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Translational Readthrough-Inducing Drugs (TRIDs) can affect various biomolecular targets, leading to different

types of readthrough.
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| 1. Aminoglycosides

Aminoglycosides are derivatives of polyamine oligosaccharides commonly used as antibiotics to treat Gram-
negative antibacterial infections . In fact, they are capable of binding to the site of the bacterial small ribosome
unit that generally controls codon-anticodon interactions between mRNA and tRNA [, Considering their ribosomal
activity, compounds such as gentamicin, tobramycin, paromomycin, and geneticin (Figure 1) were also studied for

their readthrough-inducing features.
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Figure 1. Structures of some aminoglycoside antibiotics studied for readthrough ability.

Most studies have demonstrated that tobramycin has low efficiency as a PTC suppressor, while gentamicin is very
efficient as a TRID although it presents an undesirable toxic profile because of its ototoxicity and nephrotoxicity &

Some studies have demonstrated that the activity of aminoglycoside TRIDs varies depending on the stop codon
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sequence (UGA, UAA, or UAG) HIEBISI Moreover, the negative side effects of this class of drugs as TRIDs are also
due to the readthrough of correctly positioned stop codons, thus demonstrating a lack of selectivity towards the
premature stop codon. Additionally, aminoglycoside antibiotics cannot be used for long-term therapy (as it would be
required by their use as TRIDs) because of the risk of inducing bacterial resistance [&. An interesting alternative to
gentamicin is represented by ELX-02 (Figure 2), a synthetic aminoglycoside that binds eukaryotic ribosomes and

has been recently claimed to induce the readthrough of PTCs without the toxicity of the antibiotics.
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Figure 2. Structure of ELX-02.

HO

The first study showed that ELX-02 is capable both to restore the synthesis of the CFTR protein in the presence of
nonsense mutations and to increase the levels of mRNA, which indicates that the drug is capable to interact with

the NMD mechanism and/or to stabilize the transcript 21,

ELX-02 exercises its readthrough activity by stabilizing the “exo” conformation of two adenosine residues in rRNA.
Because of this conformation, a near-cognate tRNA can bind the PTC, shifting aside eRF1. In this way, protein
synthesis will continue beyond the PTC in order to generate a full-length protein. ELX-02 shows greater selectivity
for cytoplasmic ribosomes than gentamicin, which results in increased readthrough activity and lower toxicity. In
fact, aminoglycoside toxicity is determined by its affinity for mitochondrial ribosomes, and ELX-02’s affinity for this
site is 100-fold lower than other aminoglycoside antibiotics. As for clinical studies, ELX-02 underwent randomized
double-blind placebo-controlled trials. It was administered subcutaneously in doses of 0.3 to 7.5 mg/kg and
intravenously in doses of 0.3 mg/kg. These studies confirmed that ELX-02 administered subcutaneously is widely
bioavailable, well-tolerated, and does not present toxic effects, such as nephrotoxicity and ototoxicity when

administered in doses within the therapeutic range 2.
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| 2. Oxadiazoles

Oxadiazoles are aromatic heterocyclic rings containing one oxygen and two nitrogen atoms occupying different ring
positions as in 1,2,3- B 1,2,4- BI1A 1 2 5. [11 and 1,3,4-oxadiazoles 1213 (Figure 3). Depending on the relative
position of nitrogen and oxygen atoms, these classes of oxadiazoles possess different characteristics. For
instance, 1,2,4-oxadiazoles have lower water solubility than 1,3,4-oxadiazoles because of the reduced hydrogen
bond acceptor character of the nitrogen in 1,2,4-oxadiazole ring [2l. Moreover, they have been extensively studied

because of their peculiar reactivity 214 and possible applications in material chemistry [22I18I17I[18]119)[20]121] o 55
bioactive compounds [1Q[22](23][24]
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Figure 3. Structures of oxadiazoles.

Of all the four possible classes of oxadiazoles, 1,2,4- and 1,3,4-oxadiazoles are the most studied for their
pharmaceutical properties [22. Their heterocyclic core is present in commercial drugs, such as the antitussive

oxolamine (Perebron®) [28] and antiviral (Raltegravir®) [Z, or potential anticancer drug candidates 28,

In 2007, a fluorinated 1,2,4-oxadiazole, specifically the 3-[5-(2-fluorophenyl)-1,2,4-oxadiazol-3-yl]-benzoic acid also
known as Ataluren or PTC124 (Figure 4), was reported to promote the readthrough of nonsense mutations 22,
Ataluren is capable of promoting the readthrough of UGA, UAG, and UAA codons, but it shows the highest
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readthrough activity for the UGA codon 2929 Since Ataluren is structurally different from aminoglycosides, its
discovery opened the way to a different class of drugs able to treat genetic disorders caused by nonsense
mutations. Additionally, its activity profile within a 0.01-3 pM therapeutic range was better than that of gentamicin
aminoglycoside, which was active as a TRID at much higher concentrations B[22, Furthermore, Ataluren is able to
distinguish between normal and premature stop codons, thus inducing selective readthrough of PTCs without
showing the typical toxicity of aminoglycosides. Indeed, several clinical trials have emphasized the safety and

tolerability of Ataluren, even for long-term treatments [2Q[221(31],

HO R

Figure 4. Structure of Ataluren (also known as PTC124 or Translarna®) and its most active analogs.

Today, Ataluren is marketed under the trade name of Translarna® and has been approved as a therapy for
ambulatory patients aged five years and older affected by Duchenne muscular dystrophy 2. However, its use is
not generally extensible to a wide range of cases since not all patients suffering from pathologies caused by
nonsense mutations found beneficial effects, especially if Ataluren is administered in conjunction with other drugs
(383l For instance, in an Ataluren clinical trial performed on patients affected by cystic fibrosis, and taking tobramycin
by inhalation, the competitive action between Ataluren and aminoglycoside antibiotics was highlighted B3, This
competition could be due to the fact that Ataluren also targets the ribosomal machinery as well as tobramycin,
although the actual biomolecular target could be different for the two drugs. Indeed, Ataluren’s readthrough activity
has been questioned [B4IE3IB36] and its detailed mechanism of action is still debated, despite the fact that the
functionality of rescued full-length proteins has been demonstrated 728l and the consensus is converging towards
its interaction with mRNA 2. Confirmation of Ataluren’s readthrough activity by orthogonal in vitro assays 49
prompted researchers to optimize this lead compound by designing Ataluren’s analogs that could be used for the
treatment of diseases caused by nonsense mutations. The modification of Ataluren’s scaffold could involve either
the oxadiazole heterocyclic core or the attached lateral moieties. In this context, and in the absence of a certain
biomolecular target, computational optimization of Ataluren’s analogs could be achieved by ligand-based virtual
screening. Thus, virtually selected sets of molecules containing either the 1,2,4- or the 1,3,4-oxadiazole core were

synthesized and experimentally tested by FLuc cell-based assays to evaluate their readthrough ability 41(421[43](40]
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In particular, Hela cells were transfected with pFLuc wild-type (pFLuc-wt) or pFLuc-opal (containing the UGA stop
codon) plasmids. The expression of FLuc gene was then evaluated by measuring the luminescence of the
produced luciferase in cells treated with the tested derivatives. However, Auld et al. 23 questioned the validity of
FLuc cell-based assays as a method to evaluate the readthrough activity of Ataluren and its analogs, claiming that
these compounds stabilized FLuc, protecting it from its degradation by trypsin. Therefore, an orthogonal assay was
developed to confirm the readthrough activity of the new compounds that were the most active according to the
Fluc assay (Figure 5A).
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Figure 5. (A) Histogram of luciferase activity shown by HelLa cells after treatment with some of the most active
compounds compared with untreated cells and with Fluc used as positive control; (B) Immunofluorescence of IB3.1
cells untreated (Untr; negative control) or treated with PTC124 (Ataluren; positive control) and compounds 1-5
respectively. Cystic fibrosis transmembrane regulator (CFTR) protein was revealed by a specific antibody targeting
its first external loop (secondary antibody in green, Alexa-488). Nuclei (blue) were DAPI (4',6-diamidino-2-

phenylindole) stained.

To this aim, a reporter plasmid (H2B-GFP-opal), in which the cDNA of the H2B gene is fused to the cDNA of the
green fluorescent protein (GFP) harboring a PTC at Trp58 29 has been generated. Hela cells were then
transfected with the normal (H2B-GFP) and the mutated (H2B-GFP-opal) plasmids and treated with selected
compounds. The detection of H2BGFP by immunofluorescence demonstrated the synthesis of a full-length
H2BGFP protein and hence the occurrence of readthrough. These results were confirmed also by western blotting,
indicating the achievement of a full-length protein 14243l The most active compounds were also tested for
nonsense suppression in the cystic fibrosis bronchial epithelial cell line IB3.1 derived from a CF patient. Also, in this
case, fluorescence microscopy demonstrated the readthrough capacity of these compounds with the consequent
restoring of full-length CFTR and its correct localization on the cell membrane (Figure 5B). Moreover, western
blotting was used to quantify the CFTR level, and it confirmed the significant increase in protein level in cells

treated with Ataluren analogs compared to untreated cells [41142]43],

https://encyclopedia.pub/entry/17984 5/12



Classes of Translational Readthrough-Inducing Drugs | Encyclopedia.pub

Once the readthrough activity of Ataluren-like compounds was also confirmed on the CF model, leading to a
significant increase of CFTR expression (compared to untreated cells) and to its correct location on the cell
membrane, the physiological functionality of the recovered protein needed to be assessed. For this purpose, Fisher
rat thyroid (FRT) cells transfected with a plasmid vector harboring the mutated (G542X) CFTR were used to
evaluate the expression and activity of the CFTR channel. Fluorescence microscopy images indicated the
readthrough of the PTC and the correct position of CFTR at the cell membrane; western blotting allowed to quantify
the level of CFTR protein. The functionality of the CFTR channel can be evaluated by two approaches: on one
hand, FRT cells capable of differentiating in an epithelium can be used to measure the ion current of chloride ions
crossing the epithelium in an Ussing flux chamber, thus giving a functionality response 4. On the other hand, FRT
cells expressing EYFP protein (an ectopically expressed mutant form of the yellow fluorescent protein) can be used
for a quench-EYFP assay based on iodide-mediated fluorescence quenching to evaluate the halide ion flow across
the cell membrane 8. With both approaches an increase in the functionality of the chloride channel was observed

when nonsense CFTR(G542X-0pal) ERT cells were treated with compound one, demonstrating its activity as a TRID
(43],

| 3. Miscellanea

Besides oxadiazoles and aminoglycosides, other small molecules have recently been tested as TRIDs to treat
genetic disorders caused by nonsense mutations, and results concerning their activity are summarized below.
Amlexanox (Figure 6), an antiallergic and anti-inflammatory agent that is administered orally or topically to treat
asthma and aphthous ulcers 48147148 a5 discovered to inhibit NMD and induce PTC readthrough. Although this
double-action has been previously described for geneticin as well as for other TRIDs, Amlexanox is less toxic and
active at lower concentrations than those required for geneticin. Additionally, apparently, Amlexanox is somehow
specific and does not interfere with naturally occurring NMD processes. In this way, the increased number of

mRNAs surviving the NMD results in some recovery of a full-length protein 48],
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Figure 6. Structure of Amlexanox.

https://encyclopedia.pub/entry/17984 6/12



Classes of Translational Readthrough-Inducing Drugs | Encyclopedia.pub

Recently, the nucleoside analog Clitocine (Figure 7) was discovered to induce readthrough with a TRID activity two
to three orders of magnitude higher than gentamicin and geneticin 2. Furthermore, Clitocine has a greater
selectivity towards PTCs than towards normal stop codons. Interestingly, to exert its readthrough activity, it is
necessary that Clitocine is incorporated into mRNA after its conversion into Clitocine-5'-triphosphate. Friesen et al.
49 claim that, surprisingly, the incorporation of Clitocine in the mRNA sequence increased the readthrough of
PTCs, and that readthrough activity was dose-dependent. Moreover, this nucleoside analog is able to induce the

readthrough in tumors harboring a nonsense mutation onto the p53 gene, thus inhibiting the growth of tumors.
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Figure 7. Structure of Clitocine.

Other approaches to suppress the effect of nonsense mutations involve genetic engineering and include the
administration of CRISPR-Cas9 (Crispr-ASsociated), a nuclease that cuts DNA in a sequence-specific manner
guided by a complementary sequence of RNA (gRNA). This strategy, tested for the correction of the CFTR gene,
did not lead to sufficient repair and introduced issues concerning the use of appropriate vectors for the
administration of the complex 2. On the other hand, a recent study reported the use of anticodon engineered
transfer RNAs (ACE-tRNA) as a possible strategy to suppress PTCs and introduced a near-cognate amino acid in
the growing peptide chain. Since ACE-tRNA showed limited interactions with normal stop codons, the use of these

engineered biomolecules represents a promising approach for selective readthrough 211,
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