dx.doi.org/10.1084/jem.20081940
http://dx.doi.org/10.1093/hmg/dds223
http://dx.doi.org/10.1136/gut.2008.169805
http://dx.doi.org/10.1007/s00109-015-1364-1
http://dx.doi.org/10.1371/journal.pone.0024125
http://dx.doi.org/10.1093/jb/mvg203
http://dx.doi.org/10.1186/1750-1172-7-58
http://dx.doi.org/10.1016/j.ejmech.2015.06.038
http://dx.doi.org/10.1093/hmg/ddw184
http://dx.doi.org/10.1261/rna.060236.116
http://dx.doi.org/10.1038/sj.ejhg.5201649
http://dx.doi.org/10.1172/JCI28523
http://dx.doi.org/10.1042/BJ20100699
http://dx.doi.org/10.1038/sj.ejhg.5201889
http://dx.doi.org/10.1016/j.neubiorev.2013.10.016
http://dx.doi.org/10.4172/2168-9431.1000136


J. Clin. Med. 2020, 9, 289 20 of 21

95. Bhuvanagiri, M.; Lewis, J.; Putzker, K.; Becker, J.P.; Leicht, S.; Krijgsveld, J.; Batra, R.; Turnwald, B.;
Jovanovic, B.; Hauer, C.; et al. 5-azacytidine inhibits nonsense mediated decay in a MYC-dependent fashion.
EMBO Mol. Med. 2014, 6, 1593–1609. [CrossRef]

96. Martinez-Nunez, R.T.; Wallace, A.; Coyne, D.; Jansson, L.; Rush, M.; Ennajdaoui, H.; Katzman, S.; Bailey, J.;
Deinhardt, K.; Sanchez-Elsner, T.; et al. Modulation of nonsense mediated decay by rapamycin. Nucleic Acids
Res. 2017, 45, 3448–3459. [CrossRef]

97. Cao, A.; Galanello, R. Beta-thalassemia. Genet. Med. 2010, 12, 61–76. [CrossRef]
98. Galanello, R.; Origa, R. Beta-thalassemia. Orphanet J. Rare Dis. 2010, 5, 1172–1175. [CrossRef]
99. Huisman, T.H. The structure and function of normal and abnormal haemoglobins. Baillieres Clin. Haematol.

1993, 6, 1–30. [CrossRef]
100. Piras, I.; Vona, G.; Falchi, A.; Latini, V.; Ristaldi, S.; Vacca, L.; Varesi, L.; Calo, C.M. β-globin cluster haplotypes

in normal individuals and β(0)39-thalassemia carriers from Sardinia, Italy. Am. J. Hum. Biol. 2005, 17,
765–772. [CrossRef]

101. Trecartin, R.F.; Liebhaber, S.A.; Chang, J.C.; Lee, K.Y.; Kan, Y.W.; Furbetta, M.; Angius, A.; Cao, A. beta zero
thalassemia in Sardinia is caused by a nonsense mutation. J. Clin. Investig. 1981, 68, 1012–1017. [CrossRef]

102. Stalder, L.; Muhlemann, O. The meaning of nonsense. Trends Cell Biol. 2008, 18, 315–321. [CrossRef]
103. Holbrook, J.A.; Neu-Yilik, G.; Hentze, M.W.; Kulozik, A.E. Nonsense mediated decay approaches the clinic.

Nat. Genet. 2004, 36, 801–808. [CrossRef]
104. Peixeiro, I.; Silva, A.L.; Romao, L. Control of human beta-globin mRNA stability and its impact on

beta-thalassemia phenotype. Haematologica 2011, 96, 905–913. [CrossRef]
105. Zhang, J.; Sun, X.; Qian, Y.; Maquat, L.E. Intron function in the nonsense mediated decay of beta-globin

mRNA: Indications that pre-mRNA splicing in the nucleus can influence mRNA translation in the cytoplasm.
RNA 1998, 4, 801–815. [CrossRef]

106. Thermann, R.; Neu-Yilik, G.; Deters, A.; Frede, U.; Wehr, K.; Hagemeier, C.; Hentze, M.W.; Kulozik, A.E.
Binary specification of nonsense codons by splicing and cytoplasmic translation. EMBO J. 1998, 17, 3484–3494.
[CrossRef]

107. Baserga, S.J.; Benz, E.J., Jr. Nonsense mutations in the human beta-globin gene affect mRNA metabolism.
Proc. Natl. Acad. Sci. USA 1988, 85, 2056–2060. [CrossRef]

108. Hall, G.W.; Thein, S. Nonsense codon mutations in the terminal exon of the beta-globin gene are not
associated with a reduction in beta-mRNA accumulation: A mechanism for the phenotype of dominant
beta-thalassemia. Blood 1994, 83, 2031–2037. [CrossRef]

109. Neu-Yilik, G.; Gehring, N.H.; Thermann, R.; Frede, U.; Hentze, M.W.; Kulozik, A.E. Splicing and 3’ end
formation in the definition of nonsense mediated decay-competent human beta-globin mRNPs. EMBO J.
2001, 20, 532–540. [CrossRef]

110. Salvatori, F.; Cantale, V.; Breveglieri, G.; Zuccato, C.; Finotti, A.; Bianchi, N.; Borgatti, M.; Feriotto, G.;
Destro, F.; Canella, A.; et al. Development of K562 cell clones expressing beta-globin mRNA carrying the
beta039 thalassaemia mutation for the screening of correctors of stop-codon mutations. Biotechnol. Appl.
Biochem. 2009, 54, 41–52. [CrossRef]

111. Salvatori, F.; Breveglieri, G.; Zuccato, C.; Finotti, A.; Bianchi, N.; Borgatti, M.; Feriotto, G.; Destro, F.;
Canella, A.; Brognara, E.; et al. Production of beta-globin and adult hemoglobin following G418 treatment
of erythroid precursor cells from homozygous beta (0) 39 thalassemia patients. Am. J. Hematol. 2009, 84,
720–728. [CrossRef]

112. Gardner, L.B. Hypoxic inhibition of nonsense mediated RNA decay regulates gene expression and the
integrated stress response. Mol. Cell. Biol. 2008, 28, 3729–3741. [CrossRef]

113. Koren, A.; Levin, C.; Dgany, O.; Kransnov, T.; Elhasid, R.; Zalman, L.; Palmor, H.; Tamary, H. Response to
hydroxyurea therapy in beta-thalassemia. Am. J. Hematol. 2008, 83, 366–370. [CrossRef]

114. Singh, G.; Rebbapragada, I.; Lykke-Andersen, J. A competition between stimulators and antagonists of Upf
complex recruitment governs human nonsense mediated mRNA decay. PLoS Biol. 2008, 6, e111. [CrossRef]

115. Usuki, F.; Yamashita, A.; Kashima, I.; Higuchi, I.; Osame, M.; Ohno, S. Specific inhibition of nonsense
mediated mRNA decay components, SMG-1 or Upf1, rescues the phenotype of Ullrich disease fibroblasts.
Mol. Ther. 2006, 14, 351–360. [CrossRef]

116. Chandrakasan, S.; Malik, P. Gene therapy for hemoglobinopathies: The state of the field and the future.
Hematol. Oncol. Clin. 2014, 28, 199–216. [CrossRef]

http://dx.doi.org/10.15252/emmm.201404461
http://dx.doi.org/10.1093/nar/gkw1109
http://dx.doi.org/10.1097/GIM.0b013e3181cd68ed
http://dx.doi.org/10.1186/1750-1172-5-11
http://dx.doi.org/10.1016/S0950-3536(05)80064-2
http://dx.doi.org/10.1002/ajhb.20442
http://dx.doi.org/10.1172/JCI110323
http://dx.doi.org/10.1016/j.tcb.2008.04.005
http://dx.doi.org/10.1038/ng1403
http://dx.doi.org/10.3324/haematol.2010.039206
http://dx.doi.org/10.1017/S1355838298971849
http://dx.doi.org/10.1093/emboj/17.12.3484
http://dx.doi.org/10.1073/pnas.85.7.2056
http://dx.doi.org/10.1182/blood.V83.8.2031.2031
http://dx.doi.org/10.1093/emboj/20.3.532
http://dx.doi.org/10.1042/BA20080266
http://dx.doi.org/10.1002/ajh.21539
http://dx.doi.org/10.1128/MCB.02284-07
http://dx.doi.org/10.1002/ajh.21120
http://dx.doi.org/10.1371/journal.pbio.0060111
http://dx.doi.org/10.1016/j.ymthe.2006.04.011
http://dx.doi.org/10.1016/j.hoc.2013.12.003


J. Clin. Med. 2020, 9, 289 21 of 21

117. Kar, D.; Sellamuthu, K.; Kumar, S.D.; Eswarappa, S.M. Induction of Translational Readthrough across the
Thalassemia-Causing Premature Stop Codon in β-Globin-Encoding mRNA. Biochemistry 2019. [CrossRef]

118. Premature-Termination-Codons Readthrough Compounds. U.S. Patent 9255088, 21 March 2017. Available
online: http://www.freepatentsonline.com/9255088.html (accessed on 9 February 2016).

119. Readthrough Inducing Agent and Drug for Treating Genetic Disease Caused by Nonsense Mutation. U.S.
Patent 9358246, 7 June 2016. Available online: http://www.freepatentsonline.com/9358246.html (accessed on
6 July 2016).

120. Aminoglycosides and Uses Thereof in Treating Genetic Disorders. U.S. Patent 10398718, 3 September 2019.
Available online: http://www.freepatentsonline.com/10398718.html (accessed on 9 March 2019).

121. Oikonomidou, P.R.; Rivella, S. What can we learn from ineffective erythropoiesis in thalassemia? Blood Rev.
2018, 32, 130–143. [CrossRef]

122. Popp, M.W.; Maquat, L.E. Leveraging rules of nonsense mediated mRNA decay for genome engineering and
personalized medicine. Cell 2016, 165, 1319–1322. [CrossRef]

123. Schweingruber, C.; Rufener, S.C.; Zund, D.; Yamashita, A.; Muhlemann, O. Nonsense mediated mRNA
decay-mechanisms of substrate mRNA recognition and degradation in mammalian cells. Biochim. Biophys.
Acta 2013, 1829, 612–623. [CrossRef]

124. Smith, J.E.; Baker, K.E. Nonsense mediated RNA decay–a switch and dial for regulating gene expression.
Bioessays 2015, 37, 612–623. [CrossRef]

125. Nasif, S.; Contu, L.; Muhlemann, O. Beyond quality control: The role of nonsense mediated mRNA decay
(NMD) in regulating gene expression. Semin. Cell Dev. Biol. 2018, 75, 78–87. [CrossRef]

126. Goetz, A.E.; Wilkinson, M. Stress and the nonsense mediated RNA decay pathway. Cell Mol. Life Sci. 2017,
74, 3509–3531. [CrossRef]

127. Hoek, T.A.; Khuperkar, D.; Lindeboom, R.G.; Sonneveld, S.; Verhagen, B.M.; Boersma, S.; Vermeulen, M.;
Tanenbaum, M.E. Single-molecule imaging uncovers rules governing nonsense mediated mRNA decay. Mol.
Cell 2019, 75, 324–339. [CrossRef]

128. Lindeboom, R.G.; Vermeulen, M.; Lehner, B.; Supek, F. The impact of nonsense mediated mRNA decay on
genetic disease, gene editing and cancer immunotherapy. Nat. Genet. 2019, 51, 1645–1651. [CrossRef]

129. Gambari, R.; Fibach, E. Medicinal chemistry of fetal hemoglobin inducers for treatment of beta-thalassemia.
Curr. Med. Chem. 2007, 14, 199–212. [CrossRef]

130. Baronciani, D.; Angelucci, E.; Potschger, U.; Gaziev, J.; Yesilipek, A.; Zecca, M.; Orofino, M.G.; Giardini, C.;
Al-Ahmari, A.; Marktel, S.; et al. Hemopoietic stem cell transplantation in thalassemia: A report from the
European Society for Blood and Bone Marrow Transplantation Hemoglobinopathy Registry, 2000–2010. Bone
Marrow Transp. 2016, 51, 536–541. [CrossRef]

131. Altamura, E.; Borgatti, M.; Finotti, A.; Gasparello, J.; Gambari, R.; Spinelli, M.; Castaldo, R.; Altamura, N.
Chemical-induced readthrough at premature termination codons determined by a rapid dual-fluorescence
system based on S. cerevisiae. PLoS ONE 2016, 11, e0154260. [CrossRef]

132. Lentini, L.; Melfi, R.; Cancemi, P.; Pibiri, I.; Di Leonardo, A. Caffeine boosts Ataluren’s readthrough activity.
Heliyon 2019, 5, e01963. [CrossRef]

133. Jagannathan, S.; Bradley, R.K. Translational plasticity facilitates the accumulation of nonsense genetic variants
in the human population. Genome Res. 2016, 26, 1639–1650. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.biochem.9b00761
http://www.freepatentsonline.com/9255088.html
http://www.freepatentsonline.com/9358246.html
http://www.freepatentsonline.com/10398718.html
http://dx.doi.org/10.1016/j.blre.2017.10.001
http://dx.doi.org/10.1016/j.cell.2016.05.053
http://dx.doi.org/10.1016/j.bbagrm.2013.02.005
http://dx.doi.org/10.1002/bies.201500007
http://dx.doi.org/10.1016/j.semcdb.2017.08.053
http://dx.doi.org/10.1007/s00018-017-2537-6
http://dx.doi.org/10.1016/j.molcel.2019.05.008
http://dx.doi.org/10.1038/s41588-019-0517-5
http://dx.doi.org/10.2174/092986707779313318
http://dx.doi.org/10.1038/bmt.2015.293
http://dx.doi.org/10.1371/journal.pone.0154260
http://dx.doi.org/10.1016/j.heliyon.2019.e01963
http://dx.doi.org/10.1101/gr.205070.116
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Overview of the Nonsense Suppression Therapeutic Approach 
	Compounds with Nonsense Suppression Properties 
	Aminoglycosides 
	Ataluren (PTC124) 
	Novel Small Compounds with Nonsense Suppression Properties 

	Negative Modulation of Nonsense Mediated mRNA Decay 
	-Thalassemia 
	Nonsense Mutations and Nonsense Mediated mRNA Decay in -Thalassemia 
	Readthrough Approach for -Thalassemia 

	Conclusions and Perspectives 
	References

