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Abstract: Nonsense mutations often result from single nucleotide substitutions that change a sense
codon (coding for an amino acid) to a nonsense or premature termination codon (PTC) within the
coding region of a gene. The impact of nonsense mutations is two-fold: (1) the PTC-containing
mRNA is degraded by a surveillance pathway called nonsense-mediated mRNA decay (NMD) and
(2) protein translation stops prematurely at the PTC codon, and thus no functional full-length protein
is produced. As such, nonsense mutations result in a large number of human diseases. Nonsense
suppression is a strategy that aims to correct the defects of hundreds of genetic disorders and reverse
disease phenotypes and conditions. While most clinical trials have been performed with small
molecules, there is an increasing need for sequence-specific repair approaches that are safer and
adaptable to personalized medicine. Here, we discuss recent advances in both conventional strategies
as well as new technologies. Several of these will soon be tested in clinical trials as nonsense therapies,
even if they still have some limitations and challenges to overcome.

Keywords: stop codon read-through; NMD; small molecules; antisense oligo; suppressor tRNAs;
ADAR-catalyzed editing; box H/ACA RNA-guided modification; CRISPR technology

1. Introduction

The current genetic code consists of a total of 64 different codons (triplets of nucleotides), of which
61 are sense codons coding for 20 amino acids, and the remaining 3 (UAA, UAG. or UGA) are nonsense
(or stop) codons that signal the termination of protein synthesis [1]. This code is considered to be
nearly universal in translating mRNAs into proteins in vitro and in living organisms.

Nonsense mutations are a type of point mutations that result in the conversion of a sense codon in
the coding region into a nonsense codon, which is also referred to as premature termination codon
(PTC) [2]. The effect of nonsense mutations is deleterious on the expression of the affected genes and
occurs at two different levels: mRNA decay and premature translation termination (Figure 1). It has
been well established that when a translating ribosome encounters a PTC that is at least 50 nucleotides
upstream of an exon—exon junction, a surveillance pathway referred to as nonsense-mediated mRNA
decay (NMD) is activated, degrading the PTC-containing mRNA [3]. A small fraction of the mRNA
transcript that escapes degradation is translated into protein, but translation terminates prematurely at
the PTC, resulting in the production of a truncated protein, which is often either non-functional or
even harmful to the cell [4].
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Figure 1. Nonsense mutation and its consequences. A point mutation (indicated) occurs in a gene,
creating a premature termination codon (PTC) at the site >50-55 nts upstream of the exon—intron
junction (indicated). After transcription, the nonsense mutation is passed onto pre-mRNA. Upon
splicing, an exon—exon junction complex (EJC) forms (indicated). When the ribosome encounters
the PTC, the eRF1-eRF3 complex enters the ribosome and recruits a number of factors to form the
SMG1/UPF1/eRF1/eRE3 (SURF) complex. Together, EJC-SURF combination is called the decay-inducing
(DECID) complex. Consequently, nonsense-mediated mRNA decay (NMD) is activated, and the mRNA
is degraded. A small fraction of mRNA that escapes degradation is translated, but translation terminates
at the PTC, generating a truncated protein (indicated). The normal stop codon is also indicated, and if
the PTC is absent, translation will terminate at the normal stop codon, generating a full-length protein
(also shown). DNA, pre-mRNA, mRNA, the exons and intron, and the amino acid protein chains
are indicated.

There are a large number of human diseases that result from nonsense mutations in the respective
disease genes. The list of such diseases is very long [5]. For instance, Usher syndrome is an inherited
retinal dystrophy (IRD) that is the principal cause of combined deafness and blindness. Nonsense
mutations occur in 12% of Usher syndrome patients and have been described in different genes, such as
the USH2A gene [6,7]. Some Hurler Syndrome patients, suffering from skeletal abnormalities and
cognitive impairment, carry a nonsense mutation in the IDUA gene that prevents the production of a
functional full-length IDUA protein in these patients [8]. A substantial fraction of cystic fibrosis (CF)
cases, a chronic disease affecting the lungs and the digestive system, is due to nonsense mutations in
the CFTR gene. The PTCs resulting from these nonsense mutations are identified in the coding region
at several different sites, each of which leads to total lack of functional full-length CFTR protein [9].
Nonsense mutations are also found in some relevant oncogenes of many cancer patients, resulting in
complete lack of full-length protein products [10]. Given the deleterious role of nonsense mutations in
gene expression and disease, nonsense suppression becomes an attractive strategy and the ultimate
goal in combating these diseases.
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There are several different approaches that have been developed to suppress nonsense
mutations. For instance, aminoglycoside antibiotics such as Gentamicin have been used for PTC
read-through [11]. Similarly, a small compound named Ataluren has also been tested to suppress
nonsense mutations [7,12,13]. Both Gentamicin and Ataluren target the ribosome to induce the
read-through of PTC and are fairly well developed. Notably, however, new excitement has risen about
developing potential therapeutics (primarily nucleic acids-based approaches) for human diseases
resulting from nonsense mutations. These new approaches include (but are not limited to): (1) antisense
oligonucleotides to alter the processing of pre-mRNA and to modulate the expression of essential
factors for NMD and translation termination, (2) suppressor-tRNAs to read PTC, (3) RNA editing to
change A to I at the PTC, (4) box H/ACA guide RNAs to direct modification at the PTC thus converting
it back to a sense codon, and (5) the CRISPR technology (Figure 2). All these approaches have their
own advantages and limitations, which will be discussed below.

tRNA suppressors
(PTC read-through)
Small Molecules RNA Editing
(PTC read-through). ‘ (PTC read-through)
(maybe NMD suppression) (maybe NMD suppression)
N
Nonsense «
Mutations
CRISPR Technologies #¥ W Antisense Oligos
(PTC read-through) (PTC read-through)
! or
(NMD suppression) f (NMD suppression)

Box H/ACA RNA-directed Modification
(PTC read-through)
(NMD suppression)

Figure 2. Nonsense suppression by various approaches. A number of approaches (indicated) are
developed to suppress nonsense mutations. Some can suppress either NMD or translation termination,
while others can suppress both (indicated).

2. Translation Termination: Mechanism of Action

The termination codons, UAA, UAG, and UGA, do not have any cognate tRNAs but instead are
recognized by release factors. In eukaryotic cells, a single release factor, eRF1, recognizes all three
termination codons, while in bacteria there are two different codon-recognizing release factors, RF1
and RF2, which recognize UAA/UAG and UAA/UGA, respectively [14]. eRF1, categorized as a class 1
REF, recognizes the termination codon at the A site and promotes hydrolysis of peptidyl-tRNA at the
P site of the ribosome. eRF1 also binds to a class 2 RF, eRF3, in eukaryotes. eRF3 is a GTP-binding
protein, whose GTPase activity requires the presence of eRF1. Although eRF3 is not essential for
the termination reaction in mammalian cells [15], it functions cooperatively with eRF1 to ensure
efficient translation termination. eRF3 is also involved in NMD by directly interacting with the SURF
(SMG1/UPF1/eRF1/eRF3) complex and UPF2 [16] (see below; Figure 1).

eRF1 can be divided into three domains: domain 1 (N-terminal), domain 2 (middle), and domain
3 (C-terminal). The crystal structure of eRF1, solved by Song et al., has shown that while the universal
GGQ motif at an exposed tip of domain 2, which resembles the aminoacyl acceptor stem of tRNA,
does not affect either codon recognition or ribosome—eRF3 interactions, it is critical for hydrolytic
activity [17]. The model also suggests that the conserved groove on domain 1, which resembles the
anticodon loop of tRNA, is involved in codon recognition. Domain 3, on the other hand, is both
structurally and functionally equivalent to the T stem of the tRNA molecule.
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eRF3 can be divided into at least two regions, the N-terminal extension region and the functionally
essential C-terminal region [18]. The C-terminal region contains a highly conserved GTP-binding motif
and plays a role in translation termination, while the N-terminal extension region is poorly conserved
and not essential for the termination process. Nonetheless, the N-terminal region is indicated to have
several physiological functions, such as association with poly(A) binding protein and switch of the
functional mode of eRF3 by controlling its stability [19,20]. Interestingly, the crystal structure has
revealed that the overall C-terminal region forms a structure similar to that of other translation factors,
EF-Tu and eEF1A. The C-terminal region can be further divided into three domains: the GTPase
domain (domain 1) and the p-barrel-structured domains (domains 2 and 3). Domain 3 contains a
conserved GRFTLRD motif, which plays a crucial role in eRF1 binding [18].

In an effort to further decipher the interactions between eRF1 and eRF3 and how eRF1 decodes
stop codons, several labs have solved the structures of eRF1/eRF3 and eRF1/eRF3/GTP ternary
complexes [21-23]. Their structural analyses suggest that domain 2 of eRF1 contacts the GTPase domain
of eRF3. They also show that upon eRF3 binding, eRF1 changes its conformation, acquiring a tRNA-like
structure. Thus, the eRF1/eRF3/GTP complex mimics a tRNA/eEF1A/GTP ternary complex [24].
The former recognizes a nonsense codon, and the latter recognizes a sense codon during translation
elongation. After the eRF1/eRF3/GTP complex enters the ribosome to recognize the nonsense codon at
the A site, eRF3 dissociates in a GTP hydrolysis-dependent manner, allowing domain 2 of eRF1 to
swing to the nonsense codon, and induces hydrolysis of the ester bond of the peptidyl-tRNA. Then,
the ATPase ABCE1, which is a member of the ATP-binding cassette (ABC) family and is required for
both translation initiation and ribosome recycling, binds to the ribosome-eRF1 complex and stimulates
peptide release [23]. Subsequently, in the presence of ABCE1, eRF1 undergoes another conformational
change, leading to post-termination complex dissociation.

3. Nonsense-Mediated mRNA Decay Pathway

NMD is one of the most evolutionarily conserved and most extensively studied cellular quality
control pathways. It has been shown that point mutations can create a PTC within a gene, and
consequently the PTC-containing transcript is likely very susceptible to NMD. It is thus critical that
NMD factors are able to distinguish target mRNA transcripts from non-target transcripts.

Recent studies indicate that there are two different mechanisms of target selection, i.e., 3’
untranslated region (UTR) exon junction complex (EJC)-dependent NMD and 3’ UTR EJC-independent
NMD [3,25-27]. Here, we will focus on the former, given that it is the major and the most efficient
NMD pathway (Figure 1).

In 3’ UTR EJC-dependent NMD, the position and the distance of the PTC appear to be the crucial
factors for target recognition and NMD activation. The Maquat group has proposed a “50-55 nucleotide
rule,” which suggests that the NMD pathway is induced if the PTC is located more than 50-55 nucleotides
upstream of the last exon—exon junction [28,29].

In addition, pre-mRNA splicing is a prerequisite for 3’ UTR EJC-dependent NMD [30]. Indeed,
it was demonstrated that a PTC, when introduced into an intronless gene, failed to elicit NMD [31].
EJC consists of, among other components, four core proteins, including a DEAD-box helicase elF4A3,
two RNA-binding proteins Y14 and MAGOH (which form a heterodimer), and a nucleo-cytoplasmic
protein, Metastatic Lymph Node 51 (MLNG51) [32]. There are many other additional peripheral
factors. Among them is a protein called RNPS1 (RNA-binding protein with serine-rich domain 1),
the abundance of which correlates with NMD efficiency [33].

Perhaps the most important regulator of NMD is UPF1, which is an RNA-dependent helicase with
ATPase and mRNA binding properties [34]. The ATPase and the helicase activities are stimulated by
interactions with two other UPF proteins, UPF2 and UPE3B (in vertebrates, there are two UPF3 paralogs,
UPF3A and UPF3B) [35,36]. Other key players of NMD are the SMG (Suppressor of Morphogenesis in
Genitalia) proteins. SMG1 belongs to the phosphatidylinositol 3-kinase-related kinase (PIKKSs) family
and works as a serine/threonine kinase to phosphorylate UPF1, a critical step in NMD [37]. SMG1
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also binds with SMG8 and SMG9. When the SMG1/SMG8/SMG9 complex forms, the kinase activity
of SMG1 is inhibited [38,39]. Recently, the Cryo-EM structure of the SMG1/SMG8/SMG9 complex
was determined and indicated that SMG1 kinase activity is inhibited by SMG8 C-terminal kinase
inhibitory domain, while GTP hydrolysis by SMG9 would trigger a dramatic conformational change of
the SMG8/SMG9 complex, promoting SMG1 kinase activity [40].

The 3’ UTR EJC-mediated NMD is generally initiated soon after a spliced mRNA is exported to
the cytoplasm. For example, the PTC-containing 3-globin mRNA has a half-life of less than 1 min,
while the half-life of a normal 3-globin mRNA is >12 h [41]. When the translating ribosome stalls at the
PTC, the eRF1-eRF3 complex recruits both SMG1 and UPF1 to form the SURF complex. In the SURF
complex, a conformational change in the SMG8/SMG9 heterodimer leads to restoration of SMG1 kinase
activity, which allows SMGI1 to phosphorylate UPF1 while interacting with the downstream 3" UTR E]JC.
This SURF/EJC complex is called decay-inducing (DECID) complex [42], which directly recruits SMG6
or the SMG5/SMG? heterodimer [43,44], leading to two different pathways. In the SMG6-mediated
reaction, the endonuclease SMG6 cleaves the nonsense mRINA near the PTC [43]. In the alternative
SMG5/SMG7-mediated pathway, upon directly interacting with POP2, SMG? recruits the CCR4-NOT
deadenylase complex, which removes the poly(A) tail and triggers deadenylation-dependent decapping
and 5'-to-3" decay [44]. The endonucleolytically or exonucleolytically cleaved mRNAs are then subject
to several RNA degradation pathways, such as 5’-to-3’ cleavage by exoribonuclease XRN1 and 3’-to-5
cleavage by the exoribonuclease complex exosome [45,46]. Thus, PTC-containing mRNAs are rapidly
degraded through the 3" UTR EJC-mediated NMD pathway.

4. Suppression of Nonsense Mutations: Approaches and Challenges

It is reported that over 2400 different genetic diseases (corresponding to ~10% of all patients
suffering from major genetic diseases) are caused by at least one nonsense mutation or a haplotype
carrying it [47,48]. Suppression of such nonsense mutations is an attractive potential therapeutic
approach (Figure 2).

4.1. Nonsense Suppression by Small Molecules

Aminoglycoside antibiotics have long been suggested as a way to promote PTC recognition
by near cognate tRNA, essentially competing with translation termination [49] and enabling the
synthesis of a full-length protein [50,51]. Despite initial concerns with toxicity and side effects, these
molecules have shown some success in clinical trials. Unfortunately, however, aminoglycosides are not
equally efficient for all stop codons and perhaps work in a sequence context-dependent manner [52],
thus limiting their applicability. The mechanism of action of aminoglycosides is not always entirely
clear, although new methods, such as ribosomal profiling techniques that take a snapshot of all
translating mRNAs, have been developed and can probably change this landscape and generate
better lead molecules [53]. Additionally, these molecules are of great help as experimental tools in
the preclinical development of new nonsense therapies [54]. For instance, Xue et al. were able to
identify a new synthetic aminoglycoside (NB124) for the restoration of full-length CFIR (Cystic Fibrosis
Transmembrane Conductance Regulator) protein in CF models whose CFTR gene contains nonsense
mutations [55]. Using NB124, Xue et al. were able to restore CFTR protein function (7% of that of
the wild-type protein) in human CF cells and in a CFIR knockout mouse model expressing a human
CFTR-G542X transgene. This molecule was tested in healthy patients for safety and tolerability in
phase I clinical trials by Eloxx Pharmaceuticals, under the designation ELX-02. The trials have shown
some encouraging results, even if with some small side effects [56]. An upcoming phase 2 study with
CF patients with at least one copy of the PTC-containing CFTR gene will further assess the efficacy and
safety of this drug.

Another class of small molecules identified as nonsense suppressors are the oxadiazole derivatives,
structurally unrelated to aminoglycosides. One example is Ataluren, which is one of the few clinically
approved nonsense suppression drugs for Duchenne muscular dystrophy patients. Ataluren, initially
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called PTC124 {3-[5-(2-fluorophenyl)-[1,2,4]oxadiazol-3-yl]-benzoic acid; C15HoFN, O3}, was discovered
by Welch et al. more than a decade ago [12]. Although the authors have shown that Ataluren has a
dose-response nonsense suppression effect in a human cell line and that it is PTC-specific, the exact
mechanism of action remains unclear. It is proposed that Ataluren targets the ribosome [13] and
promotes the entry of a near-cognate tRNA into the A site of the ribosome to recognize the PTC,
resulting in PTC read-through. Several in silico studies and reporter cell-based assays have shed
additional light on the mechanism of action of Ataluren and structurally similar molecules with
read-through activity [57-59]. Ataluren is also shown to have a similar effect in Usher syndrome
patient-derived cells expressing a nonsense mutation in the USH2A gene [7]. Usher syndrome causes
deaf-blindness in humans. Other oxadiazole derivatives have likewise been developed as potential
nonsense suppression therapies and are reviewed elsewhere [60].

The search for new small molecules as potential nonsense suppression drugs continues, even
outside the scope of aminoglycosides and oxadiazole derivatives. Recently, it was reported that
clitocine and 2,6-diaminopurine, found in extracts from the mushroom Lepista inversa, have a significant
nonsense suppression activity [61]. More specifically, 2,6-diaminopurine could allow UGA PTCs to
be read as a tryptophan codon [62]. As with all small-molecule nonsense suppressors, it needs to be
determined whether the amino acid incorporated at the PTC will render a full-length functional protein.

The development of small molecules for nonsense suppression therapies can benefit from decades
of R&D experience in the pharmaceutical industry. Small molecules are usually administered orally and
have a good tissue distribution, achieved by systemic delivery. However, they can form non-specific
molecular interactions with undesired targets, even beyond the nonsense suppression scope, leading
to toxicity. There is therefore a need for new approaches that combine a simpler rational design with a
higher degree of target specificity and potentially a longer half-life for an increased duration of the
effect, allowing fewer or even single treatments.

4.2. Nonsense Suppression by Nucleic Acid-Based Approaches

The emerging nucleic acid-based technologies are the alternatives to small molecules for nonsense
suppression. There are a number of mechanistically different approaches that have been reported,
and here, we review some of them, focusing on antisense oligonucleotides, suppressor tRNA, Adenosine
Deaminase acting on RNA (ADAR)-catalyzed RNA editing, as well as box H/ACA guide RNA-directed
pseudouridylation and CRISPR technology.

4.2.1. Antisense Oligonucleotides

Antisense oligos with exon-skipping ability were suggested two decades ago as a means to splice
out PTC-harboring exons in frame [63-65]. However, this approach has a potential disadvantage, in that
the alternatively spliced (exon-skipping) transcript may encode a non-functional protein, which needs
careful assessment on a case-by-case scenario [66,67]. That said, it could be a valuable alternative,
especially for diseases where gene replacement therapies prove very difficult, possibly because of the
large size of the gene (difficult to be delivered to patients).

Several labs have used antisense oligos, in the form of gapmers, as a way of downregulating
specific protein components of the NMD pathway, such as Upf3b [68] and SMG1 [69], to suppress
NMD. Likewise, it has also been reported that gapmer-mediated downregulation can be used to
target the release factors eRF1 and eRF3A, thus suppressing translation termination at the PTC [70].
An alternative strategy has also been published, where antisense oligos are used to sterically block the
formation of the EJC located next to the PTC [71].

4.2.2. Suppressor tRNA

Another nucleic acid-based strategy for nonsense suppression relies on tRNA suppressors that
would act by incorporating a cognate amino acid at the PTC position [5]. Recently, Lueck et al. [72]
devised a high-throughput strategy to engineer artificial tRNAs, which would still be recognized by
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the endogenous aminoacyl tRNA synthetases and elongation factor, to promote the recognition of
three different stop codons by cognate suppressor tRINAs. This strategy is also being developed at
the preclinical level by ReCode Therapeutics, in that the researchers have designed a modified tRNA
(RCT101) to incorporate an amino acid at known CFTR PTC positions, with the aim of restoring a
functional CFTR protein (or a functional chloride ion channel) [73]. Despite the potential risks of this
approach, namely, potential off-target effects created by an amino acid mis-incorporation at the normal
stop codons, it is a good addition to the toolbox of ways to recode the human transcriptome.

4.2.3. ADAR-Catalyzed Editing Directed by Guide RNA

Ever since Woolf et al. [74] proposed the use of antisense oligonucleotides to recode a PTC in a
dystrophin mRNA construct in ADAR-containing extracts prepared from human cell nuclei and in
Xenopus embryos, this field has attracted immense attention. This strategy relies on the assumption
that antisense oligonucleotides are able to direct ADAR to edit an adenosine of the PTC codon and
convert it into an inosine, which is read as guanosine by the translation machinery. This scenario
would be ideal in PTC-related diseases in which the PTC results from a G-to-A mutation (e.g., UGG
changes to UAG). By site-specifically changing A to I, one would reverse the PTC back to the wild type.

This concept of site-specific A-to-I editing has been further advanced by Montiel-Gonzalez et al.,
as shown in the functional correction of CFTR nonsense mutations [75] in Xenopus oocyte membranes.
These authors have initially developed a system where an engineered ADAR editing machinery is
co-delivered with a guide RNA (gRNA) targeting the G-to-A mutation via a A-phage N protein-boxB
RNA. In parallel, others have proposed simpler and more elegant A-to-I editing approaches.
For instance, by attaching an hairpin structure, resembling a natural ADAR substrate, to the antisense
guide RNA, Wettengel et al. were able to recruit endogenous or exogenously expressed human ADAR?2,
a member of the ADAR family, to recode a PTC into the sense codon (the tryptophan codon) [76].
This strategy can be implemented with gRNAs being delivered as chemically modified oligos [77] or
encoded in AAVs (Adeno-associated viruses) under the control of the U6 promoter [78].

It is well established that endogenous RNA editing occurs mostly in the nucleus via the ADAR1
p110 isoform and ADAR2. The other form of ADAR1 is ADARI1 p150, which is interferon-inducible
and found both in the nucleus and in the cytoplasm [79]. Some of the proposed ADAR-mediated
PTC corrections have been shown in settings where ADAR is transiently expressed. This is often
achieved by employing a hyper-active mutant version of ADAR?2, such as E488Q [80]. To achieve
efficient editing in the cytoplasm (with the help of antisense oligonucleotides), the hyper-active mutant
ADAR is often expressed without being targeted to the nucleus (lacking a nuclear localization signal
(NLS). However, these mutant ADAR versions could lead to significant off-target effects. To mitigate
this risk, Monteleone et al. showed that they were able to reduce the off-target effects by mutating
ADAR? and altering the guide RNA [81]. Vallecillo-Viejo et al. also showed that the off-target effects
could be reduced when artificial versions of ADAR were targeted to the nucleus (through attaching
several NLS to the artificial ADAR) [82]. Interestingly, some studies also demonstrated the recoding of
UAG codons present in the 3’-UTR of several genes in human cells, and it appears that this is easier to
achieve as compared to a true PTC [77].

Because the NMD pathway dramatically reduces the mRNA substrate level, without inhibiting
the degradation of PTC-containing mRNA, the supply of substrate that can be recoded could be
limited. Although gRNA-directed ADAR editing can in theory suppress NMD as well, experimental
verification remains necessary. Recently, using the editing approach, Qu et al. have restored the
full-length iduronidase (IDUA) protein in human skin fibroblasts harboring a common nonsense
mutation in the IDUA gene (W402X) [83]. Editing appears to be more efficient in pre-mRNA than in
mature transcripts, underscoring the need for approaches that inhibit the NMD pathway to increase
the amount of mRNA and, ultimately, of functional proteins (Hsiao et al. observed that >95% of A-to-I
RNA editing events occurred in chromatin-associated RNA prior to polyadenylation) [84].
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Finally, it is worth noting that this editing strategy is highly dependent on the sequence and
secondary structure contexts of the target site. For instance, there is a preference for certain 5’ and 3’
flanking nucleotides depending on the ADAR type [85].

4.2.4. RNA Pseudouridylation Directed by Box H/ACA Guide RNA

Karijolich and Yu have shown that the targeted conversion of uridine in the first position of a PTC
into pseudouridine, a C-5 glycoside isomer of uridine (but chemically and structurally distinct), results
in nonsense suppression in vitro and in yeast cells [86].

Targeted pseudouridylation can be catalyzed by an RNA—protein complex known as box H/ACA
ribonucleoprotein (RNP) (consisting of one RNA and four core proteins, i.e., Cbf5, Nop10, NHp2, and
Garl). Specifically, the RNA component (box H/ACA RNA) serves as a guide that base-pairs with
the substrate RNA, specifying the target uridine, which is subsequently modified by Cbf5/NAP57,
the catalytic component of the complex. The guide RNA of each box H/ACA RNP folds into a
hairpin-hinge-hairpin-tail secondary structure, with one internal loop in each hairpin. The internal
loop sequence, also referred to as pseudouridylation pocket, forms base-pairing interactions with
the substrate sequence, specifying the target uridine to be recognized and modified by Cbf5/NAP57.
In principle, one can change only the guide sequence of a naturally occurring box H/ACA RNA to
target a uridine at any position in an RNA. Upon expression in the cell, the guide RNA forms a box
H/ACA RNP complex with the endogenous box H/ACA RNP proteins. Indeed, Karijolich and Yu
have shown that they were able to design an artificial box H/ACA guide RNA derived from SNR81,
a naturally occurring yeast H/ACA RNA, to direct pseudouridylation of a PTC (for review, see [87]).

It seems that this read-through mechanism of action works by promoting unusual interactions
between the codon—anticodon pair, which outcompete the release factors in binding to the PTC [88].
Furthermore, Karijolich and Yu were able to determine the identity of the amino acids inserted in the
recoded PTC via immunoprecipitation and mass spectrometry: threonine or serine was incorporated at
the YAA and YAG codons, and phenylalanine or tyrosine at the YGA codons. These results support
the hypothesis that pseudouridylation affects the coding rules in a specific manner.

The guide-substrate base-pairing requirements have been recently analyzed, and it appears that
the pseudouridylation pockets are flexible enough to be engineered to recognize virtually any target
RNA, while specificity can be achieved with a minimum number of eight base pairs between the
guide and the substrate [89,90]. This novel mechanism of action has a significant therapeutic potential,
since the artificial box H/ACA guide RNAs can be designed to recode, with a high degree of sequence
specificity, virtually any therapeutically relevant PTC, with no sequence-context dependency and
likely little or no off-target effects.

Another advantage of this approach is the fact that an artificial guide RNA, upon expression in
the cell, complexes with the endogenous proteins to form a functional box H/ACA RNP. Thus, this
approach requires the delivery and expression of only one small guide RNA; no co-expression of other
gene(s) is necessary. In a therapeutic setting, nonsense-suppressing designer box H/ACA snoRNAs
could be administered as chemically modified oligonucleotides (which have proven to be functional
in vitro) for a short- to mid-term effect. Alternatively, the guide RNA can be inserted into viral vectors,
such as adeno-associated viruses, for a more prolonged pharmacological effect in the target tissue.

4.2.5. CRISPR Technology

The advent of genome editing technologies [91], particularly CRISPR gene editing, has opened an
entirely new field with numerous opportunities for potential nonsense suppression therapies. Despite
the heavily discussed challenges and ethical concerns around these technologies, the first human
patient was recently dosed with a CRISPR-based gene therapy for the treatment of Leber’s Congenital
Amaurosis Type 10 (LCA10) in a clinical trial sponsored by Editas Medicine and Allergan. The drug,
consisting of a nuclease and two guide RNAs, was delivered with the help of an adeno-associated
virus to correct a splicing mutation in the CEP290 gene, which causes the disease. This first treatment
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is a scientific and technological landmark, as it shows that a groundbreaking and a quite complex
treatment for the repair of genetic disorders could reach patients in less than a decade.

These technologies also hold great promise for the correction of nonsense mutations, whether
through an active Cas9-derived nuclease that will directly cut and paste the genome or through the use
of base editors, i.e., deactivated versions of the nuclease coupled to an adenosine deaminase. Base
editors can either correct the genome without introducing double-strand breaks or specifically target a
mutated mRNA. Lee et al. have recently presented an example of a DNA-targeting CRISPR-based tool
with a version of Cas9, named CRISPR-PASS, for the correction of therapeutically relevant nonsense
mutations [92]. In this study, they achieved read-through in skin-disorder (xeroderma pigmentosum
complementation group C, XPC) patient-derived fibroblasts expressing the XPC gene with a nonsense
mutation (1840C > T, Arg579X). Base editing efficiencies were 10%, and additional functional restoration
of the protein was observed for up to one month after treatment. In another study, Cox et al. provided
an example of RNA-targeting repair of PTCs. They fused the catalytic domain of ADAR2 with a
deactivated Cas13b, a nuclease that can target RNA instead of DNA, to achieve editing in nonsense
mutations of two genetic disorders (X-linked nephrogenic diabetes insipidus and Fanconi anemia) in
substrates exogenously delivered via transfection [93]. Although there is still a long way to go, these
results are promising.

5. Concluding Remarks

Over the years, a number of approaches have been developed to suppress nonsense mutations.
These approaches can be roughly grouped into two categories: small-molecule-based approaches and
nucleic acids-based approaches. Both have advantages and limitations. For instance, small-molecule-
based approaches are simple and easy when it comes to cellular delivery. However, given that they
presumably target the ribosomes (the mechanisms of action are often unclear), small molecules are
probably not PTC target-specific. In contrast, despite the fact that nucleic acids are macromolecules
(relatively large) and are therefore not always readily taken up by the cells, nucleic acids-based
approaches are developed based on known mechanisms of action, with clear rationale and objectives.
Most of the nucleic acids-based approaches specifically target PTC-containing mRNA transcripts (and
the PTC) and therefore are relatively sequence-specific.

It should be noted that all the different approaches discussed above are capable of suppressing
NMD, translation termination, or both. Importantly, many of them have already been shown to
be effective in nonsense suppression at least at the cellular level (some of them have even passed
preclinical and clinical trials). Thus, they have recently attracted a lot of attention. It is expected that
with various approaches being developed in parallel, some will succeed and become effective therapies.
The race is on towards a cure for nonsense-associated diseases.

Funding: The work performed in the Yu lab was supported by grant CA241111 from the US National Institutes of
Health and grant CFF YU20GO from the Cystic Fibrosis Foundation.

Acknowledgments: We thank members of the Yu lab for insightful discussions.

Conflicts of Interest: Pedro Morais is an associate scientific director at ProQR Therapeutics.

References

1.  Brenner, S.; Barnett, L.; Katz, E.R.; Crick, FH.C. UGA: A Third Nonsense Triplet in the Genetic Code. Nature
1967, 213, 449-450. [CrossRef] [PubMed]

2. Karijjolich, J.; Yu, Y.-T. Therapeutic suppression of premature termination codons: Mechanisms and clinical
considerations (review). Int. J. Mol. Med. 2014, 34, 355-362. [CrossRef] [PubMed]

3.  Kurosaki, T.; Popp, M.W.; Maquat, L.E. Quality and quantity control of gene expression by nonsense-mediated
mRNA decay. Nat. Rev. Mol. Cell Biol. 2019, 20, 406-420. [CrossRef] [PubMed]

4. Mendell, ].T.; Dietz, H.C. When the message goes awry: Disease-producing mutations that influence mRNA
content and performance. Cell 2001, 107, 411-414. [CrossRef]


http://dx.doi.org/10.1038/213449a0
http://www.ncbi.nlm.nih.gov/pubmed/6032223
http://dx.doi.org/10.3892/ijmm.2014.1809
http://www.ncbi.nlm.nih.gov/pubmed/24939317
http://dx.doi.org/10.1038/s41580-019-0126-2
http://www.ncbi.nlm.nih.gov/pubmed/30992545
http://dx.doi.org/10.1016/S0092-8674(01)00583-9

Int. J. Mol. Sci. 2020, 21, 4394 10 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Atkinson, J.; Martin, R. Mutations to nonsense codons in human genetic disease: Implications for gene
therapy by nonsense suppressor tRNAs. Nucleic Acids Res. 1994, 22, 1327-1334. [CrossRef]

Neuhaus, C.; Eisenberger, T.; Decker, C.; Nagl, S.; Blank, C.; Pfister, M.; Kennerknecht, I.; Miiller-Hofstede, C.;
Charbel Issa, P.; Heller, R.; et al. Next-generation sequencing reveals the mutational landscape of clinically
diagnosed Usher syndrome: Copy number variations, phenocopies, a predominant target for translational
read-through, and PEX26 mutated in Heimler syndrome. Mol. Genet. Genomic Med. 2017, 5, 531-552.
[CrossRef]

Samanta, A.; Stingl, K.; Kohl, S.; Ries, J.; Linnert, J.; Nagel-Wolfrum, K. Ataluren for the Treatment of Usher
Syndrome 2A Caused by Nonsense Mutations. Int. ]. Mol. Sci. 2019, 20, 6274. [CrossRef]

Sakuru, R.; Bollu, P.C. Hurler Syndrome. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020.
Fanen, P.; Wohlhuter-Haddad, A.; Hinzpeter, A. Genetics of cystic fibrosis: CFTR mutation classifications
toward genotype-based CF therapies. Int. ]. Biochem. Cell Biol. 2014, 52, 94-102. [CrossRef]

Bykov, VJ.N.; Eriksson, S.E.; Bianchi, J.; Wiman, K.G. Targeting mutant p53 for efficient cancer therapy.
Nat. Rev. Cancer 2018, 18, 89-102. [CrossRef]

Bidou, L.; Hatin, I.; Perez, N.; Allamand, V.; Panthier, ].-J.; Rousset, ].-P. Premature stop codons involved
in muscular dystrophies show a broad spectrum of readthrough efficiencies in response to gentamicin
treatment. Gene Ther. 2004, 11, 619-627. [CrossRef]

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]

Roy, B.; Friesen, W.J.; Tomizawa, Y.; Leszyk, ].D.; Zhuo, ].; 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] [PubMed]

Frolova, L.Y.; Merkulova, T.I; Kisselev, L.L. Translation termination in eukaryotes: Polypeptide release
factor eRF1 is composed of functionally and structurally distinct domains. RNA 2000, 6, 381-390. [CrossRef]
[PubMed]

Freistroffer, D.V.; Pavlov, M.Y.; MacDougall, J.; Buckingham, R.H.; Ehrenberg, M. Release factor RF3 in E.coli
accelerates the dissociation of release factors RF1 and RF2 from the ribosome in a GTP-dependent manner.
EMBO J. 1997, 16, 4126-4133. [CrossRef] [PubMed]

Lopez-Perrote, A.; Castafio, R.; Melero, R.; Zamarro, T.; Kurosawa, H.; Ohnishi, T.; Uchiyama, A.; Aoyagi, K.;
Buchwald, G.; Kataoka, N.; et al. Human nonsense-mediated mRNA decay factor UPF2 interacts directly
with eRF3 and the SURF complex. Nucleic Acids Res. 2016, 44, 1909-1923. [CrossRef]

Song, H.; Mugnier, P.; Das, AK.; Webb, HM.; Evans, D.R.; Tuite, M.F.; Hemmings, B.A.; Barford, D.
The Crystal Structure of Human Eukaryotic Release Factor eRFl—Mechanism of Stop Codon Recognition
and Peptidyl-tRNA Hydrolysis. Cell 2000, 100, 311-321. [CrossRef]

Kong, C,; Ito, K.; Walsh, M.A.; Wada, M,; Liu, Y.; Kumar, S.; Barford, D.; Nakamura, Y.; Song, H. Crystal
Structure and Functional Analysis of the Eukaryotic Class II Release Factor eRF3 from S. pombe. Mol. Cell
2004, 14, 233-245. [CrossRef]

Uchida, N.; Hoshino, S.-I.; Imataka, H.; Sonenberg, N.; Katada, T. A novel role of the mammalian GSPT/eRF3
associating with poly(A)-binding protein in Cap/Poly(A)-dependent translation. J. Biol. Chem. 2002, 277,
50286-50292. [CrossRef]

Kodama, H.; Ito, K.; Nakamura, Y. The role of N-terminal domain of translational release factor eRF3 for the
control of functionality and stability in S. cerevisiae. Genes Cells 2007, 12, 639-650. [CrossRef]

Cheng, Z.; Saito, K.; Pisarev, A.V.; Wada, M.; Pisareva, V.P,; Pestova, T.V.; Gajda, M.; Round, A.; Kong, C.;
Lim, M.; et al. Structural insights into eRF3 and stop codon recognition by eRF1. Genes Dev. 2009, 23,
1106-1118. [CrossRef]

Taylor, D.; Unbehaun, A.; Li, W.; Das, S; Lei, J.; Liao, H.Y.; Grassucci, R.A ; Pestova, T.V,; Frank, J. Cryo-EM
structure of the mammalian eukaryotic release factor eRF1-eRF3-associated termination complex. Proc. Natl.
Acad. Sci. USA 2012, 109, 18413-18418. [CrossRef] [PubMed]

Preis, A.; Heuer, A.; Barrio-Garcia, C.; Hauser, A.; Eyler, D.E.; Berninghausen, O.; Green, R.; Becker, T.;
Beckmann, R. Cryoelectron Microscopic Structures of Eukaryotic Translation Termination Complexes
Containing eRF1-eRF3 or eRF1-ABCE1. Cell Rep. 2014, 8, 59-65. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/nar/22.8.1327
http://dx.doi.org/10.1002/mgg3.312
http://dx.doi.org/10.3390/ijms20246274
http://dx.doi.org/10.1016/j.biocel.2014.02.023
http://dx.doi.org/10.1038/nrc.2017.109
http://dx.doi.org/10.1038/sj.gt.3302211
http://dx.doi.org/10.1038/nature05756
http://dx.doi.org/10.1073/pnas.1605336113
http://www.ncbi.nlm.nih.gov/pubmed/27702906
http://dx.doi.org/10.1017/S135583820099143X
http://www.ncbi.nlm.nih.gov/pubmed/10744022
http://dx.doi.org/10.1093/emboj/16.13.4126
http://www.ncbi.nlm.nih.gov/pubmed/9233821
http://dx.doi.org/10.1093/nar/gkv1527
http://dx.doi.org/10.1016/S0092-8674(00)80667-4
http://dx.doi.org/10.1016/S1097-2765(04)00206-0
http://dx.doi.org/10.1074/jbc.M203029200
http://dx.doi.org/10.1111/j.1365-2443.2007.01082.x
http://dx.doi.org/10.1101/gad.1770109
http://dx.doi.org/10.1073/pnas.1216730109
http://www.ncbi.nlm.nih.gov/pubmed/23091004
http://dx.doi.org/10.1016/j.celrep.2014.04.058
http://www.ncbi.nlm.nih.gov/pubmed/25001285

Int. J. Mol. Sci. 2020, 21, 4394 11 0f 14

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Nakamura, Y.; Ito, K. Making sense of mimic in translation termination. Trends Biochem. Sci. 2003, 28, 99-105.
[CrossRef]

Hogg, J.R.; Goff, S.P. Upf1 senses 3’ UTR length to potentiate mRNA decay. Cell 2010, 143, 379-389. [CrossRef]
Kurosaki, T.; Li, W.; Hoque, M.; Popp, M.W.-L.; Ermolenko, D.N.; Tian, B.; Maquat, L.E. A post-translational
regulatory switch on UPF1 controls targeted mRNA degradation. Genes Dev. 2014, 28, 1900-1916. [CrossRef]
Zind, D.; Gruber, A.R.; Zavolan, M.; Mithlemann, O. Translation-dependent displacement of UPF1 from
coding sequences causes its enrichment in 3’ UTRs. Nat. Struct. Mol. Biol. 2013, 20, 936-943. [CrossRef]
Nagy, E.; Maquat, L.E. A rule for termination-codon position within intron-containing genes: When nonsense
affects RNA abundance. Trends Biochem. Sci. 1998, 23, 198-199. [CrossRef]

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]

Le Hir, H.; Izaurralde, E.; Maquat, L.E.; Moore, M.]. The spliceosome deposits multiple proteins
20-24 nucleotides upstream of mRNA exon—exon junctions. EMBO J. 2000, 19, 6860—-6869. [CrossRef]
Magquat, L.E.; Li, X. Mammalian heat shock p70 and histone H4 transcripts, which derive from naturally
intronless genes, are immune to nonsense-mediated decay. RNA 2001, 7, 445-456. [CrossRef]

Tange, T.0.; Shibuya, T.; Jurica, M.S.; Moore, M.]. Biochemical analysis of the EJC reveals two new factors
and a stable tetrameric protein core. RNA 2005, 11, 1869-1883. [CrossRef]

Viegas, M.H.; Gehring, N.H.; Breit, S.; Hentze, M.W.; Kulozik, A.E. The abundance of RNPS], a protein
component of the exon junction complex, can determine the variability in efficiency of the Nonsense Mediated
Decay pathway. Nucleic Acids Res. 2007, 35, 4542-4551. [CrossRef] [PubMed]

Bhattacharya, A.; Czaplinski, K.; Trifillis, P.; He, F; Jacobson, A.; Peltz, SW. 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] [PubMed]

Chakrabarti, S.; Jayachandran, U.; Bonneau, F; Fiorini, F,; Basquin, C.; Domcke, S.; Le Hir, H.; Conti, E.
Molecular mechanisms for the RNA-dependent ATPase activity of Upfl and its regulation by Upf2. Mol. Cell
2011, 41, 693-703. [CrossRef] [PubMed]

Chamieh, H.; Ballut, L.; Bonneau, E; Le Hir, H. NMD factors UPF2 and UPF3 bridge UPF1 to the exon
junction complex and stimulate its RNA helicase activity. Nat. Struct. Mol. Biol. 2008, 15, 85-93. [CrossRef]
[PubMed]

Yamashita, A.; Ohnishi, T.; Kashima, I.; Taya, Y.; Ohno, S. Human SMG-1, a novel phosphatidylinositol
3-kinase-related protein kinase, associates with components of the mRNA surveillance complex and is
involved in the regulation of nonsense-mediated mRNA decay. Genes Dev. 2001, 15, 2215-2228. [CrossRef]
Yamashita, A.; Izumi, N.; Kashima, I.; Ohnishi, T.; Saari, B.; Katsuhata, Y.; Muramatsu, R.; Morita, T.;
Iwamatsu, A.; Hachiya, T.; et al. SMG-8 and SMG-9, two novel subunits of the SMG-1 complex, regulate
remodeling of the mRNA surveillance complex during nonsense-mediated mRNA decay. Genes Dev. 2009,
23,1091-1105. [CrossRef]

Deniaud, A.; Karuppasamy, M.; Bock, T.; Masiulis, S.; Huard, K.; Garzoni, F.; Kerschgens, K.; Hentze, M.W.;
Kulozik, A.E.; Beck, M.; et al. A network of SMG-8, SMG-9 and SMG-1 C-terminal insertion domain regulates
UPF1 substrate recruitment and phosphorylation. Nucleic Acids Res. 2015, 43, 7600-7611. [CrossRef]

Zhu, L.;Li, L; Qi, Y;; Yu, Z; Xu, Y. Cryo-EM structure of SMG1-SMG8-SMG9 complex. Cell Res. 2019, 29,
1027-1034. [CrossRef]

Trcek, T.; Sato, H.; Singer, R.H.; Maquat, L.E. Temporal and spatial characterization of nonsense-mediated
mRNA decay. Genes Dev. 2013, 27, 541-551. [CrossRef]

Kashima, I.; Yamashita, A.; Izumi, N.; Kataoka, N.; Morishita, R.; Hoshino, S.; Ohno, M.; Dreyfuss, G.;
Ohno, S. Binding of a novel SMG-1-Upf1-eRF1-eRF3 complex (SURF) to the exon junction complex triggers
Upfl phosphorylation and nonsense-mediated mRNA decay. Genes Dev. 2006, 20, 355-367. [CrossRef]
[PubMed]

Eberle, A.B.; Lykke-Andersen, S.; Mithlemann, O.; Jensen, T.H. SMG6 promotes endonucleolytic cleavage of
nonsense mRNA in human cells. Nat. Struct. Mol. Biol. 2009, 16, 49-55. [CrossRef] [PubMed]

Loh, B.; Jonas, S.; Izaurralde, E. The SMG5-SMG7 heterodimer directly recruits the CCR4-NOT deadenylase
complex to mRNAs containing nonsense codons via interaction with POP2. Genes Dev. 2013, 27, 2125-2138.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0968-0004(03)00006-9
http://dx.doi.org/10.1016/j.cell.2010.10.005
http://dx.doi.org/10.1101/gad.245506.114
http://dx.doi.org/10.1038/nsmb.2635
http://dx.doi.org/10.1016/S0968-0004(98)01208-0
http://dx.doi.org/10.1093/emboj/17.12.3484
http://dx.doi.org/10.1093/emboj/19.24.6860
http://dx.doi.org/10.1017/S1355838201002229
http://dx.doi.org/10.1261/rna.2155905
http://dx.doi.org/10.1093/nar/gkm461
http://www.ncbi.nlm.nih.gov/pubmed/17586820
http://dx.doi.org/10.1017/S1355838200000546
http://www.ncbi.nlm.nih.gov/pubmed/10999600
http://dx.doi.org/10.1016/j.molcel.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21419344
http://dx.doi.org/10.1038/nsmb1330
http://www.ncbi.nlm.nih.gov/pubmed/18066079
http://dx.doi.org/10.1101/gad.913001
http://dx.doi.org/10.1101/gad.1767209
http://dx.doi.org/10.1093/nar/gkv668
http://dx.doi.org/10.1038/s41422-019-0255-3
http://dx.doi.org/10.1101/gad.209635.112
http://dx.doi.org/10.1101/gad.1389006
http://www.ncbi.nlm.nih.gov/pubmed/16452507
http://dx.doi.org/10.1038/nsmb.1530
http://www.ncbi.nlm.nih.gov/pubmed/19060897
http://dx.doi.org/10.1101/gad.226951.113
http://www.ncbi.nlm.nih.gov/pubmed/24115769

Int. J. Mol. Sci. 2020, 21, 4394 12 of 14

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Doma, M.K,; Parker, R. RNA quality control in eukaryotes. Cell 2007, 131, 660-668. [CrossRef]

Schmid, M.; Jensen, T.H. The exosome: A multipurpose RNA-decay machine. Trends Biochem. Sci. 2008, 33,
501-510. [CrossRef]

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]

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]

Chowdhury, HM.; Siddiqui, M.A.; Kanneganti, S.; Sharmin, N.; Chowdhury, M.W.; Nasim, M.T.
Aminoglycoside-mediated promotion of translation readthrough occurs through a non-stochastic mechanism
that competes with translation termination. Hum. Mol. Genet. 2018, 27, 373-384. [CrossRef]

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]

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]
Wangen, J.R.; Green, R. Stop codon context influences genome-wide stimulation of termination codon
readthrough by aminoglycosides. Elife 2020, 9, e52611. [CrossRef] [PubMed]

Brar, G.A.; Weissman, ].S. Ribosome profiling reveals the what, when, where and how of protein synthesis.
Nat. Rev. Mol. Cell Biol. 2015, 16, 651-664. [CrossRef] [PubMed]

Frew, J.; Baradaran-Heravi, A.; Balgi, A.D.; Wu, X,; Yan, T.D.; Arns, S.; Shidmoossavee, ES.; Tan, J.; Jaquith, ].B.;
Jansen-West, K.R.; et al. Premature termination codon readthrough upregulates progranulin expression
and improves lysosomal function in preclinical models of GRN deficiency. Mol. Neurodegener. 2020, 15, 21.
[CrossRef] [PubMed]

Xue, X.; Mutyam, V,; Tang, L.; Biswas, S.; Du, M,; Jackson, L.A.; Dai, Y.; Belakhov, V.; Shalev, M.; Chen, E; et al.
Synthetic Aminoglycosides Efficiently Suppress Cystic Fibrosis Transmembrane Conductance Regulator
Nonsense Mutations and Are Enhanced by Ivacaftor. Am. ]. Respir. Cell Mol. Biol. 2013, 50, 805-816.
[CrossRef]

Leubitz, A.; Frydman-Marom, A.; Sharpe, N.; Duzer, J.; Van Campbell, K.C.M.; Vanhoutte, F. Safety,
Tolerability, and Pharmacokinetics of Single Ascending Doses of ELX-02, a Potential Treatment for Genetic
Disorders Caused by Nonsense Mutations, in Healthy Volunteers. Clin. Pharmacol. Drug Dev. 2019, §,
984-994. [CrossRef]

Lentini, L.; Melfi, R.; Di Leonardo, A.; Spinello, A.; Barone, G.; Pace, A.; Palumbo Piccionello, A;
Pibiri, I. Toward a rationale for the PTC124 (Ataluren) promoted readthrough of premature stop codons:
A computational approach and GFP-reporter cell-based assay. Mol. Pharm. 2014, 11, 653-664. [CrossRef]
Pibiri, I.; Lentini, L.; Melfi, R.; Tutone, M.; Baldassano, S.; Ricco Galluzzo, P.; Di Leonardo, A.; Pace, A.
Rescuing the CFIR protein function: Introducing 1,3,4-oxadiazoles as translational readthrough inducing
drugs. Eur. J. Med. Chem. 2018, 159, 126-142. [CrossRef]

Tutone, M.; Pibiri, I; Lentini, L.; Pace, A.; Almerico, A.M. Deciphering the Nonsense Readthrough Mechanism
of Action of Ataluren: An in Silico Compared Study. ACS Med. Chem. Lett. 2019, 10, 522-527. [CrossRef]
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]

Benhabiles, H.; Gonzalez-Hilarion, S.; Amand, S.; Bailly, C.; Prévotat, A ; Reix, P.; Hubert, D.; Adriaenssens, E.;
Rebuffat, S.; Tulasne, D.; et al. Optimized approach for the identification of highly efficient correctors of
nonsense mutations in human diseases. PLoS ONE 2017, 12, e0187930. [CrossRef]

Trzaska, C.; Amand, S.; Bailly, C.; Leroy, C.; Marchand, V.; Duvernois-Berthet, E.; Saliou, J.-M.; Benhabiles, H.;
Werkmeister, E.; Chassat, T; et al. 2,6-Diaminopurine as a highly potent corrector of UGA nonsense mutations.
Nat. Commun. 2020, 11, 1-12. [CrossRef] [PubMed]

Wilton, S.D.; Lloyd, F,; Carville, K.; Fletcher, S.; Honeyman, K.; Agrawal, S.; Kole, R. Specific removal of the
nonsense mutation from the mdx dystrophin mRNA using antisense oligonucleotides. Neuromuscul. Disord.
1999, 9, 330-338. [CrossRef]

Lu, Q.L.; Morris, G.E.; Wilton, S.D.; Ly, T.; Artem’yeva, O.V,; Strong, P,; Partridge, T.A. Massive Idiosyncratic
Exon Skipping Corrects the Nonsense Mutation in Dystrophic Mouse Muscle and Produces Functional
Revertant Fibers by Clonal Expansion. J. Cell Biol. 2000, 148, 985-996. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cell.2007.10.041
http://dx.doi.org/10.1016/j.tibs.2008.07.003
http://dx.doi.org/10.1146/annurev-med-120611-144851
http://dx.doi.org/10.1002/humu.20763
http://dx.doi.org/10.1093/hmg/ddx409
http://dx.doi.org/10.1038/nm0496-467
http://dx.doi.org/10.1017/S1355838200000716
http://dx.doi.org/10.7554/eLife.52611
http://www.ncbi.nlm.nih.gov/pubmed/31971508
http://dx.doi.org/10.1038/nrm4069
http://www.ncbi.nlm.nih.gov/pubmed/26465719
http://dx.doi.org/10.1186/s13024-020-00369-5
http://www.ncbi.nlm.nih.gov/pubmed/32178712
http://dx.doi.org/10.1165/rcmb.2013-0282OC
http://dx.doi.org/10.1002/cpdd.647
http://dx.doi.org/10.1021/mp400230s
http://dx.doi.org/10.1016/j.ejmech.2018.09.057
http://dx.doi.org/10.1021/acsmedchemlett.8b00558
http://dx.doi.org/10.3390/ijms20133329
http://dx.doi.org/10.1371/journal.pone.0187930
http://dx.doi.org/10.1038/s41467-020-15140-z
http://www.ncbi.nlm.nih.gov/pubmed/32198346
http://dx.doi.org/10.1016/S0960-8966(99)00010-3
http://dx.doi.org/10.1083/jcb.148.5.985
http://www.ncbi.nlm.nih.gov/pubmed/10704448

Int. J. Mol. Sci. 2020, 21, 4394 13 of 14

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Wilton, S.D.; Dye, D.E.; Laing, N.G. Dystrophin gene transcripts skipping the mdx mutation. Muscle Nerve
1997, 20, 728-734. [CrossRef]

Barny, I; Perrault, I.; Michel, C.; Goudin, N.; Defoort-Dhellemmes, S.; Ghazi, I.; Kaplan, J.; Rozet, ].-M.;
Gerard, X. AON-Mediated Exon Skipping to Bypass Protein Truncation in Retinal Dystrophies Due to the
Recurrent CEP290 c.4723A > T Mutation. Fact or Fiction? Genes 2019, 10, 368. [CrossRef] [PubMed]
Molinari, E.; Ramsbottom, S.A.; Srivastava, S.; Booth, P.; Alkanderi, S.; McLafferty, S.M.; Devlin, L.A;
White, K.; Gunay-Aygun, M.; Miles, C.G.; et al. Targeted exon skipping rescues ciliary protein composition
defects in Joubert syndrome patient fibroblasts. Sci. Rep. 2019, 9, 1-13. [CrossRef]

Huang, L.; Low, A.; Damle, S.S.; Keenan, M.M.; Kuntz, S.; Murray, S.F.; Monia, B.P.; Guo, S. Antisense
suppression of the nonsense mediated decay factor Upf3b as a potential treatment for diseases caused by
nonsense mutations. Genome Biol. 2018, 19, 4. [CrossRef]

Keenan, M.M.; Huang, L.; Jordan, N.J.; Wong, E.; Cheng, Y.; Valley, H.C.; Mahiou, ].; Liang, F; Bihler, H.;
Mense, M.; et al. Nonsense-mediated RNA Decay Pathway Inhibition Restores Expression and Function of
W1282X CFTR. Am. J. Respir. Cell Mol. Biol. 2019, 61, 290-300. [CrossRef]

Huang, L.; Aghajan, M.; Quesenberry, T.; Low, A.; Murray, S.F; Monia, B.P.; Guo, S. Targeting Translation
Termination Machinery with Antisense Oligonucleotides for Diseases Caused by Nonsense Mutations.
Nucleic Acid Ther. 2019, 29, 175-186. [CrossRef]

Nomakuchi, T.T;; Rigo, F; Aznarez, I.; Krainer, A.R. Antisense oligonucleotide—directed inhibition of
nonsense-mediated mRNA decay. Nat. Biotechnol. 2016, 34, 164-166. [CrossRef]

Lueck, ].D.; Yoon, J.S.; Perales-Puchalt, A.; Mackey, A.L.; Infield, D.T.; Behlke, M.A.; Pope, M.R.; Weiner, D.B.;
Skach, W.R.; McCray, P.B.; et al. Engineered transfer RNAs for suppression of premature termination codons.
Nat. Commun. 2019, 10, 1-11. [CrossRef] [PubMed]

Hagemeijer, M.C.; Siegwart, D.J.; Strug, L.J.; Cebotaru, L.; Torres, M.].; Sofoluwe, A.; Beekman, ].M.
Translational research to enable personalized treatment of cystic fibrosis. J. Cyst. Fibros. 2018, 17, S46-S51.
[CrossRef] [PubMed]

Woolf, T.M.; Chase, ].M.; Stinchcomb, D.T. Toward the therapeutic editing of mutated RNA sequences.
Proc. Natl. Acad. Sci. USA 1995, 92, 8298-8302. [CrossRef] [PubMed]

Montiel-Gonzalez, M.E; Vallecillo-Viejo, I.; Yudowski, G.A.; Rosenthal, J.J.C. Correction of mutations within
the cystic fibrosis transmembrane conductance regulator by site-directed RNA editing. Proc. Natl. Acad. Sci.
USA 2013, 110, 18285-18290. [CrossRef] [PubMed]

Wettengel, J.; Reautschnig, P.; Geisler, S.; Kahle, PJ.; Stafforst, T. Harnessing human ADAR2 for RNA
repair—Recoding a PINK1 mutation rescues mitophagy. Nucleic Acids Res. 2017, 45, 2797-2808. [CrossRef]
[PubMed]

Merkle, T.; Merz, S.; Reautschnig, P.; Blaha, A.; Li, Q.; Vogel, P.; Wettengel, J.; Li, ].B.; Stafforst, T. Precise RNA
editing by recruiting endogenous ADARs with antisense oligonucleotides. Nat. Biotechnol. 2019, 37, 133-138.
[CrossRef]

Katrekar, D.; Chen, G.; Meluzzi, D.; Ganesh, A.; Worlikar, A.; Shih, Y.-R.; Varghese, S.; Mali, P. In vivo
RNA editing of point mutations via RNA-guided adenosine deaminases. Nat. Methods 2019, 16, 239-242.
[CrossRef]

Desterro, ]. M.P,; Keegan, L.P.,; Lafarga, M.; Berciano, M.T.; O’Connell, M.; Carmo-Fonseca, M. Dynamic
association of RN A-editing enzymes with the nucleolus. J. Cell Sci. 2003, 116, 1805-1818. [CrossRef]

Jayan, G.C.; Casey, J.L. Increased RNA Editing and Inhibition of Hepatitis Delta Virus Replication by
High-Level Expression of ADAR1 and ADAR?2. ]. Virol. 2002, 76, 3819-3827. [CrossRef]

Monteleone, L.R.; Matthews, M.M.; Palumbo, C.M.; Thomas, ] M.; Zheng, Y.; Chiang, Y.; Fisher, A.].; Beal, PA.
A Bump-Hole Approach for Directed RNA Editing. Cell Chem. Biol. 2019, 26, 269-277.€5. [CrossRef]
Vallecillo-Viejo, I.C.; Liscovitch-Brauer, N.; Montiel-Gonzalez, M.E; Eisenberg, E.; Rosenthal, ].J.C. Abundant
off-target edits from site-directed RNA editing can be reduced by nuclear localization of the editing enzyme.
RNA Biol. 2018, 15, 104-114. [CrossRef] [PubMed]

Qu, L Yi, Z; Zhu, S.; Wang, C.; Cao, Z.; Zhou, Z.; Yuan, P; Yu, Y,; Tian, F; Liu, Z,; et al. Programmable
RNA editing by recruiting endogenous ADAR using engineered RNAs. Nat. Biotechnol. 2019, 37, 1059-1069.
[CrossRef] [PubMed]

Hsiao, Y.-H.E; Bahn, ].H; Yang, Y.; Lin, X,; Tran, S.; Yang, E.-W.; Quinones-Valdez, G.; Xiao, X. RNA editing
in nascent RNA affects pre-mRNA splicing. Genome Res. 2018, 28, 812-823. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/(SICI)1097-4598(199706)20:6&lt;728::AID-MUS10&gt;3.0.CO;2-Q
http://dx.doi.org/10.3390/genes10050368
http://www.ncbi.nlm.nih.gov/pubmed/31091803
http://dx.doi.org/10.1038/s41598-019-47243-z
http://dx.doi.org/10.1186/s13059-017-1386-9
http://dx.doi.org/10.1165/rcmb.2018-0316OC
http://dx.doi.org/10.1089/nat.2019.0779
http://dx.doi.org/10.1038/nbt.3427
http://dx.doi.org/10.1038/s41467-019-08329-4
http://www.ncbi.nlm.nih.gov/pubmed/30778053
http://dx.doi.org/10.1016/j.jcf.2017.10.017
http://www.ncbi.nlm.nih.gov/pubmed/29275953
http://dx.doi.org/10.1073/pnas.92.18.8298
http://www.ncbi.nlm.nih.gov/pubmed/7545300
http://dx.doi.org/10.1073/pnas.1306243110
http://www.ncbi.nlm.nih.gov/pubmed/24108353
http://dx.doi.org/10.1093/nar/gkw911
http://www.ncbi.nlm.nih.gov/pubmed/27907896
http://dx.doi.org/10.1038/s41587-019-0013-6
http://dx.doi.org/10.1038/s41592-019-0323-0
http://dx.doi.org/10.1242/jcs.00371
http://dx.doi.org/10.1128/JVI.76.8.3819-3827.2002
http://dx.doi.org/10.1016/j.chembiol.2018.10.025
http://dx.doi.org/10.1080/15476286.2017.1387711
http://www.ncbi.nlm.nih.gov/pubmed/29099293
http://dx.doi.org/10.1038/s41587-019-0178-z
http://www.ncbi.nlm.nih.gov/pubmed/31308540
http://dx.doi.org/10.1101/gr.231209.117
http://www.ncbi.nlm.nih.gov/pubmed/29724793

Int. J. Mol. Sci. 2020, 21, 4394 14 of 14

85.

86.

87.
88.

89.

90.

91.
92.

93.

Riedmann, E.M.; Schopoff, S.; Hartner, J.C.; Jantsch, M.F. Specificity of ADAR-mediated RNA editing in
newly identified targets. RNA 2008, 14, 1110-1118. [CrossRef]

Karijolich, J.; Yu, Y.-T. Converting nonsense codons into sense codons by targeted pseudouridylation. Nature
2011, 474, 395-398. [CrossRef]

Meier, U.T. RNA modification in Cajal bodies. RNA Biol. 2017, 14, 693-700. [CrossRef]

Ferndndez, 1.S.; Ng, C.L.; Kelley, A.C.; Wu, G.; Yu, Y.-T.; Ramakrishnan, V. Unusual base pairing during the
decoding of a stop codon by the ribosome. Nature 2013, 500, 107-110. [CrossRef]

De Zoysa, M.D.; Wu, G.; Katz, R.; Yu, Y.-T. Guide-substrate base-pairing requirement for box H/ACA
RNA-guided RNA pseudouridylation. RNA 2018, 24, 1106-1117. [CrossRef]

Kelly, E.K.; Czekay, D.P.; Kothe, U. Base-pairing interactions between substrate RNA and H/ACA guide
RNA modulate the kinetics of pseudouridylation, but not the affinity of substrate binding by H/ACA small
nucleolar ribonucleoproteins. RNA 2019, 25, 1393-1404. [CrossRef]

Doudna, J.A. The promise and challenge of therapeutic genome editing. Nature 2020, 578, 229-236. [CrossRef]
Lee, C.; Hyun Jo, D.; Hwang, G.-H.; Yu, J.; Kim, ]. H.; Park, S.; Kim, J.-S.; Kim, J.H.; Bae, S. CRISPR-Pass:
Gene Rescue of Nonsense Mutations Using Adenine Base Editors. Mol. Ther. 2019, 27, 1364-1371. [CrossRef]
[PubMed]

Cox, D.B.T.; Gootenberg, ].S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.].; Joung, J.; Zhang, F. RNA editing
with CRISPR-Cas13. Science 2017, 358, 1019-1027. [CrossRef] [PubMed]

@ © 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/10.1261/rna.923308
http://dx.doi.org/10.1038/nature10165
http://dx.doi.org/10.1080/15476286.2016.1249091
http://dx.doi.org/10.1038/nature12302
http://dx.doi.org/10.1261/rna.066837.118
http://dx.doi.org/10.1261/rna.071043.119
http://dx.doi.org/10.1038/s41586-020-1978-5
http://dx.doi.org/10.1016/j.ymthe.2019.05.013
http://www.ncbi.nlm.nih.gov/pubmed/31164261
http://dx.doi.org/10.1126/science.aaq0180
http://www.ncbi.nlm.nih.gov/pubmed/29070703
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Translation Termination: Mechanism of Action 
	Nonsense-Mediated mRNA Decay Pathway 
	Suppression of Nonsense Mutations: Approaches and Challenges 
	Nonsense Suppression by Small Molecules 
	Nonsense Suppression by Nucleic Acid-Based Approaches 
	Antisense Oligonucleotides 
	Suppressor tRNA 
	ADAR-Catalyzed Editing Directed by Guide RNA 
	RNA Pseudouridylation Directed by Box H/ACA Guide RNA 
	CRISPR Technology 


	Concluding Remarks 
	References

