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Abstract: Nonsense mutations are genetic mutations that create premature termination codons
(PTCs), leading to truncated, defective proteins in diseases such as cystic fibrosis, neurofibromato-
sis type 1, Dravet syndrome, Hurler syndrome, Beta thalassemia, inherited bone marrow failure
syndromes, Duchenne muscular dystrophy, and even cancer. These mutations can also trigger a
cellular surveillance mechanism known as nonsense-mediated mRNA decay (NMD) that degrades
the PTC-containing mRNA. The activation of NMD can attenuate the consequences of truncated,
defective, and potentially toxic proteins in the cell. Since approximately 20% of all single-point
mutations are disease-causing nonsense mutations, it is not surprising that this field has received
significant attention, resulting in a remarkable advancement in recent years. In fact, since our last
review on this topic, new examples of nonsense suppression approaches have been reported, namely
new ways of promoting the translational readthrough of PTCs or inhibiting the NMD pathway. With
this review, we update the state-of-the-art technologies in nonsense suppression, focusing on novel
modalities with therapeutic potential, such as small molecules (readthrough agents, NMD inhibitors,
and molecular glue degraders); antisense oligonucleotides; tRNA suppressors; ADAR-mediated
RNA editing; targeted pseudouridylation; and gene/base editing. While these various modalities
have significantly advanced in their development stage since our last review, each has advantages
(e.g., ease of delivery and specificity) and disadvantages (manufacturing complexity and off-target
effect potential), which we discuss here.

Keywords: nonsense suppression; nonsense-mediated mRNA decay; new modalities; premature
stop codons; small molecules; mRNA; oligonucleotides; RNA editing; pseudouridylation; CRISPR

1. Introduction

Premature termination codons (PTCs) occur when mutations change a sense codon
into an early stop (nonsense) codon. The ribosomal machinery can recognize a PTC as
an early termination signal for the translation process. To prevent the accumulation of a
potentially toxic truncated protein in the cell, the nonsense-mediated mRNA decay (NMD)
surveillance pathway is activated, degrading PTC-containing mRNA transcripts. A small
fraction of the mRNA transcripts evades NMD and are translated, but the translation
terminates at the PTC, generating a C-terminally truncated protein. The lack of a full-length
functional protein can cause disease, also known as nonsense-related disorder. Many
human genetic diseases, such as cystic fibrosis [1], neurofibromatosis type 1 [2], beta-
thalassemia [3], inherited bone marrow failure syndromes [4], and Duchenne muscular
dystrophy [5], can have this same root cause. A potential way to treat these diseases while
addressing the underlying cause would be to employ a therapy that would repair the
nonsense mutation at the mRNA level. Such an approach designed to correct nonsense
codons would enable the ribosomal machinery to “readthrough” the PTC until it meets
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the normal stop codon downstream, thus restoring full-length protein production. It is
desirable that this approach would also suppress NMD, allowing the accumulation of the
repaired mRNA for normal translation. There are small molecules capable of promoting
translational readthrough at the PTC. However, the lack of target specificity is one of the
main challenges. In other words, it is difficult to direct the small molecules, which often
bind/target the ribosomes, to act only at the PTC sites and not at normal stop codons. In
recent years, many laboratories have developed nucleic acid-based technologies to address
nonsense mutations, taking advantage of the specificity of Watson–Crick base pairing rules.
In a previous paper [6], we summarized different nonsense suppression strategies powered
by different technologies, especially emerging ones. Here, we describe the recent advances
in many of those emerging technologies, explaining the fundamentals of each modality
(i.e., their molecular mechanism of action), emphasizing medical applications, and the
opportunities they can offer for personalized medicine.

2. Translation Termination

Translation termination is a crucial stage of protein synthesis. The ribosomes move
along the mRNA during the translation elongation phase, successively adding amino
acids into a growing polypeptide chain. This translation process relies on the recognition
of each codon by the corresponding transfer RNA (tRNA). Specifically, the anticodon
of the tRNA base pairs with the corresponding codon, ensuring that the correct amino
acid is incorporated during translation. However, when a ribosome encounters a stop
codon (UAG, UAA, or UGA), no tRNA recognizes it. Instead, the release factors enter the
ribosome to recognize the stop codon, thereby terminating protein translation via a peptidyl-
tRNA hydrolysis reaction and promoting the release of the growing polypeptide chain. In
eukaryotes, this release factor is known as eukaryotic translation termination factor 1 (eRF1,
a class 1 release factor), which can recognize the three different stop codons [7,8]. Eukaryotic
translation termination factor 3 (eRF3) is a GTPase that can form a complex with eRF1
and guanosine triphosphate (GTP), thus contributing to translation termination [7,9]. This
ternary complex [9–11] binds to the stop codon at the A site, mimicking a tRNA-like
structure. Subsequently, eRF3 hydrolyzes GTP and dissociates from the complex, while
eRF1 promotes the release of the terminated peptide chain via hydrolysis of the peptidyl-
tRNA ester bond. In the next step, ABCE1, an ATP-binding cassette protein, binds to the
post-termination complex and hydrolyzes ATP, leading to the split of the 80S ribosome and
the release of the 40S and 60S subunits (Figure 1) [12].

Figure 1. Mechanisms of translation termination. When the ribosome encounters a stop codon
(e.g., UGA), a ternary complex consisting of eukaryotic release factor 1 (eRF1), eukaryotic release
factor 3 (eRF3), and guanosine triphosphate (GTP) (also known as the eRF1/eRF3-GTP complex),
rather than a tRNA, recognizes it and binds to the A site. In the next step, eRF3 hydrolyzes GTP, and
subsequently, eRF1 accommodates at the stop codon site while promoting the release of the peptide
chain. Then, the ATP-binding cassette subfamily E member 1 (ABCE1) binds to the post-termination
ribosome complex and hydrolyses ATP, thus promoting the dissociation of the 80S ribosome.



Biomedicines 2024, 12, 1284 3 of 17

The translation termination mechanism at normal or premature stop codons is not
100% efficient. It has been estimated that up to 0.1% of basal (i.e., natural) stop codon
readthrough can be achieved through the recognition of the stop codon by a near-cognate
tRNA instead of eRF1 [13]. On the other hand, the basal premature stop codon-readthrough
could be as high as 1% [14]. The exact frequency of these events could depend on various
factors: the identity of the stop codons, their surrounding sequence context, or any potential
secondary structures occurring in the 3′-untranslated region (UTR) [15]. Recently, it has
been suggested that the tRNA abundance could also play a potential role [16].

3. Nonsense-Mediated mRNA Decay Surveillance Pathway

When a ribosome encounters a PTC, a cellular surveillance pathway, called the non-
sense mRNA-mediated decay (NMD) pathway, is activated to degrade the PTC-harboring
transcripts. NMD is an essential and highly conserved cellular mRNA quality control
mechanism responsible for the degradation of aberrant transcripts (e.g., PTC-containing
mRNAs). This pathway also appears responsible for controlling the abundance of other
mRNAs that do not harbor a PTC [17].

Usually, the NMD mechanism degrades most PTC-containing transcripts, thereby
preventing the synthesis of truncated and potentially toxic proteins. However, a small frac-
tion of the mRNA transcripts escape degradation and are translated into the C-terminally
truncated protein. Usually, the proteasome machinery degrades the defective protein;
however, when that is not possible, aggresomes can accumulate until they are degraded
via the autophagic pathway. This accumulation of the truncated peptides depends on
hyperphosphorylated UPF1, a key component of the NMD surveillance pathway [18].

NMD is present in all eukaryotes, and its mechanism of action is evolutionarily
conserved. During pre-mRNA splicing, a multiprotein complex, called the exon junction
complex (EJC), is deposited at each exon–exon junction. Normally, all the EJCs are displaced
by the moving ribosome during the pioneer round of translation. However, when a
nonsense mutation occurs more than 50–55 nt upstream of the nearest exon–exon junction
(also known as the “50–55 nt rule”), NMD is triggered (Figure 2) [19]. Specifically, several
proteins in the EJC, such as UPF2 and UPF3B (also Y14, MAGOH, elF4A3, MLN51, and
RBM8A), form crucial interactions with each other. On the other hand, the translating
ribosomes stall when encountering the PTC, prompting the eRF1–eRF3 complex to recruit
UPF1, SMG1, SMG8, and SMG9 to form the SURF complex [20]. Subsequently, the decay-
inducing (DECID) complex forms (a combination of both the SURF and EJC complexes),
triggering the phosphorylation of UPF1, the ultimate repression of translation, and the
exonucleolytic degradation of the targeted mRNA (Figure 2) [17]. Since the EJC complex
forms during splicing (before the mRNA is exported to the cytoplasm), intronless genes are
usually NMD-insensitive [21].

A better understanding of the NMD pathway is crucial for accelerating the develop-
ment of safer and more effective therapeutic readthrough strategies, as NMD inhibition
could leverage translational readthrough effects. In this context, there is a growing need
for animal models to understand the consequences of NMD inhibition better. Due to
the importance of this pathway to the cell, some attempts were made to generate in vivo
models where the knockdown of crucial NMD-related genes somewhat suppressed NMD.
However, such approaches led to embryonic mortality [22], a concern for NMD inhibition
strategies.

A few years ago, Echols et al. developed a potentially valuable NMD mouse model to
understand the consequences of NMD inhibition at different levels in different aspects of
animal development [23]. In this mouse model, there is an inducible dominant-negative
form of human UPF1, thus allowing the prediction of the impact of NMD inhibition at
different levels and in different mouse tissues. By inducing the level of NMD inhibition,
the authors could avoid the developmental problems that could have originated from a
complete knockdown of a crucial NMD factor, such as UPF1 [22]. The data suggest that
strategies aimed at inhibiting UPF1, particularly if capable of achieving high inhibition
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levels, could lead to adverse effects and need proper safety assessments in additional
preclinical models.

Figure 2. Mechanisms of the nonsense-mediated mRNA decay (NMD). During splicing, exon
junction complexes (EJC) assemble at exon–exon junctions in the mature mRNA. These multiprotein
complexes are usually displaced by the ribosome in transcripts containing only the normal stop
codon. The nonsense mRNA-mediated decay (NMD) pathway is not activated in this case. On the
other hand, when a premature stop codon (PTC) is present in the transcript at a distance greater than
50–55 nucleotides from the closest EJC, the mRNA becomes a target for degradation via the NMD
mechanism. Proteins such as UPF1, UPF2, and UPF3 interact with each other and the EJC, while the
ribosome stalls at the PTC site. Then, the UPF1 phosphorylation mediated by SMG1 precedes the
exonucleolytic degradation of the PTC-harboring mRNA.

4. Nonsense Suppression Strategies

There are at least two notable nonsense suppression strategies: small molecule-based
and nucleic acid-based modalities (Figure 3). Each has advantages and disadvantages.
Several approaches are being developed in academic groups and biotech/biopharma
companies.

Figure 3. Some notable nonsense suppression strategies include small molecule-based and nucleic
acid-based approaches. Several small molecule classes have been described with readthrough
properties, such as oxadiazoles (e.g., Ataluren) or aminoglycosides. On the other hand, nucleic acid-
based approaches, such as RNA editing, targeted pseudouridylation, or gene editing, take advantage
of hybridization properties to specifically target transcripts (or genes) containing a premature stop
codon. Abbreviations: ADAR: adenosine deaminases acting on RNA; CRISPR: clustered regularly
interspaced short palindromic repeats.



Biomedicines 2024, 12, 1284 5 of 17

4.1. Small Molecules
4.1.1. Small Molecules That Promote PTC Readthrough

Compared to more complex modalities, particularly nucleic acid-based ones (discussed
below), small molecules have several advantages in drug development. For instance, small
molecules are known to be capable of penetrating tissue and cell membranes. They are
also likely to be administered orally due to their absorption properties [24]. Further, small
molecules can be theoretically more affordable than complex RNA-based or gene and cell
therapies. Therefore, increasing efforts have been made in recent years to develop small
molecules as readthrough agents [25]. A well-known class of small molecules that promote
translational readthrough are aminoglycosides [26], which have historically been used
as antibiotics [27]. Ataluren, an oxadiazole discovered to suppress Duchenne muscular
dystrophy nonsense mutations, is also renowned [28]. The mechanisms of action of these
nonsense suppressor molecules have been described to some extent [29,30]. For example,
Ng et al. proposed PTC readthrough orthogonal mechanisms for both ataluren and G418.
Ataluren interferes with the translation termination process by inhibiting the activity of a
release factor, whereas G418 promotes readthrough via a mispairing interaction between
the PTC mRNA and the near-cognate tRNA [31].

Despite the challenges, small molecules have a promising clinical potential in pro-
moting PTC readthrough. Moreover, they have a crucial role as positive controls and tool
compounds for preclinical validation of the suppression of newly discovered nonsense
mutations [32,33] or for the validation of novel advanced preclinical in vitro and in vivo
models [34,35].

4.1.2. Small Molecules That Suppress NMD

The use of small molecules to inhibit the NMD pathway has also attracted interest.
NMD inhibition could have an additive effect when combined with readthrough agents,
leading to an increased production of full-length protein and phenotypical reversal [36].
One of the early examples published of a NMD inhibitor small molecule was NMDI 1
(or NMD inhibitor 1) [37], which could prevent the interaction between two proteins that
play a role in the overall NMD pathway, human UPF1 [38] and SMG5 [39]. However, the
authors of this study acknowledged the risk for the preclinical and clinical development of
NMDI 1, given that it is an indole derivative and a new chemical class. To lower the risk, the
screening of a library of marketed drugs was also carried out, leading to the identification
of amlexanox, a well-known immunomodulator drug (also known as Aphthasol®, used in
the treatment of aphthous ulcers) that was found to inhibit the NMD pathway [40].

More recently, another screening approach was carried out using currently FDA-
approved small molecules [41]. The researchers were able to identify an anticancer drug
(for the treatment of chronic myeloid leukemia), homoharringtonine (or HHT), which was
capable of inhibiting NMD in specific mRNA substrates such as Ptbp2, Hnrnpl, and Tra2b,
starting from a concentration of 50 nM, in a dose-dependent manner in human cells.

4.1.3. Combined Effect of NMD Inhibitors and PTC Readthrough Agents

With the availability of NMD inhibitors (small molecules) and PTC readthrough agents
(small molecules), research groups are finally exploring their combined effect on nonsense
suppression in several in vitro and in vivo model systems.

McHugh et al., for example, analyzed the combined effect of both approaches in a
CF mouse model carrying the G542X nonsense mutation in the CFTR gene. The authors
found that inhibiting SMG1 while promoting readthrough with G418, gentamicin, or paro-
momycin could benefit the overall nonsense suppression effect [36]. Similarly, Wang et al.
found that amlexanox could be combined with ataluren to promote phenotypical reversal
(improved vision and reduced death of retina cells) in a zebrafish model of Leber’s congen-
ital amaurosis (LCA) expressing a nonsense mutation in the CEP290 gene (Q1223X) [42].
When attempting to replicate these results in mammalian LCA mouse models, the authors
found that some nonsense mutations could be better suppressed than others.
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It should be noted that inhibiting NMD in a non-sequence/gene (or target)-specific
manner would be challenging, considering how ubiquitous this pathway is for cellular
homeostasis and the regulation of multiple genes. The inhibition of NMD components
such as SMG1 has been shown to potentially lead to toxic effects, especially if combined
with high doses of readthrough agents such as aminoglycosides [36].

4.1.4. Development of New Nonsense Suppression Small Molecules

There have been developments in new synthetic aminoglycosides as readthrough
agents. One of them is NB124 (or ELX-02), which initially showed promising results in
restoring the function of the cystic fibrosis transmembrane conductance regulator (CFTR)
channel in a mouse model [43]. Following the initial clinical tests in healthy patients [44]
where the compound showed tolerability and a safety profile with no severe or significant
drug-related side effects, the molecule was tested in a Phase 2 clinical trial for efficacy in
patients either homozygotes for G542X or compound heterozygotes with one G542X or
a phenotypically similar nonsense allele and any class I or II mutation). Unfortunately,
ELX-02 was ineffective in CF patients, possibly due to the insufficient exposure of ELX-02
in the lung tissue [45].

Two additional potential readthrough compounds were also recently discovered.
One is 2-guanidino-quinazoline (TLN468), discovered using a reporter cell line where the
most common DMD PTC sequence contexts could be tested [46]. Another example is 2,6-
diaminopurine, shown in a study to have potential therapeutic use in the readthrough of
CFTR nonsense mutations, specifically as a readthrough agent of UGA nonsense mutations
in this gene, such as G542X [47]. The amino acid incorporated at the UAG PTC position was
tryptophan. It has been proposed that the readthrough mechanism of 2,6-diaminopurine
could rely on disturbing the activity of a tRNATrp-modifying enzyme (FTSJ1) [48]. The
2,6-diaminopurine compound was shown to be capable of restoring the function of the
CFTR channel in a CF mouse model carrying a CFTR nonsense mutation [47].

4.1.5. Small Molecules with Novel Mechanisms

Novel small molecule modalities for nonsense suppression are still being explored
for undruggable targets. A promising example is the use of a molecular glue degrader.
Coelho et al. recently proposed using an eRF1 degrader small molecule, “SRI-41315”, which
could promote translational readthrough of premature stop codons [49]. The authors of
this study performed Cryo-EM to show that SRI-41315 could work as a metal-dependent
molecular glue between the region near the decoding site of the ribosomal subunit and
eRF1 (at its stop codon recognition N domain). Sharma et al. have already shown that
SRI-41315 depletes eRF1 in the cell, thus promoting the suppression of CFTR nonsense
mutations [50]. Another example of molecular degraders with PTC readthrough activity
was presented by Baradaran-Heravi et al. [51]. Here, the authors identified two molecular
glue compounds, CC-885 and CC-90009, capable of promoting the proteosome-mediated
degradation of crucial translation termination eukaryotic release factors eRF3a and eRF3b,
both of which are involved in stop codon recognition through interaction with eRF1 [52].

4.2. Nucleic Acid-Based Approaches

New developments in modalities based on much larger molecules have been reported
in recent years. These modalities are primarily based on nucleic acids (e.g., nuclease-
encoded mRNA, guide RNAs, antisense oligonucleotides, tRNAs, and H/ACA snoRNAs).
Although more complex than small molecule nonsense suppression agents, nucleic acids
offer better target specificity and flexibility through platform technologies (e.g., with modi-
fied guide RNAs), which can be engineered to address virtually any nonsense mutation,
irrespective of the sequence context. Here, we discuss several promising approaches.
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4.2.1. Antisense Oligonucleotides

Oligonucleotides are among the most important emerging modalities in the biotech
and biopharma industries. Oligonucleotides can potentially repair nonsense mutations
in several different ways, which we discuss in this section. Antisense oligonucleotide
(ASO)-directed exon skipping was one of the first oligo-mediated approaches described
decades ago. In this approach, an ASO is designed to target the PTC-containing exon,
promoting the skipping of it [53,54] while maintaining the function of the PTC–exon-
deleted protein [55]. However, it should be pointed out that, in some cases where a
mutation leads to aberrant splicing that generates a pseudo-exon with a PTC [56], the ASO-
mediated skipping of this PTC-containing pseudo-exon can restore the wild-type mRNA
and protein sequences [55,57]. Another ASO-based approach uses gapmers (i.e., RNase
H-recruiting antisense oligonucleotides) designed to trigger the degradation of mRNA
transcripts encoding important NMD components, leading to the maximization of the level
of PTC-containing mRNA for translation [58–60]. Alternatively, the gapmers are also used
to target the degradation of translation termination components, thus maximizing PTC
readthrough [61]. Finally, a third strategy to tackle nonsense mutations with ASO involves
designing steric-blocking oligonucleotides that can bind to a sequence downstream of a
PTC in order to prevent EJC deposition, which is crucial for NMD activation; preventing
EJC deposition would inhibit NMD [62,63].

4.2.2. tRNA Suppressors

The suppression of nonsense mutations can be achieved by artificial tRNAs designed
to recognize PTCs via codon–anticodon base pairing. This concept was proposed decades
ago as a gene therapy approach for nonsense suppression [64]. These artificial tRNAs are
also known as tRNA suppressors. tRNA suppressors are engineered to be recognized by
the translational machinery and to deliver an amino acid at the PTC during translation.
Because its anticodon is altered to form base pairing interactions with the PTC, a tRNA
suppressor, upon charging, enters the ribosome to read the PTC as if it were a normal codon,
thus enabling translational readthrough [65,66]. As a gene therapy, this modality could
potentially be delivered either encapsulated in lipid nanoparticles [67] or encoded into
recombinant adeno-associated virus (rAAV) via a tRNA transgene [68]. Perhaps for this
reason, this emerging modality has attracted attention [69], with several biotech companies
exploring this space (e.g., Recode Therapeutics, AlltRNA, hC Bioscience, and others) [70]. A
comprehensive review was recently published describing the history of tRNA suppressors,
design considerations, delivery approaches, and overall challenges in this field [71].

Suppressor tRNAs can be screened using high-throughput assays to select the best-
engineered sequences for nonsense suppression in vitro and in vivo [72]. This approach
was used, for example, to suppress CFTR nonsense mutations in an endogenous (sequence)
context using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) gene-
edited human bronchial epithelial cells (also known as 16HBEge cells) [73,74]. Engineered
suppressor tRNAs designed to target different CFTR nonsense mutations [G542X (UGA),
R1162X (UGA), and W1282X (UGA)] were able to rescue the protein function and restore
the mRNA levels. The authors of this study also suggested that this approach could inhibit
the NMD pathway in the first round of mRNA translation. Further, tRNA suppressors
have been recently successfully delivered to animals either by being encoded in rAAVs
(transducing in the heart, brain, liver, and skeletal muscles) [68] or via their encapsulation
in LNPs (targeting liver and lung tissues) [67].

Similarly to other nonsense suppression modalities, the efficiency of tRNA suppression
must be somewhat dependent on the sequence context of PTC. Recently, Bharti et al.
compared the efficiency of tRNA suppressors in different PTC contexts [75]. The authors
found that the translation speed of ribosomes before they reach the PTC could impact
the tRNA suppression effect. If a specific sequence context upstream of the PTC site
provides a sudden reversal in translation speed (resulting in more ribosome collisions),
tRNA suppression could be hampered.
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4.2.3. ADAR-Mediated RNA Editing

Guide RNAs can be designed to direct specialized enzymes (known as adenosine
deaminase acting on RNA, or ADAR) in human cells to catalyze RNA editing, converting
specific adenosines into inosines. Inosines can be read as guanosines by the translational
machinery. While RNA editing is a naturally occurring mechanism targeting endogenous
RNAs, it can also be directed using guide antisense RNAs [76]. This mechanism of action
can potentially be used to repair nonsense mutations, since all premature stop codons
have at least one adenosine nucleotide (UGA, UAG, and UAA). For example, artificial
guide RNA-directed ADAR editing of adenosine(s) to inosine(s) in PTCs would enable
to convert a PTC (UAG, UAA, or UGA) into a tryptophan codon (UGG). For nonsense
mutations resulting in a conversion of a tryptophan sense codon into a PTC (i.e., W-to-X),
this would change the PTC back to the tryptophan codon (wild-type), a best-case outcome
in a therapeutic context.

Recently, multiple groups have suggested employing guide RNAs that utilize either
internally expressed or externally delivered ADAR machinery (in cis or trans) for RNA
editing in human cells [77–82]. The guide RNAs can be chemically modified oligonu-
cleotides [82–85] or rAAV-delivered guide RNAs [86] or even circular RNAs [87].

Different research groups have proposed screening assays to identify the best guide
RNA sequences for A-to-I editing at PTCs. For instance, Diaz Quiroz et al. developed
an in vitro assay to select optimized guide RNAs to target an adenosine residue within a
PTC [88]. On the other hand, Schneider et al. presented a yeast system to identify the best
ADAR targets that are more suitable for A-to-I editing [89]. The authors also discovered
the most efficient guide RNAs to edit retinal disease targets carrying nonsense mutations
using this assay.

Since the first in vitro proof-of-concept studies showed the feasibility of ADAR-
mediated nonsense suppression, further experiments have been carried out, demonstrating
this approach in small animals as well [86,87,90,91]. Although not targeting endoge-
nous PTCs, ADAR-mediated RNA editing has also been demonstrated in non-human
primates using rAAV-encoded guide RNAs [92] or stereo-pure chemically modified oligonu-
cleotides [84]. The first clinical trial using RNA editing oligonucleotides has recently been
initiated for treating Alpha-1 antitrypsin disease (AATD). It is not aimed, however, at sup-
pressing a nonsense mutation but, rather, a missense correction (E342K) in the SERPINA1
transcript [93]. Nevertheless, a biotech company has a preclinical program for Rett syn-
drome, where RNA editing targets a well-known nonsense mutation (Mecp2-R255X) [94].

As for the other modalities described in this review, implementing ADAR-mediated
RNA editing as a nonsense suppression could be challenging. For instance, when taking
advantage of an endogenously expressed ADAR enzyme, it needs to be taken into account
that the expression of ADAR varies not only in different tissues [95] but also in different
species [96]. When targeting tissues with poor ADAR expression, the delivery of exoge-
nously expressed ADAR could be necessary. However, this could bring challenges such as
immunogenicity and off-target effects [97,98].

Finally, it is still unclear whether RNA editing affects the NMD pathway. It appears
that RNA editing could have an impact on splicing, as demonstrated by Hsiao et al., who
showed that more than 95% of A-to-I RNA editing occurred co-transcriptionally in nascent
RNAs when they were still associated with chromatin and before poly-adenylation [99].
Along the same line, another study found that the A-to-I conversion can be more efficient
at a pre-mRNA’s PTC than at a mature mRNA’s PTC [100]. While these results suggest
that RNA editing affects splicing, in a therapeutic context, it remains to be investigated
which ADAR isoform (cytoplasmic versus nuclear-localized) is recruited by exogenous
PTC-targeting guide RNAs. This could be important when not delivering an exogenous
ADAR, especially considering that the ADAR1 p150 isoform is mainly localized in the
cytoplasm, while ADAR1 p110 is primarily found in the nucleus [101].
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4.2.4. Targeted RNA Pseudouridylation

Pseudouridine (Ψ), an isomer of uridine, is one of the most abundant modified nu-
cleotides in RNAs. Because of the successful use and critical role of a Ψ derivative in
approved effective COVID-19 mRNA vaccines, Ψ has recently attracted significant atten-
tion [102]. Remarkably, pseudouridylation can be catalyzed by an RNA-guided mechanism
discovered nearly 30 years ago when a large family of box H/ACA RNAs was identified
in cells [103–105]. Despite the sequence differences, the box H/ACA RNAs fold into an
identical structure, which complexes with four core proteins (Cbf5, Nhp2, Nop10, and Gar1)
to form a ribonucleoprotein (RNP) [103–107]. During modification, the RNA component
(box H/ACA RNA) of the RNP serves as a guide that pairs bases with the substrate RNA,
precisely positioning the target uridine in the catalytic center of the pseudouridylase Cbf5
to be pseudouridylated [103,105,108]. The site-specific nature of this RNA-guided process
is experimentally verified [103,105,108,109]. As expected, by changing the guide sequence
of a naturally occurring box H/ACA RNA, Karijolich et al. succeeded in redirecting pseu-
douridylation to new RNA sites that are otherwise unmodified [110]. One such specific
target site was the PTC of a mRNA. Remarkably, target U-to-Ψ conversion at the PTC led to
NMD suppression and PTC readthrough [110–112]. It was also reported that pseudouridy-
lation occurred naturally at some normal stop codons, promoting stop codon readthrough
and the production of C-terminally extended proteins [113]. These results have opened the
door to the possibility of developing the RNA-guided PTC pseudouridylation technology
into therapeutic drugs for diseases caused by nonsense mutations.

Recently, the RNA-guided RNA pseudouridylation technology was further tested to
suppress nonsense mutations in various sequence contexts, many of which were derived
directly from patients [112,114]. For instance, it has been reported that targeted pseu-
douridylation converting UAA, UAG, or UGA to ΨAA, ΨAG, or ΨGA, respectively, in the
context of disease genes, including β-globin (β-thalassemia), CFTR (cystic fibrosis), IDUA
(Hurler syndrome), TP53 (cancer), and NF1 (neurofibromatosis type 1), resulted in both
NMD suppression and PTC readthrough [114]. The Ψ-mediated nonsense suppression
appears to be sequence context-independent [115]. However, the PTC sequence must be
accessible and available for the guide RNA to pair bases with it. Although the efficiency
of nonsense suppression is still relatively low, overexpression of relevant tRNAs has dra-
matically improved nonsense suppression [116], suggesting that this technology has great
potential in clinical applications.

4.2.5. CRISPR-Mediated Gene Editing

Since CRISPR technology was discovered, it quickly became a valuable tool to gen-
erate advanced preclinical models with therapeutically relevant mutations, particularly
nonsense mutations, such as, for instance, isogenic cell lines [74], organoids [117], or animal
models [34,118]. In recent years, examples of how CRISPR technology and its variations
could potentially be used in the context of nonsense suppression have been reported [119].
By correcting a nonsense mutation at the DNA level with a nuclease of bacterial origin
(e.g., Cas9) and a guide RNA matching the target site, CRISPR gene editing circumvents
the abovementioned issues with the NMD pathway. However, traditional CRISPR-Cas9
generates a break in the DNA. Alternatively, base editing can repair mutations at the
nucleobase level without performing a DNA double-stranded break [120]. Base editors,
instead of an active nuclease, have a deactivated nuclease (e.g., dCas9) fused to an engi-
neered base deaminase [121,122], which performs editing of certain nucleobases (e.g., the
deamination of cytosines into uridines or the deamination of adenosines into inosines) in a
programmed manner, thanks to single guide RNA (sgRNA). An example of the base editing
approach for correcting nonsense mutations in vivo was recently published. In this study,
the components for the adenosine base editor (ABE) system were split into a dual AAV9,
which was delivered either locally (intramuscular injection) or systemically (intraperitoneal
injection) to correct Duchenne muscular dystrophy (DMD) nonsense mutations in a DMD
mouse [123].
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The first CRISPR-based gene therapy was recently approved [124,125]. While it is still
an ex vivo treatment for blood disorders (and not an in vivo systemically delivered drug),
this modality has enormous potential, as it could cure nonsense disorders with a single treat-
ment. Still, some challenges remain for gene and base editing, namely off-target effects [126]
and potential immunogenicity elicited by the exogenous editing machinery [127].

5. Conclusions

Since our last review on this subject [6], new advances in nonsense suppression
modalities have been described, both in the small molecule space and nucleic acid-based
approaches. The different modalities have intrinsic advantages and disadvantages (Table 1).

Table 1. State-of-the-art therapeutic nonsense suppression modalities: mode of action, molecular
targets, potential advantages, and current challenges of the different approaches discussed in this
review. Abbreviations: NMD: nonsense-mediated mRNA decay; PTC: premature stop codons; ADAR:
adenosine deaminases acting on RNA; LNP: lipid nanoparticles; AAV: adeno-associated virus.

Modality Mode of Action Targets Advantages Challenges

Small Molecules

Readthrough
promoters, NMD

inhibition
[29,30,36]

Ribosomal machinery,
translation termination
factors, NMD factors

[36,48,49]

Cellular penetration
Oral administration

Ease of manufacturing
Compound combination
(readthrough and NMD

inhibition) [24,25]

Target specificity
Variable efficiency in

different sequence
contexts

Need for frequent
administration

Nucleic Acid-based
Approaches

Antisense
Oligonucleotides

Skipping of
PTC-harboring

transcripts, degradation of
NMD or translation

termination component
[53–63]

Clinically validated
platform

Target specificity
Duration of effect

Enabling platforms

No PTC repair
PTC-exon skipped

transcript might not be
functional

Toxicity when targeting
NMD or translation
termination factors

tRNA Suppressors

PTCs (mRNA) via
codon-anticodon base

pairing
[65,66]

Delivered in LNPs or as
gene

therapy [67,68]

Off-target effects
Efficiency dependent on

sequence context [71]

ADAR-mediated RNA
editing

PTCs (mRNA) via A-to-I
[76–82]

Delivered as modified
oligos or

AAV-encoded guide RNAs
Potential for reversal to

wild-type (W-to-X
nonsense mutations)

[76,82–87,92]

Expression of ADAR in
different tissues

Unclear if affects NMD
Immunogenicity (if ADAR
is co-delivered) [95–100]

Targeted RNA
Pseudouridylation

PTCs (mRNA) via U-to-Ψ
[110–112]

Repair in different
sequence contexts

Endogenous machinery
ubiquitously expressed

NMD inhibition [112–114]

Efficiency (can be boosted
by co-expression of a

tRNA) [116]

CRISPR-mediated Base
Editing PTCs (DNA)

No DNA double-stranded
break

required
Single treatment

[120–122]

Permanent off-target
effects

Immunogenicity
(exogenous machinery)

[126,127]

The development of small molecule nonsense suppression agents holds great promise
for treating nonsense disorders. Despite promising preclinical studies, clinical success is
still difficult to achieve. There are multiple ways in which small molecules can somehow
promote readthrough and/or inhibit the NMD pathway. Many researchers in this space
have evaluated for several years which pathways show the most promise in developing
clinically effective nonsense suppression agents. Perhaps more answers could emerge
from yet-to-be-discovered pathways or combined therapies targeting several nonsense-
related mechanisms concurrently. More therapeutic interventions could also arise from
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a combination of nonsense suppression agents with corrector molecules [128,129] for the
instances where the incorporated amino acid does not fully restore the protein’s function.
Further, a proper pharmacokinetic and pharmacodynamic profiling of readthrough agents
in preclinical studies is essential for creating treatments that achieve sufficient tissue
exposure [45]. A recent review discussed important preclinical aspects that need further
consideration to develop safe and effective small molecule readthrough therapies [25].

On the other hand, nucleic acid-based modalities offer a plethora of mechanisms of
action with different complexities to correct or repair the underlying cause of nonsense
disorders. Since our last review discussing nucleic acid-based strategies [6], there have been
multiple breakthroughs in several enabling technologies, such as chemical modification
patterns [130], manufacturing methods [131], tissue-specific oligonucleotide conjugates
for targeted delivery [132], and innovative viral or non-viral delivery methods [133,134].
Arguably, the wealth of knowledge from dozens of clinical trials establishing new regulatory
pathways for future developments is almost as significant. This is an essential aspect,
particularly in the context of new modalities.

However, despite the technological developments described in this review, it is still
necessary to further understand the biology of nonsense suppression in order to develop
safer and more efficacious readthrough drugs. For instance, in the context of the devel-
opment of nonsense suppression strategies, it is essential to understand the exact role
of NMD in the PTC transcript of interest. The NMD efficiency could impact the disease
phenotype, for example, if a particular readthrough approach is less effective, it would be
crucial to increase the mRNA level to boost protein translation to a level that is potentially
above the threshold needed to reduce phenotype severity. It is also worth considering that
readthrough efficiencies are often calculated in many studies using overexpressed fluo-
rescent intron-lacking reporter systems [135], which could have some limitations in fully
representing the endogenous expression of PTC-containing transcripts in primary cells.

Author Contributions: Conceptualization, P.M. and Y.-T.Y.; writing—original draft preparation, P.M.
and Y.-T.Y.; writing—review and editing, P.M., Y.-T.Y. and R.Z.; figure and reference preparation—R.Z.,
P.M. and Y.-T.Y.; funding acquisition, Y.-T.Y. All authors have read and agreed to the published version
of the manuscript.

Funding: The research performed by the Yu laboratory was funded by grant NIH R01GM138387 from
the National Institutes of Health (NIH) and grant GFF521008 from the Gilbert Family Foundation (GFF).

Acknowledgments: We thank the members of the Yu lab for their insightful discussions. P.M. would
like to thank Marta Mosquera for her input and valuable exchanges.

Conflicts of Interest: P.M. is an employee of Bayer Pharmaceuticals; he was previously employed at
ProQR Therapeutics as a scientific director for targeted pseudouridylation technology. The remaining
authors declare no conflicts of interest.

References
1. Hinzpeter, A.; Sermet-Gaudelus, I.; Sheppard, D.N. Suppressing ‘nonsense’ in cystic fibrosis. J. Physiol. 2020, 598, 429–430.

[CrossRef] [PubMed]
2. Gutmann, D.H. Putting a stop to nonsense: Revisiting gene correction therapy for neurofibromatosis type 1. Mol. Ther. Nucleic

Acids 2023, 33, 810–812. [CrossRef] [PubMed]
3. Borgatti, M.; Altamura, E.; Salvatori, F.; D’Aversa, E.; Altamura, N. Screening Readthrough Compounds to Suppress Nonsense

Mutations: Possible Application to β-Thalassemia. J. Clin. Med. 2020, 9, 289. [CrossRef] [PubMed]
4. Bezzerri, V.; Api, M.; Allegri, M.; Fabrizzi, B.; Corey, S.J.; Cipolli, M. Nonsense Suppression Therapy: New Hypothesis for the

Treatment of Inherited Bone Marrow Failure Syndromes. Int. J. Mol. Sci. 2020, 21, 4672. [CrossRef] [PubMed]
5. Aartsma-Rus, A.; Ginjaar, I.B.; Bushby, K. The importance of genetic diagnosis for Duchenne muscular dystrophy. J. Med. Genet.

2016, 53, 145–151. [CrossRef] [PubMed]
6. Morais, P.; Adachi, H.; Yu, Y.T. Suppression of Nonsense Mutations by New Emerging Technologies. Int. J. Mol. Sci. 2020, 21, 4394.

[CrossRef] [PubMed]
7. Hellen, C.U.T. Translation Termination and Ribosome Recycling in Eukaryotes. Cold Spring Harb. Perspect. Biol. 2018, 10, a032656.

[CrossRef] [PubMed]

https://doi.org/10.1113/JP279267
https://www.ncbi.nlm.nih.gov/pubmed/31869855
https://doi.org/10.1016/j.omtn.2023.08.010
https://www.ncbi.nlm.nih.gov/pubmed/37662971
https://doi.org/10.3390/jcm9020289
https://www.ncbi.nlm.nih.gov/pubmed/31972957
https://doi.org/10.3390/ijms21134672
https://www.ncbi.nlm.nih.gov/pubmed/32630050
https://doi.org/10.1136/jmedgenet-2015-103387
https://www.ncbi.nlm.nih.gov/pubmed/26754139
https://doi.org/10.3390/ijms21124394
https://www.ncbi.nlm.nih.gov/pubmed/32575694
https://doi.org/10.1101/cshperspect.a032656
https://www.ncbi.nlm.nih.gov/pubmed/29735640


Biomedicines 2024, 12, 1284 12 of 17

8. 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]

9. 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] [PubMed]

10. 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]

11. 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]

12. Heuer, A.; Gerovac, M.; Schmidt, C.; Trowitzsch, S.; Preis, A.; Kötter, P.; Berninghausen, O.; Becker, T.; Beckmann, R.; Tampé, R.
Structure of the 40S-ABCE1 post-splitting complex in ribosome recycling and translation initiation. Nat. Struct. Mol. Biol. 2017,
24, 453–460. [CrossRef] [PubMed]

13. Floquet, C.; Hatin, I.; Rousset, J.P.; Bidou, L. Statistical analysis of readthrough levels for nonsense mutations in mammalian cells
reveals a major determinant of response to gentamicin. PLoS Genet. 2012, 8, e1002608. [CrossRef] [PubMed]

14. Dabrowski, M.; Bukowy-Bieryllo, Z.; Jackson, C.L.; Zietkiewicz, E. Properties of Non-Aminoglycoside Compounds Used to
Stimulate Translational Readthrough of PTC Mutations in Primary Ciliary Dyskinesia. Int. J. Mol. Sci. 2021, 22, 4923. [CrossRef]
[PubMed]

15. Firth, A.E.; Wills, N.M.; Gesteland, R.F.; Atkins, J.F. Stimulation of stop codon readthrough: Frequent presence of an extended 3′

RNA structural element. Nucleic Acids Res. 2011, 39, 6679–6691. [CrossRef] [PubMed]
16. Mangkalaphiban, K.; Fu, L.; Du, M.; Thrasher, K.; Keeling, K.M.; Bedwell, D.M.; Jacobson, A. Extended stop codon context

predicts nonsense codon readthrough efficiency in human cells. Nat. Commun. 2024, 15, 2486. [CrossRef] [PubMed]
17. 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]
18. Park, Y.; Park, J.; Hwang, H.J.; Kim, B.; Jeong, K.; Chang, J.; Lee, J.B.; Kim, Y.K. Nonsense-mediated mRNA decay factor UPF1

promotes aggresome formation. Nat. Commun. 2020, 11, 3106. [CrossRef] [PubMed]
19. 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] [PubMed]
20. López-Perrote, A.; Castaño, 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] [PubMed]

21. Maquat, 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] [PubMed]

22. Medghalchi, S.M.; Frischmeyer, P.A.; Mendell, J.T.; Kelly, A.G.; Lawler, A.M.; Dietz, H.C. Rent1, a trans-effector of nonsense-
mediated mRNA decay, is essential for mammalian embryonic viability. Hum. Mol. Genet. 2001, 10, 99–105. [CrossRef]
[PubMed]

23. Echols, J.; Siddiqui, A.; Dai, Y.; Havasi, V.; Sun, R.; Kaczmarczyk, A.; Keeling, K.M. A regulated NMD mouse model supports
NMD inhibition as a viable therapeutic option to treat genetic diseases. Dis. Model. Mech. 2020, 13, dmm044891. [CrossRef]
[PubMed]

24. Brayshaw, L.L.; Martinez-Fleites, C.; Athanasopoulos, T.; Southgate, T.; Jespers, L.; Herring, C. The role of small molecules in cell
and gene therapy. RSC Med. Chem. 2021, 12, 330–352. [CrossRef] [PubMed]

25. Spelier, S.; van Doorn, E.P.M.; van der Ent, C.K.; Beekman, J.M.; Koppens, M.A.J. Readthrough compounds for nonsense
mutations: Bridging the translational gap. Trends Mol. Med. 2023, 29, 297–314. [CrossRef] [PubMed]

26. 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] [PubMed]

27. Krause, K.M.; Serio, A.W.; Kane, T.R.; Connolly, L.E. Aminoglycosides: An Overview. Cold Spring Harb. Perspect. Med. 2016,
6, a027029. [CrossRef] [PubMed]

28. Michorowska, S. Ataluren—Promising Therapeutic Premature Termination Codon Readthrough Frontrunner. Pharmaceuticals
2021, 14, 785. [CrossRef] [PubMed]

29. Martins-Dias, P.; Romão, L. Nonsense suppression therapies in human genetic diseases. Cell. Mol. Life Sci. 2021, 78, 4677–4701.
[CrossRef] [PubMed]

30. Wagner, R.N.; Wießner, M.; Friedrich, A.; Zandanell, J.; Breitenbach-Koller, H.; Bauer, J.W. Emerging Personalized Opportunities
for Enhancing Translational Readthrough in Rare Genetic Diseases and Beyond. Int. J. Mol. Sci. 2023, 24, 6101. [CrossRef]
[PubMed]

31. Ng, M.Y.; Li, H.; Ghelfi, M.D.; Goldman, Y.E.; Cooperman, B.S. Ataluren and aminoglycosides stimulate read-through of nonsense
codons by orthogonal mechanisms. Proc. Natl. Acad. Sci. USA 2021, 118, e2020599118. [CrossRef] [PubMed]

32. Wang, Z.; Shi, J.; Tao, D.; Xie, S.; Yang, Y.; Liu, Y. Nonsense suppression induces read-through of a novel BMPR1A variant in a
Chinese family with hereditary colorectal cancer. Ann. Hum. Genet. 2024. early view. [CrossRef] [PubMed]

https://doi.org/10.1017/S135583820099143X
https://www.ncbi.nlm.nih.gov/pubmed/10744022
https://doi.org/10.1101/gad.1770109
https://www.ncbi.nlm.nih.gov/pubmed/19417105
https://doi.org/10.1016/j.celrep.2014.04.058
https://www.ncbi.nlm.nih.gov/pubmed/25001285
https://doi.org/10.1073/pnas.1216730109
https://www.ncbi.nlm.nih.gov/pubmed/23091004
https://doi.org/10.1038/nsmb.3396
https://www.ncbi.nlm.nih.gov/pubmed/28368393
https://doi.org/10.1371/journal.pgen.1002608
https://www.ncbi.nlm.nih.gov/pubmed/22479203
https://doi.org/10.3390/ijms22094923
https://www.ncbi.nlm.nih.gov/pubmed/34066907
https://doi.org/10.1093/nar/gkr224
https://www.ncbi.nlm.nih.gov/pubmed/21525127
https://doi.org/10.1038/s41467-024-46703-z
https://www.ncbi.nlm.nih.gov/pubmed/38509072
https://doi.org/10.1038/s41580-019-0126-2
https://doi.org/10.1038/s41467-020-16939-6
https://www.ncbi.nlm.nih.gov/pubmed/32561765
https://doi.org/10.1016/S0968-0004(98)01208-0
https://www.ncbi.nlm.nih.gov/pubmed/9644970
https://doi.org/10.1093/nar/gkv1527
https://www.ncbi.nlm.nih.gov/pubmed/26740584
https://doi.org/10.1017/S1355838201002229
https://www.ncbi.nlm.nih.gov/pubmed/11333024
https://doi.org/10.1093/hmg/10.2.99
https://www.ncbi.nlm.nih.gov/pubmed/11152657
https://doi.org/10.1242/dmm.044891
https://www.ncbi.nlm.nih.gov/pubmed/32737261
https://doi.org/10.1039/D0MD00221F
https://www.ncbi.nlm.nih.gov/pubmed/34046619
https://doi.org/10.1016/j.molmed.2023.01.004
https://www.ncbi.nlm.nih.gov/pubmed/36828712
https://doi.org/10.1038/nm0496-467
https://www.ncbi.nlm.nih.gov/pubmed/8597960
https://doi.org/10.1101/cshperspect.a027029
https://www.ncbi.nlm.nih.gov/pubmed/27252397
https://doi.org/10.3390/ph14080785
https://www.ncbi.nlm.nih.gov/pubmed/34451881
https://doi.org/10.1007/s00018-021-03809-7
https://www.ncbi.nlm.nih.gov/pubmed/33751142
https://doi.org/10.3390/ijms24076101
https://www.ncbi.nlm.nih.gov/pubmed/37047074
https://doi.org/10.1073/pnas.2020599118
https://www.ncbi.nlm.nih.gov/pubmed/33414181
https://doi.org/10.1111/ahg.12549
https://www.ncbi.nlm.nih.gov/pubmed/38192234


Biomedicines 2024, 12, 1284 13 of 17

33. Liu, X.; Zhang, Y.; Zhang, B.; Gao, H.; Qiu, C. Nonsense suppression induced readthrough of a novel PAX6 mutation in
patient-derived cells of congenital aniridia. Mol. Genet. Genom. Med. 2020, 8, e1198. [CrossRef] [PubMed]

34. McHugh, D.R.; Steele, M.S.; Valerio, D.M.; Miron, A.; Mann, R.J.; LePage, D.F.; Conlon, R.A.; Cotton, C.U.; Drumm, M.L.; Hodges,
C.A. A G542X cystic fibrosis mouse model for examining nonsense mutation directed therapies. PLoS ONE 2018, 13, e0199573.
[CrossRef] [PubMed]

35. Merritt, J.K.; Collins, B.E.; Erickson, K.R.; Dong, H.; Neul, J.L. Pharmacological read-through of R294X Mecp2 in a novel mouse
model of Rett syndrome. Hum. Mol. Genet. 2020, 29, 2461–2470. [CrossRef] [PubMed]

36. McHugh, D.R.; Cotton, C.U.; Hodges, C.A. Synergy between Readthrough and Nonsense Mediated Decay Inhibition in a Murine
Model of Cystic Fibrosis Nonsense Mutations. Int. J. Mol. Sci. 2020, 22, 344. [CrossRef] [PubMed]

37. Durand, S.; Cougot, N.; Mahuteau-Betzer, F.; Nguyen, C.H.; Grierson, D.S.; Bertrand, E.; Tazi, J.; Lejeune, F. Inhibition of
nonsense-mediated mRNA decay (NMD) by a new chemical molecule reveals the dynamic of NMD factors in P-bodies. J. Cell
Biol. 2007, 178, 1145–1160. [CrossRef] [PubMed]

38. Fiorini, F.; Bagchi, D.; Le Hir, H.; Croquette, V. Human Upf1 is a highly processive RNA helicase and translocase with RNP
remodelling activities. Nat. Commun. 2015, 6, 7581. [CrossRef] [PubMed]

39. Chakrabarti, S.; Bonneau, F.; Schüssler, S.; Eppinger, E.; Conti, E. Phospho-dependent and phospho-independent interactions of
the helicase UPF1 with the NMD factors SMG5-SMG7 and SMG6. Nucleic Acids Res. 2014, 42, 9447–9460. [CrossRef] [PubMed]

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

41. Zhao, J.; Li, Z.; Puri, R.; Liu, K.; Nunez, I.; Chen, L.; Zheng, S. Molecular profiling of individual FDA-approved clinical drugs
identifies modulators of nonsense-mediated mRNA decay. Mol. Ther. Nucleic Acids 2022, 27, 304–318. [CrossRef] [PubMed]

42. Wang, X.; Shan, X.; Gregory-Evans, K.; Gregory-Evans, C.Y. RNA-based therapies in animal models of Leber congenital amaurosis
causing blindness. Precis. Clin. Med. 2020, 3, 113–126. [CrossRef] [PubMed]

43. 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] [PubMed]

44. Leubitz, A.; Frydman-Marom, A.; Sharpe, N.; van Duzer, J.; Campbell, K.C.M.; Vanhoutte, F. Safety, Tolerability, and Pharma-
cokinetics 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, 8, 984–994. [CrossRef] [PubMed]

45. Chen, J.; Thrasher, K.; Fu, L.; Wang, W.; Aghamohammadzadeh, S.; Wen, H.; Tang, L.; Keeling, K.M.; Falk Libby, E.; Bedwell,
D.M.; et al. The synthetic aminoglycoside ELX-02 induces readthrough of G550X-CFTR producing superfunctional protein that
can be further enhanced by CFTR modulators. Am. J. Physiol. Lung Cell. Mol. Physiol. 2023, 324, L756–L770. [CrossRef] [PubMed]

46. Bidou, L.; Bugaud, O.; Merer, G.; Coupet, M.; Hatin, I.; Chirkin, E.; Karri, S.; Demais, S.; François, P.; Cintrat, J.C.; et al. 2-
Guanidino-quinazoline promotes the readthrough of nonsense mutations underlying human genetic diseases. Proc. Natl. Acad.
Sci. USA 2022, 119, e2122004119. [CrossRef] [PubMed]

47. Leroy, C.; Spelier, S.; Essonghe, N.C.; Poix, V.; Kong, R.; Gizzi, P.; Bourban, C.; Amand, S.; Bailly, C.; Guilbert, R.; et al. Use
of 2,6-diaminopurine as a potent suppressor of UGA premature stop codons in cystic fibrosis. Mol. Ther. 2023, 31, 970–985.
[CrossRef] [PubMed]

48. 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, 1509.
[CrossRef] [PubMed]

49. Coelho, J.P.L.; Yip, M.C.J.; Oltion, K.; Taunton, J.; Shao, S. The eRF1 degrader SRI-41315 acts as a molecular glue at the ribosomal
decoding center. Nat. Chem. Biol. 2024, 2024, 1–8. [CrossRef] [PubMed]

50. Sharma, J.; Du, M.; Wong, E.; Mutyam, V.; Li, Y.; Chen, J.; Wangen, J.; Thrasher, K.; Fu, L.; Peng, N.; et al. A small molecule that
induces translational readthrough of CFTR nonsense mutations by eRF1 depletion. Nat. Commun. 2021, 12, 4358. [CrossRef]
[PubMed]

51. Baradaran-Heravi, A.; Balgi, A.D.; Hosseini-Farahabadi, S.; Choi, K.; Has, C.; Roberge, M. Effect of small molecule eRF3 degraders
on premature termination codon readthrough. Nucleic Acids Res. 2021, 49, 3692–3708. [CrossRef] [PubMed]

52. Chauvin, C.; Salhi, S.; Le Goff, C.; Viranaicken, W.; Diop, D.; Jean-Jean, O. Involvement of human release factors eRF3a and eRF3b
in translation termination and regulation of the termination complex formation. Mol. Cell. Biol. 2005, 25, 5801–5811. [CrossRef]
[PubMed]

53. 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]

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

55. Michaels, W.E.; Pena-Rasgado, C.; Kotaria, R.; Bridges, R.J.; Hastings, M.L. Open reading frame correction using splice-switching
antisense oligonucleotides for the treatment of cystic fibrosis. Proc. Natl. Acad. Sci. USA 2022, 119, e2114886119. [CrossRef]
[PubMed]

56. Vaz-Drago, R.; Custódio, N.; Carmo-Fonseca, M. Deep intronic mutations and human disease. Hum. Genet. 2017, 136, 1093–1111.
[CrossRef] [PubMed]

https://doi.org/10.1002/mgg3.1198
https://www.ncbi.nlm.nih.gov/pubmed/32125788
https://doi.org/10.1371/journal.pone.0199573
https://www.ncbi.nlm.nih.gov/pubmed/29924856
https://doi.org/10.1093/hmg/ddaa102
https://www.ncbi.nlm.nih.gov/pubmed/32469049
https://doi.org/10.3390/ijms22010344
https://www.ncbi.nlm.nih.gov/pubmed/33396210
https://doi.org/10.1083/jcb.200611086
https://www.ncbi.nlm.nih.gov/pubmed/17893241
https://doi.org/10.1038/ncomms8581
https://www.ncbi.nlm.nih.gov/pubmed/26138914
https://doi.org/10.1093/nar/gku578
https://www.ncbi.nlm.nih.gov/pubmed/25013172
https://doi.org/10.1186/1750-1172-7-58
https://www.ncbi.nlm.nih.gov/pubmed/22938201
https://doi.org/10.1016/j.omtn.2021.12.003
https://www.ncbi.nlm.nih.gov/pubmed/35024243
https://doi.org/10.1093/pcmedi/pbaa009
https://www.ncbi.nlm.nih.gov/pubmed/35692607
https://doi.org/10.1165/rcmb.2013-0282OC
https://www.ncbi.nlm.nih.gov/pubmed/24251786
https://doi.org/10.1002/cpdd.647
https://www.ncbi.nlm.nih.gov/pubmed/30650260
https://doi.org/10.1152/ajplung.00038.2023
https://www.ncbi.nlm.nih.gov/pubmed/37014818
https://doi.org/10.1073/pnas.2122004119
https://www.ncbi.nlm.nih.gov/pubmed/35994666
https://doi.org/10.1016/j.ymthe.2023.01.014
https://www.ncbi.nlm.nih.gov/pubmed/36641622
https://doi.org/10.1038/s41467-020-15140-z
https://www.ncbi.nlm.nih.gov/pubmed/32198346
https://doi.org/10.1038/s41589-023-01521-0
https://www.ncbi.nlm.nih.gov/pubmed/38172604
https://doi.org/10.1038/s41467-021-24575-x
https://www.ncbi.nlm.nih.gov/pubmed/34272367
https://doi.org/10.1093/nar/gkab194
https://www.ncbi.nlm.nih.gov/pubmed/33764477
https://doi.org/10.1128/MCB.25.14.5801-5811.2005
https://www.ncbi.nlm.nih.gov/pubmed/15987998
https://doi.org/10.1016/S0960-8966(99)00010-3
https://doi.org/10.1002/(SICI)1097-4598(199706)20:6%3C728::AID-MUS10%3E3.0.CO;2-Q
https://doi.org/10.1073/pnas.2114886119
https://www.ncbi.nlm.nih.gov/pubmed/35017302
https://doi.org/10.1007/s00439-017-1809-4
https://www.ncbi.nlm.nih.gov/pubmed/28497172


Biomedicines 2024, 12, 1284 14 of 17

57. Dulla, K.; Aguila, M.; Lane, A.; Jovanovic, K.; Parfitt, D.A.; Schulkens, I.; Chan, H.L.; Schmidt, I.; Beumer, W.; Vorthoren, L.; et al.
Splice-Modulating Oligonucleotide QR-110 Restores CEP290 mRNA and Function in Human c.2991+1655A>G LCA10 Models.
Mol. Ther. Nucleic Acids 2018, 12, 730–740. [CrossRef] [PubMed]

58. 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] [PubMed]

59. Keenan, M.M.; Huang, L.; Jordan, N.J.; Wong, E.; Cheng, Y.; Valley, H.C.; Mahiou, J.; 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] [PubMed]

60. Sanderlin, E.J.; Keenan, M.M.; Mense, M.; Revenko, A.S.; Monia, B.P.; Guo, S.; Huang, L. CFTR mRNAs with nonsense codons are
degraded by the SMG6-mediated endonucleolytic decay pathway. Nat. Commun. 2022, 13, 2344. [CrossRef] [PubMed]

61. 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]
[PubMed]

62. 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] [PubMed]

63. Kim, Y.J.; Nomakuchi, T.; Papaleonidopoulou, F.; Yang, L.; Zhang, Q.; Krainer, A.R. Gene-specific nonsense-mediated mRNA
decay targeting for cystic fibrosis therapy. Nat. Commun. 2022, 13, 2978. [CrossRef] [PubMed]

64. Chang, J.C.; Temple, G.F.; Trecartin, R.F.; Kan, Y.W. Suppression of the nonsense mutation in homozygous beta 0 thalassaemia.
Nature 1979, 281, 602–603. [CrossRef] [PubMed]

65. 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] [PubMed]

66. Panchal, R.G.; Wang, S.; McDermott, J.; Link, C.J., Jr. Partial functional correction of xeroderma pigmentosum group A cells by
suppressor tRNA. Hum. Gene Ther. 1999, 10, 2209–2219. [CrossRef] [PubMed]

67. Albers, S.; Allen, E.C.; Bharti, N.; Davyt, M.; Joshi, D.; Perez-Garcia, C.G.; Santos, L.; Mukthavaram, R.; Delgado-Toscano, M.A.;
Molina, B.; et al. Engineered tRNAs suppress nonsense mutations in cells and in vivo. Nature 2023, 618, 842–848. [CrossRef]
[PubMed]

68. Wang, J.; Zhang, Y.; Mendonca, C.A.; Yukselen, O.; Muneeruddin, K.; Ren, L.; Liang, J.; Zhou, C.; Xie, J.; Li, J.; et al. AAV-delivered
suppressor tRNA overcomes a nonsense mutation in mice. Nature 2022, 604, 343–348. [CrossRef]

69. Porter, J.J.; Heil, C.S.; Lueck, J.D. Therapeutic promise of engineered nonsense suppressor tRNAs. Wiley Interdiscip. Rev. RNA
2021, 12, e1641. [CrossRef]

70. Dolgin, E. tRNA therapeutics burst onto startup scene. Nat. Biotechnol. 2022, 40, 283–286. [CrossRef] [PubMed]
71. Coller, J.; Ignatova, Z. tRNA therapeutics for genetic diseases. Nat. Rev. Drug Discov. 2024, 23, 108–125. [CrossRef] [PubMed]
72. Lueck, J.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., Jr.; et al. Engineered transfer RNAs for suppression of premature termination codons. Nat. Commun. 2019, 10, 822.
[CrossRef] [PubMed]

73. Ko, W.; Porter, J.J.; Sipple, M.T.; Edwards, K.M.; Lueck, J.D. Efficient suppression of endogenous CFTR nonsense mutations using
anticodon-engineered transfer RNAs. Mol. Ther. Nucleic Acids 2022, 28, 685–701. [CrossRef]

74. Valley, H.C.; Bukis, K.M.; Bell, A.; Cheng, Y.; Wong, E.; Jordan, N.J.; Allaire, N.E.; Sivachenko, A.; Liang, F.; Bihler, H.; et al.
Isogenic cell models of cystic fibrosis-causing variants in natively expressing pulmonary epithelial cells. J. Cyst. Fibros. 2019,
18, 476–483. [CrossRef] [PubMed]

75. Bharti, N.; Santos, L.; Davyt, M.; Behrmann, S.; Eichholtz, M.; Jimenez-Sanchez, A.; Hong, J.S.; Rab, A.; Sorscher, E.J.; Albers,
S.; et al. Translation velocity determines the efficacy of engineered suppressor tRNAs on pathogenic nonsense mutations. Nat.
Commun. 2024, 15, 2957. [CrossRef] [PubMed]

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

77. Montiel-Gonzalez, M.F.; Vallecillo-Viejo, I.; Yudowski, G.A.; Rosenthal, J.J. 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]

78. Stafforst, T.; Schneider, M.F. An RNA-deaminase conjugate selectively repairs point mutations. Angew. Chem. Int. Ed. Engl. 2012,
51, 11166–11169. [CrossRef] [PubMed]

79. Schneider, M.F.; Wettengel, J.; Hoffmann, P.C.; Stafforst, T. Optimal guideRNAs for re-directing deaminase activity of hADAR1
and hADAR2 in trans. Nucleic Acids Res. 2014, 42, e87. [CrossRef] [PubMed]

80. Montiel-González, M.F.; Vallecillo-Viejo, I.C.; Rosenthal, J.J. An efficient system for selectively altering genetic information within
mRNAs. Nucleic Acids Res. 2016, 44, e157. [CrossRef] [PubMed]

81. Vallecillo-Viejo, I.C.; Liscovitch-Brauer, N.; Montiel-Gonzalez, M.F.; Eisenberg, E.; Rosenthal, J.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]

https://doi.org/10.1016/j.omtn.2018.07.010
https://www.ncbi.nlm.nih.gov/pubmed/30114557
https://doi.org/10.1186/s13059-017-1386-9
https://www.ncbi.nlm.nih.gov/pubmed/29334995
https://doi.org/10.1165/rcmb.2018-0316OC
https://www.ncbi.nlm.nih.gov/pubmed/30836009
https://doi.org/10.1038/s41467-022-29935-9
https://www.ncbi.nlm.nih.gov/pubmed/35487895
https://doi.org/10.1089/nat.2019.0779
https://www.ncbi.nlm.nih.gov/pubmed/31070517
https://doi.org/10.1038/nbt.3427
https://www.ncbi.nlm.nih.gov/pubmed/26655495
https://doi.org/10.1038/s41467-022-30668-y
https://www.ncbi.nlm.nih.gov/pubmed/35624092
https://doi.org/10.1038/281602a0
https://www.ncbi.nlm.nih.gov/pubmed/492326
https://doi.org/10.1038/296537a0
https://www.ncbi.nlm.nih.gov/pubmed/6803169
https://doi.org/10.1089/10430349950017194
https://www.ncbi.nlm.nih.gov/pubmed/10498252
https://doi.org/10.1038/s41586-023-06133-1
https://www.ncbi.nlm.nih.gov/pubmed/37258671
https://doi.org/10.1038/s41586-022-04533-3
https://doi.org/10.1002/wrna.1641
https://doi.org/10.1038/s41587-022-01252-y
https://www.ncbi.nlm.nih.gov/pubmed/35210613
https://doi.org/10.1038/s41573-023-00829-9
https://www.ncbi.nlm.nih.gov/pubmed/38049504
https://doi.org/10.1038/s41467-019-08329-4
https://www.ncbi.nlm.nih.gov/pubmed/30778053
https://doi.org/10.1016/j.omtn.2022.04.033
https://doi.org/10.1016/j.jcf.2018.12.001
https://www.ncbi.nlm.nih.gov/pubmed/30563749
https://doi.org/10.1038/s41467-024-47258-9
https://www.ncbi.nlm.nih.gov/pubmed/38580646
https://doi.org/10.1073/pnas.92.18.8298
https://www.ncbi.nlm.nih.gov/pubmed/7545300
https://doi.org/10.1073/pnas.1306243110
https://www.ncbi.nlm.nih.gov/pubmed/24108353
https://doi.org/10.1002/anie.201206489
https://www.ncbi.nlm.nih.gov/pubmed/23038402
https://doi.org/10.1093/nar/gku272
https://www.ncbi.nlm.nih.gov/pubmed/24744243
https://doi.org/10.1093/nar/gkw738
https://www.ncbi.nlm.nih.gov/pubmed/27557710
https://doi.org/10.1080/15476286.2017.1387711
https://www.ncbi.nlm.nih.gov/pubmed/29099293


Biomedicines 2024, 12, 1284 15 of 17

82. Doherty, E.E.; Wilcox, X.E.; van Sint Fiet, L.; Kemmel, C.; Turunen, J.J.; Klein, B.; Tantillo, D.J.; Fisher, A.J.; Beal, P.A. Rational
Design of RNA Editing Guide Strands: Cytidine Analogs at the Orphan Position. J. Am. Chem. Soc. 2021, 143, 6865–6876.
[CrossRef] [PubMed]

83. Vogel, P.; Schneider, M.F.; Wettengel, J.; Stafforst, T. Improving site-directed RNA editing in vitro and in cell culture by chemical
modification of the guideRNA. Angew. Chem. Int. Ed. Engl. 2014, 53, 6267–6271. [CrossRef] [PubMed]

84. Monian, P.; Shivalila, C.; Lu, G.; Shimizu, M.; Boulay, D.; Bussow, K.; Byrne, M.; Bezigian, A.; Chatterjee, A.; Chew, D.; et al.
Endogenous ADAR-mediated RNA editing in non-human primates using stereopure chemically modified oligonucleotides. Nat.
Biotechnol. 2022, 40, 1093–1102. [CrossRef] [PubMed]

85. Doherty, E.E.; Beal, P.A. Oligonucleotide-directed RNA editing in primates. Mol. Ther. 2022, 30, 2117–2119. [CrossRef]
86. 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]
87. Yi, Z.; Qu, L.; Tang, H.; Liu, Z.; Liu, Y.; Tian, F.; Wang, C.; Zhang, X.; Feng, Z.; Yu, Y.; et al. Engineered circular ADAR-recruiting

RNAs increase the efficiency and fidelity of RNA editing in vitro and in vivo. Nat. Biotechnol. 2022, 40, 946–955. [CrossRef]
[PubMed]

88. Diaz Quiroz, J.F.; Ojha, N.; Shayhidin, E.E.; De Silva, D.; Dabney, J.; Lancaster, A.; Coull, J.; Milstein, S.; Fraley, A.W.; Brown, C.R.;
et al. Development of a selection assay for small guide RNAs that drive efficient site-directed RNA editing. Nucleic Acids Res.
2023, 51, e41. [CrossRef] [PubMed]

89. Schneider, N.; Steinberg, R.; Ben-David, A.; Valensi, J.; David-Kadoch, G.; Rosenwasser, Z.; Banin, E.; Levanon, E.Y.; Sharon, D.;
Ben-Aroya, S. A pipeline for identifying guide RNA sequences that promote RNA editing of nonsense mutations that cause
inherited retinal diseases. Mol. Ther. Nucleic Acids 2024, 35, 102130. [CrossRef] [PubMed]

90. Reautschnig, P.; Wahn, N.; Wettengel, J.; Schulz, A.E.; Latifi, N.; Vogel, P.; Kang, T.W.; Pfeiffer, L.S.; Zarges, C.; Naumann, U.; et al.
CLUSTER guide RNAs enable precise and efficient RNA editing with endogenous ADAR enzymes in vivo. Nat. Biotechnol. 2022,
40, 759–768. [CrossRef] [PubMed]

91. Katrekar, D.; Yen, J.; Xiang, Y.; Saha, A.; Meluzzi, D.; Savva, Y.; Mali, P. Efficient in vitro and in vivo RNA editing via recruitment
of endogenous ADARs using circular guide RNAs. Nat. Biotechnol. 2022, 40, 938–945. [CrossRef] [PubMed]

92. Yi, Z.; Zhao, Y.; Yi, Z.; Zhang, Y.; Tang, G.; Zhang, X.; Tang, H.; Zhang, W.; Zhao, Y.; Xu, H.; et al. Utilizing AAV-mediated
LEAPER 2.0 for programmable RNA editing in non-human primates and nonsense mutation correction in humanized Hurler
syndrome mice. Genome Biol. 2023, 24, 243. [CrossRef] [PubMed]

93. Lenharo, M. Move over, CRISPR: RNA-editing therapies pick up steam. Nature 2024, 626, 933–934. [CrossRef] [PubMed]
94. Mullard, A. RNA-editing drugs advance into clinical trials. Nat. Rev. Drug Discov. 2024, 23, 323–326. [CrossRef] [PubMed]
95. Huntley, M.A.; Lou, M.; Goldstein, L.D.; Lawrence, M.; Dijkgraaf, G.J.; Kaminker, J.S.; Gentleman, R. Complex regulation of

ADAR-mediated RNA-editing across tissues. BMC Genom. 2016, 17, 61. [CrossRef] [PubMed]
96. Duan, Y.; Tang, X.; Lu, J. Evolutionary driving forces of A-to-I editing in metazoans. Wiley Interdiscip. Rev. RNA 2022, 13, e1666.

[CrossRef] [PubMed]
97. Booth, B.J.; Nourreddine, S.; Katrekar, D.; Savva, Y.; Bose, D.; Long, T.J.; Huss, D.J.; Mali, P. RNA editing: Expanding the potential

of RNA therapeutics. Mol. Ther. 2023, 31, 1533–1549. [CrossRef]
98. Jayan, G.C.; Casey, J.L. Increased RNA editing and inhibition of hepatitis delta virus replication by high-level expression of

ADAR1 and ADAR2. J. Virol. 2002, 76, 3819–3827. [CrossRef] [PubMed]
99. Hsiao, Y.E.; Bahn, J.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]
100. 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]
101. Zhang, D.; Zhu, L.; Gao, Y.; Wang, Y.; Li, P. RNA editing enzymes: Structure, biological functions and applications. Cell Biosci.

2024, 14, 34. [CrossRef] [PubMed]
102. Morais, P.; Adachi, H.; Yu, Y.T. The Critical Contribution of Pseudouridine to mRNA COVID-19 Vaccines. Front. Cell Dev. Biol.

2021, 9, 789427. [CrossRef] [PubMed]
103. Ganot, P.; Caizergues-Ferrer, M.; Kiss, T. The family of box ACA small nucleolar RNAs is defined by an evolutionarily conserved

secondary structure and ubiquitous sequence elements essential for RNA accumulation. Genes Dev. 1997, 11, 941–956. [CrossRef]
[PubMed]

104. Bousquet-Antonelli, C.; Henry, Y.; G’Elugne, J.P.; Caizergues-Ferrer, M.; Kiss, T. A small nucleolar RNP protein is required for
pseudouridylation of eukaryotic ribosomal RNAs. Embo J. 1997, 16, 4770–4776. [CrossRef] [PubMed]

105. Ni, J.; Tien, A.L.; Fournier, M.J. Small nucleolar RNAs direct site-specific synthesis of pseudouridine in ribosomal RNA. Cell 1997,
89, 565–573. [CrossRef] [PubMed]

106. Morais, P.; Adachi, H.; Yu, Y.T. Spliceosomal snRNA Epitranscriptomics. Front. Genet. 2021, 12, 652129. [CrossRef] [PubMed]
107. Czekay, D.P.; Kothe, U. H/ACA Small Ribonucleoproteins: Structural and Functional Comparison Between Archaea and

Eukaryotes. Front. Microbiol. 2021, 12, 654370. [CrossRef]
108. Xiao, M.; Yang, C.; Schattner, P.; Yu, Y.T. Functionality and substrate specificity of human box H/ACA guide RNAs. Rna 2009,

15, 176–186. [CrossRef] [PubMed]

https://doi.org/10.1021/jacs.0c13319
https://www.ncbi.nlm.nih.gov/pubmed/33939417
https://doi.org/10.1002/anie.201402634
https://www.ncbi.nlm.nih.gov/pubmed/24890431
https://doi.org/10.1038/s41587-022-01225-1
https://www.ncbi.nlm.nih.gov/pubmed/35256816
https://doi.org/10.1016/j.ymthe.2022.04.005
https://doi.org/10.1038/s41592-019-0323-0
https://doi.org/10.1038/s41587-021-01180-3
https://www.ncbi.nlm.nih.gov/pubmed/35145313
https://doi.org/10.1093/nar/gkad098
https://www.ncbi.nlm.nih.gov/pubmed/36840708
https://doi.org/10.1016/j.omtn.2024.102130
https://www.ncbi.nlm.nih.gov/pubmed/38375504
https://doi.org/10.1038/s41587-021-01105-0
https://www.ncbi.nlm.nih.gov/pubmed/34980913
https://doi.org/10.1038/s41587-021-01171-4
https://www.ncbi.nlm.nih.gov/pubmed/35145312
https://doi.org/10.1186/s13059-023-03086-6
https://www.ncbi.nlm.nih.gov/pubmed/37872590
https://doi.org/10.1038/d41586-024-00275-6
https://www.ncbi.nlm.nih.gov/pubmed/38366220
https://doi.org/10.1038/d41573-024-00070-y
https://www.ncbi.nlm.nih.gov/pubmed/38637628
https://doi.org/10.1186/s12864-015-2291-9
https://www.ncbi.nlm.nih.gov/pubmed/26768488
https://doi.org/10.1002/wrna.1666
https://www.ncbi.nlm.nih.gov/pubmed/33998151
https://doi.org/10.1016/j.ymthe.2023.01.005
https://doi.org/10.1128/JVI.76.8.3819-3827.2002
https://www.ncbi.nlm.nih.gov/pubmed/11907222
https://doi.org/10.1101/gr.231209.117
https://www.ncbi.nlm.nih.gov/pubmed/29724793
https://doi.org/10.1038/s41587-019-0178-z
https://www.ncbi.nlm.nih.gov/pubmed/31308540
https://doi.org/10.1186/s13578-024-01216-6
https://www.ncbi.nlm.nih.gov/pubmed/38493171
https://doi.org/10.3389/fcell.2021.789427
https://www.ncbi.nlm.nih.gov/pubmed/34805188
https://doi.org/10.1101/gad.11.7.941
https://www.ncbi.nlm.nih.gov/pubmed/9106664
https://doi.org/10.1093/emboj/16.15.4770
https://www.ncbi.nlm.nih.gov/pubmed/9303321
https://doi.org/10.1016/S0092-8674(00)80238-X
https://www.ncbi.nlm.nih.gov/pubmed/9160748
https://doi.org/10.3389/fgene.2021.652129
https://www.ncbi.nlm.nih.gov/pubmed/33737950
https://doi.org/10.3389/fmicb.2021.654370
https://doi.org/10.1261/rna.1361509
https://www.ncbi.nlm.nih.gov/pubmed/19033376


Biomedicines 2024, 12, 1284 16 of 17

109. Jády, B.E.; Ketele, A.; Moulis, D.; Kiss, T. Guide RNA acrobatics: Positioning consecutive uridines for pseudouridylation by
H/ACA pseudouridylation loops with dual guide capacity. Genes Dev. 2022, 36, 70–83. [CrossRef] [PubMed]

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

111. Huang, L.; Wilkinson, M.F. Regulation of nonsense-mediated mRNA decay. Wiley Interdiscip. Rev. RNA 2012, 3, 807–828.
[CrossRef] [PubMed]

112. Song, J.; Dong, L.; Sun, H.; Luo, N.; Huang, Q.; Li, K.; Shen, X.; Jiang, Z.; Lv, Z.; Peng, L.; et al. CRISPR-free, programmable RNA
pseudouridylation to suppress premature termination codons. Mol. Cell 2023, 83, 139–155.e9. [CrossRef] [PubMed]

113. Dai, Q.; Zhang, L.S.; Sun, H.L.; Pajdzik, K.; Yang, L.; Ye, C.; Ju, C.W.; Liu, S.; Wang, Y.; Zheng, Z.; et al. Quantitative sequencing
using BID-seq uncovers abundant pseudouridines in mammalian mRNA at base resolution. Nat. Biotechnol. 2023, 41, 344–354.
[CrossRef] [PubMed]

114. Adachi, H.; Pan, Y.; He, X.; Chen, J.L.; Klein, B.; Platenburg, G.; Morais, P.; Boutz, P.; Yu, Y.T. Targeted pseudouridylation: An
approach for suppressing nonsense mutations in disease genes. Mol. Cell 2023, 83, 637–651.e9. [CrossRef] [PubMed]

115. Adachi, H.; Yu, Y.T. Pseudouridine-mediated stop codon readthrough in S. cerevisiae is sequence context-independent. RNA 2020,
26, 1247–1256. [CrossRef] [PubMed]

116. Luo, N.; Huang, Q.; Dong, L.; Liu, W.; Song, J.; Sun, H.; Wu, H.; Gao, Y.; Yi, C. Near-cognate tRNAs increase the efficiency and
precision of pseudouridine-mediated readthrough of premature termination codons. Nat. Biotechnol. 2024, 2024, 1–10. [CrossRef]
[PubMed]

117. Geurts, M.H.; Gandhi, S.; Boretto, M.G.; Akkerman, N.; Derks, L.L.M.; van Son, G.; Celotti, M.; Harshuk-Shabso, S.; Peci, F.;
Begthel, H.; et al. One-step generation of tumor models by base editor multiplexing in adult stem cell-derived organoids. Nat.
Commun. 2023, 14, 4998. [CrossRef] [PubMed]

118. Ojanen, M.J.T.; Uusi-Mäkelä, M.I.E.; Harjula, S.E.; Saralahti, A.K.; Oksanen, K.E.; Kähkönen, N.; Määttä, J.A.E.; Hytönen, V.P.;
Pesu, M.; Rämet, M. Intelectin 3 is dispensable for resistance against a mycobacterial infection in zebrafish (Danio rerio). Sci. Rep.
2019, 9, 995. [CrossRef]

119. Lee, C.; Hyun Jo, D.; Hwang, G.H.; Yu, J.; Kim, J.H.; Park, S.E.; 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]

120. Rees, H.A.; Liu, D.R. Base editing: Precision chemistry on the genome and transcriptome of living cells. Nat. Rev. Genet. 2018,
19, 770–788. [CrossRef] [PubMed]

121. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R. Programmable base editing of A•T to
G•C in genomic DNA without DNA cleavage. Nature 2017, 551, 464–471. [CrossRef] [PubMed]

122. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420–424. [CrossRef]

123. Jin, M.; Lin, J.; Li, H.; Li, Z.; Yang, D.; Wang, Y.; Yu, Y.; Shao, Z.; Chen, L.; Wang, Z.; et al. Correction of human nonsense mutation
via adenine base editing for Duchenne muscular dystrophy treatment in mouse. Mol. Ther. Nucleic Acids 2024, 35, 102165.
[CrossRef] [PubMed]

124. Philippidis, A. CASGEVY Makes History as FDA Approves First CRISPR/Cas9 Genome Edited Therapy. Hum. Gene Ther. 2024,
35, 1–4. [CrossRef]

125. Sheridan, C. The world’s first CRISPR therapy is approved: Who will receive it? Nat. Biotechnol. 2024, 42, 3–4. [CrossRef]
[PubMed]

126. Jeong, Y.K.; Song, B.; Bae, S. Current Status and Challenges of DNA Base Editing Tools. Mol. Ther. 2020, 28, 1938–1952. [CrossRef]
127. Mehta, A.; Merkel, O.M. Immunogenicity of Cas9 Protein. J. Pharm. Sci. 2020, 109, 62–67. [CrossRef] [PubMed]
128. Laselva, O.; Eckford, P.D.; Bartlett, C.; Ouyang, H.; Gunawardena, T.N.; Gonska, T.; Moraes, T.J.; Bear, C.E. Functional rescue of

c.3846G>A (W1282X) in patient-derived nasal cultures achieved by inhibition of nonsense mediated decay and protein modulators
with complementary mechanisms of action. J. Cyst. Fibros. 2020, 19, 717–727. [CrossRef] [PubMed]

129. Sharma, J.; Keeling, K.M.; Rowe, S.M. Pharmacological approaches for targeting cystic fibrosis nonsense mutations. Eur. J. Med.
Chem. 2020, 200, 112436. [CrossRef] [PubMed]

130. Egli, M.; Manoharan, M. Chemistry, structure and function of approved oligonucleotide therapeutics. Nucleic Acids Res. 2023, 51,
2529–2573. [CrossRef]

131. Moody, E.R.; Obexer, R.; Nickl, F.; Spiess, R.; Lovelock, S.L. An enzyme cascade enables production of therapeutic oligonucleotides
in a single operation. Science 2023, 380, 1150–1154. [CrossRef] [PubMed]

132. Malecova, B.; Burke, R.S.; Cochran, M.; Hood, M.D.; Johns, R.; Kovach, P.R.; Doppalapudi, V.R.; Erdogan, G.; Arias, J.D.; Darimont,
B.; et al. Targeted tissue delivery of RNA therapeutics using antibody-oligonucleotide conjugates (AOCs). Nucleic Acids Res. 2023,
51, 5901–5910. [CrossRef] [PubMed]

133. Adachi, H.; Hengesbach, M.; Yu, Y.T.; Morais, P. From Antisense RNA to RNA Modification: Therapeutic Potential of RNA-Based
Technologies. Biomedicines 2021, 9, 550. [CrossRef] [PubMed]

https://doi.org/10.1101/gad.349072.121
https://www.ncbi.nlm.nih.gov/pubmed/34916304
https://doi.org/10.1038/nature10165
https://www.ncbi.nlm.nih.gov/pubmed/21677757
https://doi.org/10.1002/wrna.1137
https://www.ncbi.nlm.nih.gov/pubmed/23027648
https://doi.org/10.1016/j.molcel.2022.11.011
https://www.ncbi.nlm.nih.gov/pubmed/36521489
https://doi.org/10.1038/s41587-022-01505-w
https://www.ncbi.nlm.nih.gov/pubmed/36302989
https://doi.org/10.1016/j.molcel.2023.01.009
https://www.ncbi.nlm.nih.gov/pubmed/36764303
https://doi.org/10.1261/rna.076042.120
https://www.ncbi.nlm.nih.gov/pubmed/32434780
https://doi.org/10.1038/s41587-024-02165-8
https://www.ncbi.nlm.nih.gov/pubmed/38448662
https://doi.org/10.1038/s41467-023-40701-3
https://www.ncbi.nlm.nih.gov/pubmed/37591832
https://doi.org/10.1038/s41598-018-37678-1
https://doi.org/10.1016/j.ymthe.2019.05.013
https://www.ncbi.nlm.nih.gov/pubmed/31164261
https://doi.org/10.1038/s41576-018-0059-1
https://www.ncbi.nlm.nih.gov/pubmed/30323312
https://doi.org/10.1038/nature24644
https://www.ncbi.nlm.nih.gov/pubmed/29160308
https://doi.org/10.1038/nature17946
https://doi.org/10.1016/j.omtn.2024.102165
https://www.ncbi.nlm.nih.gov/pubmed/38571746
https://doi.org/10.1089/hum.2023.29263.bfs
https://doi.org/10.1038/d41587-023-00016-6
https://www.ncbi.nlm.nih.gov/pubmed/37989785
https://doi.org/10.1016/j.ymthe.2020.07.021
https://doi.org/10.1016/j.xphs.2019.10.003
https://www.ncbi.nlm.nih.gov/pubmed/31589876
https://doi.org/10.1016/j.jcf.2019.12.001
https://www.ncbi.nlm.nih.gov/pubmed/31831337
https://doi.org/10.1016/j.ejmech.2020.112436
https://www.ncbi.nlm.nih.gov/pubmed/32512483
https://doi.org/10.1093/nar/gkad067
https://doi.org/10.1126/science.add5892
https://www.ncbi.nlm.nih.gov/pubmed/37319201
https://doi.org/10.1093/nar/gkad415
https://www.ncbi.nlm.nih.gov/pubmed/37224533
https://doi.org/10.3390/biomedicines9050550
https://www.ncbi.nlm.nih.gov/pubmed/34068948


Biomedicines 2024, 12, 1284 17 of 17

134. Sheridan, C. Why gene therapies must go virus-free. Nat. Biotechnol. 2023, 41, 737–739. [CrossRef] [PubMed]
135. Nir, R.; Hoernes, T.P.; Muramatsu, H.; Faserl, K.; Karikó, K.; Erlacher, M.D.; Sas-Chen, A.; Schwartz, S. A systematic dissection of

determinants and consequences of snoRNA-guided pseudouridylation of human mRNA. Nucleic Acids Res. 2022, 50, 4900–4916.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41587-023-01824-6
https://www.ncbi.nlm.nih.gov/pubmed/37316735
https://doi.org/10.1093/nar/gkac347
https://www.ncbi.nlm.nih.gov/pubmed/35536311

	Introduction 
	Translation Termination 
	Nonsense-Mediated mRNA Decay Surveillance Pathway 
	Nonsense Suppression Strategies 
	Small Molecules 
	Small Molecules That Promote PTC Readthrough 
	Small Molecules That Suppress NMD 
	Combined Effect of NMD Inhibitors and PTC Readthrough Agents 
	Development of New Nonsense Suppression Small Molecules 
	Small Molecules with Novel Mechanisms 

	Nucleic Acid-Based Approaches 
	Antisense Oligonucleotides 
	tRNA Suppressors 
	ADAR-Mediated RNA Editing 
	Targeted RNA Pseudouridylation 
	CRISPR-Mediated Gene Editing 


	Conclusions 
	References

