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Abstract

Nonsense suppression therapy encompasses approaches aimed at suppressing translation 

termination at in-frame premature termination codons (PTCs, also known as nonsense mutations) 

to restore deficient protein function. In this review, we examine the current status of PTC 

suppression as a therapy for genetic diseases caused by nonsense mutations. We discuss what is 

currently known about the mechanism of PTC suppression as well as therapeutic approaches under 

development to suppress PTCs. The approaches considered include readthrough drugs, suppressor 

tRNAs, PTC pseudouridylation, and inhibition of nonsense-mediated mRNA decay. We also 

discuss the barriers that currently limit the clinical application of nonsense suppression therapy 

and suggest how some of these difficulties may be overcome. Finally, we consider how PTC 

suppression may play a role in the clinical treatment of genetic diseases caused by nonsense 

mutations.
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INTRODUCTION

The general public recognizes the names of a relatively small number of genetic diseases, 

such as cystic fibrosis (CF) and Duchenne muscular dystrophy (DMD). Because of their 

prevalence, significant amounts of energy and resources have been devoted to finding 

treatments (and cures) for these diseases. However, according to the National Institutes of 

Health Office of Rare Diseases Research (http://rarediseases.info.nih.gov) and the National 

Organization for Rare Disorders (http://www.rarediseases.org), more than 7,000 distinct 

genetic diseases are present in the human population. The great majority are termed rare 

diseases because they affect fewer than 200,000 Americans, and the pharmaceutical industry 

frequently considers these to not be economically viable targets for drug development. This 

is unfortunate, because in total these maladies affect roughly 1 in 10 Americans. This 

translates to ∼30 million people in the United States, and ∼300 million people worldwide.
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Until very recently, the specific defective genes associated with many of these diseases were 

unknown. However, the advent of next-generation sequencing has led to a revolution in the 

large-scale identification of mutations in both known and novel disease genes. A recent 

study used the Human Gene Mutation Database (http://www.hgmd.org) to carry out a meta-

analysis of more than 7,500 nonsense mutations in 995 different genes causing inherited 

diseases. The results revealed that nonsense mutations [defined as single nucleotide base 

changes within a gene that result in an in-frame premature termination codon (PTC)] 

account for ∼11% of all described gene lesions that cause inherited human diseases (90). 

This high incidence of nonsense mutations in inherited diseases suggests that therapeutic 

strategies aimed at suppressing nonsense mutations (so-called nonsense suppression 

therapies) have the potential to provide a therapeutic benefit for a genotypic subset of 

patients with a broad range of genetic diseases.

RELEVANT FEATURES OF TRANSLATION ELONGATION AND 

TERMINATION

Eukaryotic translation can be divided into four stages: initiation, elongation, termination, 

and recycling. During both the elongation and termination stages of translation, a 

competition for codon binding occurs between aminoacyl-tRNAs and termination factors. 

Nonsense suppression takes place when an amino acid carried by an aminoacyl-tRNA is 

incorporated into the nascent polypeptide at a PTC. This mechanism suppresses translation 

termination at the PTC, which allows continued translation elongation in the proper reading 

frame and the generation of a full-length polypeptide. The amino acid inserted during 

nonsense suppression may not be the one normally encoded. However, as long as the 

substituted amino acid does not carry out an essential function (for example, as a critical 

active site residue), the resulting protein may have normal (or at least partial) activity. 

Furthermore, the amount of function restored will be proportional to the level of PTC 

suppression obtained. In this section, we describe the basic details of elongation and 

termination and the features that make these processes susceptible to drugs that stimulate 

nonsense suppression.

Fidelity During Eukaryotic Translation Elongation

Much of our knowledge of the mechanistic details of translational fidelity is based on 

prokaryotic systems, as recently reviewed (146). Given the high overall conservation of the 

translation process, it is assumed that the key features of fidelity are also conserved in 

eukaryotes, although direct evidence of many aspects of this remains lacking. Translation 

elongation represents the ordered addition of amino acids to the carboxy-terminal end of the 

growing polypeptide chain by ribosomes. The string of mRNA codons (read in the 5′→ 3′ 
direction) determines the order in which amino acids are added to form the primary amino 

acid sequence of each protein. Following each successive translocation step, the growing 

polypeptide chain on the peptidyl-tRNA rests in the ribosomal P site (Figure 1), while the 

codon located in the ribosomal A site awaits recognition by the next aminoacyl-tRNA.

Because the codon in the A site could represent any of the 64 candidates of the genetic code, 

a process of aminoacyl-tRNA (and release factor) sampling occurs during the recognition of 
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each successive codon. Various aminoacyl-tRNAs successively enter the A site as ternary 

complexes with the translation elongation factor eEF1A and GTP until a cognate tRNA 

(carrying an anticodon with a correct match for the codon) is selected (Figure 1). This 

process is monitored at two distinct steps separated by the irreversible step of GTP 

hydrolysis by eEF1A, thus ensuring that aminoacyl-tRNA selection is achieved with a high 

level of accuracy (146). First, the initial selection step mediates rejection of noncognate 

aminoacyl-tRNAs with multiple mismatched base pairs in the codon–anticodon interaction 

prior to GTP hydrolysis by eEF1A. Initially (Figure 1a), structural fluctuations of the tRNA 

scan the codon through an interaction with the decoding center (the network of rRNA and 

proteins in the lower portion of the ribosomal A site that monitors proper codon–anticodon 

interactions). If the initial structural fluctuations of the tRNA reveal that the codon is not a 

proper match, the ternary complex dissociates as a unit and aminoacyl-tRNA sampling 

continues. If correct codon–anticodon interactions are achieved, the tRNA will initially 

reside in a hybrid (A/T) configuration, in which the anticodon is properly positioned in the 

decoding center of the A site but the aminoacyl end has not yet moved into the peptidyl 

transferase center. Attainment of the proper codon–anticodon base pairing allows a series of 

conformational changes to occur in the decoding center that establishes a complex network 

of hydrogen-bonding interactions between the rRNA and tRNA. Ultimately, selection of the 

correct aminoacyl-tRNA leads to domain closure of the small ribosomal subunit and 

activation of GTP hydrolysis by eEF1A (Figure 1a).

In a second step, near-cognate aminoacyl-tRNAs with only a single mismatch in the codon–

anticodon interaction are rejected in the proofreading stage that follows GTP hydrolysis 

(Figure 1b). Phosphate release induces a major conformational change in eEF1A, which 

disrupts its tRNA binding site and facilitates its release from the ternary complex. eEF1A 

release leads to rapid accommodation of the aminoacyl end of the aminoacyl-tRNA into the 

peptidyl transferase center of the 60S ribosomal subunit, allowing peptide bond formation to 

occur. If the codon–anticodon interaction is not cognate, the aminoacyl-tRNA will dissociate 

from the A site along with the eEF1A following GTP hydrolysis. The differences in binding 

affinities between the correct and incorrect aminoacyl-tRNAs during the proofreading stage 

are based on the binding constants of each species and result in the discrimination of cognate 

from near-cognate aminoacyl-tRNAs by a kinetic proofreading mechanism. Dissociation of 

an incorrect aminoacyl-tRNA results in a resumption of tRNA sampling, and the entire cycle 

is repeated until a ternary complex with the correct aminoacyl-tRNA is selected. Once 

peptide bond formation is achieved, translocation occurs, and the entire process is then 

repeated when the next codon enters the ribosomal A site.

Eukaryotic Translation Termination

Two translation termination factors are required to mediate eukaryotic translation 

termination. eRF1 directly recognizes any of the three stop codons (UAA, UAG, and UGA). 

Notably, codon recognition during termination is the only step in translation where a protein 

factor—rather than a nucleic acid adaptor (the tRNA)—serves as the adaptor that decodes a 

codon. The second termination factor, eRF3, is a GTPase that binds eRF1 and assists in the 

termination process. When a stop codon enters the ribosomal A site to form the 

pretermination complex (Figure 2), the process of sampling to identify the appropriate 
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binding partner again occurs. This includes both aminoacyl-tRNAs (in a ternary complex 

with eEF1A and GTP) and the release factor eRF1 (in a ternary complex with eRF3 and 

GTP). Upon initial stop codon recognition by eRF1, GTP hydrolysis by eRF3 induces 

conformational changes in eRF1 that finalize stop codon recognition (114). Accommodation 

of domain 2 of eRF1 subsequently positions its GGQ motif into the peptidyl transferase 

center of the ribosome (2). This allows eRF1 to stimulate hydrolysis of the ester bond of the 

peptidyl-tRNA, thus facilitating the release of the completed polypeptide chain.

The molecular details of stop codon recognition by eRF1 remain poorly understood. 

However, domain-swap experiments using eRF1 clones from variant-code organisms that 

recognize only a subset of stop codons clearly indicate that domain 1 of eRF1 is sufficient to 

mediate stop codon recognition (23, 116). Genetic evidence also suggests that alternative 

eRF1 conformational states may mediate whether polypeptide release occurs at the 

UAA/UAG stop codons or at the UGA codon (Figure 2). It has been suggested that this latter 

recognition event further discriminates between the UGA stop codon and the UGG 

tryptophan codon (40).

The Efficiency of Termination Differs Between Normal Stop Codons and Premature 
Termination Codons

Both the structure of the ribosomal decoding center and the process of aminoacyl-tRNA 

selection are generally conserved between prokaryotes and eukaryotes. This has allowed 

investigators to use high-resolution X-ray structures of prokaryotic ribosomal complexes to 

inform our knowledge of translational fidelity in eukaryotes. In contrast, the molecular 

details of translation termination are much less conserved, which has limited our 

understanding of this process in eukaryotes. However, we know that the process of sampling 

occurs at stop codons by both eRF1 and tRNAs. Accordingly, stop codon recognition by 

eRF1 occasionally can be superseded by a near-cognate aminoacyl-tRNA, resulting in stop 

codon suppression (also referred to as readthrough).

The basal level of termination suppression at naturally occurring stop codons occurs at a 

frequency of <0.1% (84, 131). In contrast, the basal level of termination suppression at PTCs 

occurs at higher frequencies (<1%) (19, 82). This difference may be due to the higher-order 

structure of translating mRNAs and protein–protein interactions that occur within the 

messenger ribonucleoprotein (mRNP) complex (Figure 3). The association of three proteins 

in the mRNP complex leads to a circular mRNA structure known as the closed-loop 

complex. First, the capbinding protein (eIF4E) is bound to the 5′-cap structure of the 

mRNA. Second, poly(A)-binding protein (PABP) is bound to the mRNA poly(A) tail. A 

third protein, eIF4G, simultaneously binds both eIF4E and PABP, resulting in circularization 

of the mRNP complex and formation of the closed-loop complex (55, 62, 142).

The closed-loop configuration serves two important functions. First, it protects the ends of 

the mRNA from exonucleolytic degradation by both the 5′→ 3′ and 3′→ 5′ RNA decay 

pathways (24). In addition, it enhances translation of the mRNA. Because the closed loop 

brings the ends of the mRNA together in close proximity, this structure is thought to enhance 

recycling of translational components from the posttermination complex back to the 5′ end 

of the mRNA following polypeptide chain release, thus increasing the frequency of 
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translation initiation. In addition to its role in the formation of the closed loop, PABP plays 

an important role in translation termination. Because it is bound to the poly(A) tail, PABP is 

normally close to the termination complex at normal stop codons, allowing it to interact with 

eRF3 during translation termination and stimulate polypeptide chain release (27). In 

contrast, termination at a PTC usually does not occur in proximity to the poly(A) tail, which 

limits the interaction between eRF3 and PABP and leads to prolonged ribosomal pausing at 

PTCs (4). This has important implications for nonsense suppression, because it increases the 

extent of aminoacyl-tRNA sampling and makes PTCs more susceptible to readthrough. The 

increased level of pausing at PTCs and their enhanced susceptibility to readthrough are 

exacerbated by readthrough drugs, as described in more detail in the following sections.

CURRENT STATUS OF NONSENSE SUPPRESSION THERAPY

PTC suppression was first described in 1996 as a potential therapy for diseases caused by 

nonsense mutations in the CFTR gene (mutations in which result in the common genetic 

disease CF) (56). That study demonstrated that the aminoglycoside G418 suppresses 

nonsense mutations in the CFTR gene and restores significant levels of both CFTR protein 

and function in cultured cells. Since that initial report, approximately 100 studies have 

investigated the effectiveness of nonsense suppression as a possible treatment for nearly 40 

different diseases (76). Below, we describe the status of investigations that have been 

conducted with current PTC suppression drugs using primarily in vivo models.

Aminoglycosides

Aminoglycosides are a class of antibiotic consisting of a 2-deoxystreptamine ring linked to 

multiple amino sugars. These compounds bind to the ribosomal decoding center (108). As 

described above, the decoding center carries out a proofreading function that monitors 

codon–anticodon interactions to ensure that only cognate aminoacyl-tRNAs are correctly 

accommodated into the peptidyl transferase center where peptide bond formation can occur. 

Aminoglycosides bind strongly to the bacterial decoding center, which leads to 

misincorporation of near-cognate aminoacyl-tRNAs at both sense and stop codons, resulting 

in extensive translational misreading (and inhibition of protein synthesis at higher 

concentrations). Differences in the eukaryotic ribosomal RNA sequence at two key 

nucleotides significantly reduce the affinity of aminoglycosides for the eukaryotic decoding 

center (78, 108). The preferential binding of aminoglycosides to the prokaryotic ribosome 

permits these compounds to be safely used as antibiotics without inhibiting eukaryotic 

translation. Although aminoglycosides do not appear to induce significant misreading at 

sense codons in eukaryotes (73, 115), a subset of them have been shown to bind to 

eukaryotic ribosomes (79, 120) and lead to misincorporation of near-cognate aminoacyl-

tRNAs at PTCs (97, 98, 143).

Dozens of in vitro studies have reported that certain aminoglycosides suppress translation 

termination at PTCs within numerous diverse mRNAs and restore physiologically relevant 

levels of functional protein in mammalian cells (for a review, see 76). Here, we focus on 

studies that have investigated the ability of aminoglycosides to suppress PTCs and restore 

protein function in vivo. Gentamicin, the aminoglycoside most commonly used for nonsense 
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suppression studies, has been shown to restore functional protein in short-term studies using 

mouse models of DMD (10), CF (33), nephrogenic diabetes insipidus (118), hemophilia 

(148), retinal degeneration (52), APC-mediated colon cancer (152), and 

mucopolysaccharidosis I-Hurler (MPS I-H) (65).

Pilot clinical trials to test the ability of gentamicin to mediate nonsense suppression in 

patients have produced variable results. Restoration of functional CFTR protein could be 

detected in nasal epithelia from approximately half of CF patients administered gentamicin 

for 1–2 weeks intravenously (25) or via nasal droplets (145). Similarly, an increase in 

dystrophin protein in muscle biopsies and a decrease in serum creatine kinase (an indicator 

of muscle breakdown) were observed in a portion of DMD patients treated with gentamicin 

for periods ranging from 1 week to 6 months (81, 104). Another pilot study found that 

intravenously administered gentamicin restored coagulation factor function in a fraction of 

hemophilia patients (63). In addition, topical gentamicin treatment resulted in early recovery 

from an episode of Hailey–Hailey disease, an inherited skin disorder, in a patient with a 

nonsense mutation in the ATP2C1 gene (67). However, gentamicin was unable to restore 

myophosphorylase activity in patients with McArdle disease after 10 days of systemic 

treatment (122). Another study found that gentamicin restored full-length CD18 protein in 

patient blood samples with the neutrophil disorder leukocyte adhesion deficiency 1, but the 

restored protein did not localize or function normally and did not alleviate the disease 

phenotype (127).

These studies indicate that aminoglycosides such as gentamicin can restore a significant 

amount of protein function, but only in a fraction of patients with nonsense mutations. In 

addition, it is unlikely that long-term administration of traditional aminoglycosides is 

feasible owing to their toxic side effects, which include hearing loss (60) and kidney damage 

(1). Importantly, the toxicity associated with aminoglycosides does not appear to be 

attributable to their ability to suppress PTCs. Rather, aminoglycoside-mediated toxicity is 

due primarily to their association with off-target sites such as lysosomal membranes (75). In 

addition, because of their similarities to bacterial ribosomes, aminoglycosides bind 

preferentially to the decoding sites of mitochondrial ribosomes (105).

Strategies to Improve Aminoglycosides for Suppression Therapy

Several strategies have been used to decrease the toxicity of aminoglycosides. Antioxidants 

such as D-methionine (18) and melatonin (110) have been used to reduce free-radical 

formation resulting from aminoglycoside-induced toxicity. Poly-L-aspartate decreases both 

nephrotoxicity (106) and ototoxicity (59) by reducing the interaction of aminoglycosides 

with lysosomal membranes. Poly-L-aspartate also increases cytoplasmic aminoglycoside 

concentrations, which enhances PTC suppression (34, 46).

The encapsulation of aminoglycosides into liposomes is another approach being explored to 

reduce aminoglycoside-induced toxicity. The intravenous administration of unilamellar, low-

clearance liposomes containing amikacin (MiKasome®) resulted in effective bacterial 

clearance and a good clinical cure rate. Compared with conventional amikacin, MiKasome 

showed prolonged drug residence as well as altered tissue distribution and elimination that 

prevented nephrotoxicity (121). More recently, a liposomal preparation of amikacin for 
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aerosol delivery (Arikace®) was shown to reduce Pseudomonas aeruginosa density in 

sputum and improve lung function in CF patients (26).

Although conventional amikacin suppresses PTCs (76), liposomal amikacin formulations 

have not yet been investigated for suppression therapy. Even though the administration of 

liposomal aminoglycoside preparations may be less toxic than conventional 

aminoglycosides, the slower release of these vesicle-encapsulated drugs may not be as 

effective for suppression therapy, because aminoglycosides appear to exhibit a peak-driven 

pharmacokinetic profile for PTC suppression. For example, gentamicin administered once 

daily via subcutaneous injection restored dystrophin protein in the mdx mouse model (which 

carries a PTC in the dystrophin gene), whereas no increase in dystrophin was observed when 

gentamicin was administered at a low, sustained level via an osmotic pump (10). However, a 

recent study demonstrated that the intraperitoneal administration of gentamicin delivered in 

hybrid liposomes restored dystrophin protein expression more effectively in skeletal muscle 

of mdx mice than conventional gentamicin (150). This suggests that liposomal encapsulation 

of aminoglycosides may provide a means to reduce aminoglycoside toxicity while 

maintaining or enhancing PTC suppression for long-term suppression therapy.

Aminoglycoside antibiotic derivatives have also been developed that are less toxic than 

conventional aminoglycosides. Derivatives of kanamycin and neomycin that improved 

antibiotic function were also found to suppress nonsense mutations in the SMN1 and SMN2 
genes that cause spinal muscular atrophy (SMA) (22). Direct administration to the central 

nervous system of the most promising derivative, TC007, restored SMN protein, reduced 

neuropathology, and increased life span in an SMA mouse model (83). In contrast, systemic 

administration of TC007 to SMA mice for 2 weeks via subcutaneous injections improved 

gross motor function but did not increase the abundance of SMN protein in brain, spine, or 

muscle or prolong life span.

More recently, a rational design approach was used to generate aminoglycoside derivatives 

with enhanced nonsense suppression efficiency and reduced toxicity. Through this strategy, 

structural moieties predicted to enhance aminoglycoside binding to cytoplasmic ribosomes 

while reducing aminoglycoside binding to mitochondrial ribosomes were identified and 

incorporated onto an aminoglycoside chemical scaffold (95). In an early application of this 

approach, the synthetic aminoglycoside NB30 was found to suppress nonsense mutations 

associated with Usher syndrome in cultured cells. Although the level of PTC suppression 

achieved with NB30 was not as robust as the level mediated by gentamicin, NB30 was found 

to be approximately 10–15-fold less toxic than gentamicin in mammalian cells (49, 107).

Further application of this rational design strategy produced drugs that not only were much 

less toxic than conventional aminoglycosides, but also suppressed PTCs more efficiently. 

For example, the NB54 aminoglycoside derivative suppressed nonsense mutations 

associated with CF, DMD, MPS I-H, Rett syndrome, and Usher syndrome in cultured cells 

more efficiently than gentamicin (13, 47, 94, 111, 139). In addition, NB54 suppressed PTCs 

in mouse models of CF and MPS I-H more efficiently than gentamicin (111, 139). 

Subsequent generations of synthetic aminoglycosides have shown even greater improvement 

in PTC suppression efficiency (93, 126). For example, NB84 suppresses a nonsense 
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mutation associated with MPS I-H more effectively than gentamicin or any of the previous 

generations of synthetic aminoglycosides both in cultured cells and in an MPS I-H mouse 

model (65, 139). These results validate the utility of this rational design strategy to generate 

safer, more effective aminoglycosides for suppression therapy. This approach may 

eventually lead to the development of synthetic aminoglycosides that are suitable for long-

term suppression therapy.

Non-Aminoglycoside Antibiotics

A number of non-aminoglycoside antibiotics have also been shown to suppress PTCs in 

mammalian cells. Studies using in vitro models showed that negamycin, a peptide antibiotic 

that binds to the eukaryotic small ribosomal subunit (6, 128), suppresses nonsense mutations 

and restores protein function in the APC gene associated with colon cancer (42), in the 

laminin α-2 gene associated with congenital muscular dystrophy (3), and in the dystrophin 
gene associated with DMD (5, 6). In addition, mdx mice administered negamycin showed a 

restoration of dystrophin protein in skeletal and cardiac muscles with reduced toxicity 

compared with gentamicin (5, 6).

Finally, several macrolide antibiotics, such as spiramycin, josamycin, and tylosin, have been 

shown to suppress APC nonsense mutations and restore APC protein function in cultured 

cells. In addition, these drugs reduced tumor size in nude mice and reduced intestinal polyp 

number and size in Min mice that carry a nonsense mutation in the Apc gene (152).

PTC124 (Ataluren)

PTC124, also known as ataluren, is an oxadiazole compound discovered by PTC 

Therapeutics that suppresses termination at PTCs in mammalian cells without affecting 

translation termination at natural stop codons (141). Comprehensive preclinical studies 

showed that PTC124 is safe, has minimal off-target side effects, has no antibacterial activity, 

and is orally bioavailable (54, 141). However, the ability of PTC124 to suppress nonsense 

mutations has been questioned based on the results of some in vitro studies. PTC124 was 

initially identified as a nonsense suppression agent from a high-throughput screen of 

approximately 800,000 compounds using a firefly luciferase-based readthrough reporter, 

where PTC suppression resulted in an increase of firefly luciferase activity (141). However, 

subsequent studies found that PTC124 directly binds firefly luciferase, leading to 

stabilization of the luciferase protein (7, 8). It was therefore proposed that the initial 

identification of PTC124 was based on increased firefly luciferase activity resulting from the 

stabilization of the small amount of firefly protein produced by basal readthrough, rather 

than from PTC suppression. Another study also questioned the ability of PTC124 to 

suppress PTCs because it was unable to mediate readthrough using multiple readthrough 

reporter constructs in cultured cells (85). Furthermore, PTC124 was unable to restore 

functional protein expressed from endogenous mutant transcripts in cell models associated 

with obesity (melanocortin 4 receptor) (14), peroxisome biogenesis disorders (30), and long-

QT syndrome (53).

In contrast to those negative results, numerous other in vitro studies found that PTC124 

suppresses nonsense mutations and restores deficient protein function associated with 
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numerous disorders, including MPS VI (9), MPS I-H (100), Usher syndrome (47, 48), 

infantile neuronal ceroid lipofuscinosis (119), propionic acidemia (117), carnitine 

palmitoyltransferase 1A deficiency (129), Miyoshi myopathy (100, 138), DMD (51, 141), 

methylmalonic aciduria (15), pulmonary arterial hypertension (29), pseudoxanthoma 

elasticum (151), and CF (51). Based on the functional diversity of the deficient proteins 

associated with these various diseases, it is highly unlikely that PTC124 stabilizes each of 

these proteins in a manner similar to its proposed effect on firefly luciferase. The 

inconsistencies observed may be attributable to subtle differences in treatment or assay 

conditions (8, 100, 101). For example, PTC124 efficacy exhibited a bell-shaped dose–

response curve in some in vitro studies, which results in a therapeutic response only within a 

narrow dose range. This effect was observed both in cultured myoblasts taken from DMD 

patients and in cultured mouse embryonic fibroblasts derived from an MPS I-H mouse 

model (100). Alternatively, the local mRNA sequence context surrounding the PTCs may 

have influenced the effectiveness of PTC124 to promote readthrough, because context 

effects significantly influence the efficiency of aminoglycoside-mediated PTC suppression 

(19, 57, 82).

In vivo investigations with PTC124 have produced more consistent positive results. PTC124 

suppressed nonsense mutations and restored approximately 20% of normal protein function 

in mouse models of DMD (141) and CF (36). Promising safety and efficacy data from phase 

1 and phase 2 clinical trials with DMD (41, 102) and CF (69, 125, 144) patients led to the 

initiation of double-blind, placebo-controlled phase 3 clinical trials for both diseases. The 

phase 3 DMD trial is still ongoing (ClinicalTrials.gov identifier NCT01826487), but the 

phase 3 CF trial was recently completed (72). Administration of PTC124 to CF patients for 

48 weeks led to trends toward improvement relative to control subjects in several 

parameters, including lung function and exacerbation frequency, but statistical significance 

was not reached in the overall patient population. Intriguingly, a significant treatment effect 

was observed in a subset of patients that were not concurrently receiving an inhaled 

aminoglycoside (Tobi®), suggesting that aminoglycosides may confound the benefits of 

PTC124 treatment. However, the overall results led to the conclusion that PTC124 did not 

restore enough CFTR function to reach the threshold required for a therapeutic benefit. 

Previous studies have estimated that as much as 35% of wild-type CFTR activity may be 

needed to alleviate the CF phenotype (68). It will be interesting to see whether better 

therapeutic results are obtained in the ongoing clinical trial of PTC124 in DMD patients, 

because it has been reported that 20–30% of normal dystrophin may be sufficient to provide 

a clinical benefit for DMD patients (20, 91).

Other Non-Aminoglycoside Compounds

High-throughput drug screens have also identified other low-molecular-weight lead 

compounds that suppress nonsense mutations in the ATM gene that cause ataxia 

telangiectasia (31, 32). These drugs include RT13, RT14, GJ071, and GJ072 as well as their 

derivatives. All of these drugs restore the expression of full-length, functional ATM protein.

Another drug screen was carried out to identify compounds that inhibit nonsense-mediated 

mRNA decay (NMD), a pathway that degrades mRNAs containing PTCs. Amlexanox was 
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identified as a compound that both inhibits NMD and suppresses PTCs (51). Amlexanox is 

an anti-inflammatory compound that is FDA approved for the topical treatment of oral 

canker sores (11). In Japan, it is used orally to treat asthmatic bronchitis and allergic rhinitis 

(80). Recently, oral administration of amlexanox to an obesity mouse model was also found 

to alleviate insulin resistance (109), and it is currently in phase 2 clinical trials for the 

treatment of diabetes (ClinicalTrials.gov identifier NCT01842282).

OTHER APPROACHES TO MEDIATE (OR ENHANCE) PREMATURE 

TERMINATION CODON READTHROUGH

In addition to pharmacological suppression of PTCs, other methods to suppress PTCs (or to 

enhance their suppression) are also being explored. Some of these approaches are described 

below.

Suppressor tRNAs

A nonsense suppressor tRNA is a tRNA derivative whose anticodon has been altered to 

recognize a stop codon, thus allowing the incorporation of an amino acid at the stop codon 

and a bypass of translation termination. Because suppressor tRNAs mediate cognate codon–

anticodon interactions, aminoacyl-tRNA rejection by ribosomal proofreading is avoided and 

efficient suppression of stop codons can be attained. Suppressor tRNAs are transcribed and 

processed in a manner similar to natural tRNAs and are recognized and charged by 

endogenous aminoacyl-tRNA synthetases. Because nucleotides within the anticodon serve 

as both binding and identity elements during the selection of cognate tRNAs for charging by 

tRNA synthetases (61), suppressor tRNAs may be charged with lower efficiency.

Several studies have demonstrated that suppressor tRNAs can potentially be used for human 

somatic gene therapy to treat diseases caused by nonsense mutations. As early as 1982, a 

functional human suppressor tRNA was successfully constructed and shown to suppress a 

UAG nonsense mutation in the human β-globin gene associated with β-thalassemia (132). 

The suppressor tRNA was constructed by modifying the anticodon of a tRNALys to 

recognize the UAG nonsense codon instead of the normal AAA (lysine) codon. When the 

suppressor tRNA and the mutant β-globin mRNAs were coinjected into Xenopus oocytes, 

full-length β-globin chain synthesis was observed. In another study using xeroderma 

pigmentosum group A mutant cells containing an R207X nonsense mutation in the XPA 
gene, transfection of these cells with a human arginine UGA suppressor tRNA restored DNA 

repair activity, indicating that a partial restoration of the XPA protein had been achieved 

(99).

The first in vivo suppressor tRNA study was conducted in 2000 (17). Direct injection of a 

suppressor tRNA into the hearts of transgenic mice expressing a chloramphenicol 

acetyltransferase (CAT) gene containing a UAA nonsense mutation led to partial restoration 

of CAT activity in ∼10% of muscle fibers. A similar approach was tested in mdx DMD mice 

harboring a UAA nonsense mutation in the gene encoding dystrophin. One week after a 

single intramuscular injection of a plasmid expressing a UAA suppressor tRNA, full-length 

dystrophin expression was restored in ∼2.5% of muscle fibers (71). These examples suggest 
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that, in principle, suppressor tRNAs could be used to treat human genetic diseases caused by 

nonsense mutations.

Although promising, this approach has several obstacles that must be overcome before it can 

be developed into a clinical therapy. All gene therapy protocols have the challenges of 

efficient delivery to target cells, but suppressor tRNAs bring additional challenges related to 

their efficient use. First, all tRNAs require proper charging by specific aminoacyl 

synthetases, and suppressor tRNAs must compete with normal tRNAs for aminoacylation. 

As mentioned above, modifications in the anticodon loop of tRNAs to allow stop codon 

recognition may result in lower aminoacylation efficiency and thus inefficient nonsense 

suppression activity (45). Second, the efficiency of PTC suppression by suppressor tRNAs is 

dependent on the position of the PTC and the surrounding sequence context. Finally, in 

addition to PTCs, suppressor tRNAs can recognize and suppress normal stop codons, which 

could potentially produce abnormal proteins that lead to deleterious effects (74). Overall, 

better systems are needed to ensure the safe and efficient expression of suppressor tRNAs 

before this method can be developed into a therapeutic approach.

Pseudouridylation Recoding

Pseudouridylation is the isomerization of the ribonucleoside uridine to the 5′-ribosyl isomer 

pseudouridine (Ψ) and represents the most common single-nucleotide modification of 

functional RNAs. This modification of uridine creates an extra hydrogen-bond donor in Ψ 
that increases its polarity, enhances base-pair stacking, and alters RNA structure. Thus, Ψ 
has distinct structural and chemical characteristics relative to uridine (58). Pseudouridylation 

naturally occurs as a posttranscriptional modification in eukaryotic nuclei and affects 

primarily tRNAs, rRNAs, and spliceosomal small nuclear RNAs (snRNAs). However, recent 

studies have explored targeted pseudouridylation of stop codons within mRNAs as a means 

of inducing suppression of translation termination at PTCs (64).

Pseudouridylation in higher eukaryotes is carried out by box H/ACA ribonucleoproteins 

(RNPs). Box H/ACA RNPs encompass a family of structurally conserved small nucleolar 

RNAs (snoRNAs) that function to provide sequence homology for site-specific RNA 

binding at uridine residues targeted for pseudouridylation in rRNA and snRNA. The H/ACA 

guide RNA folds into a conserved hairpin-hinge-hairpin-tail conformation with two 

pseudouridylation sites. Four protein components—DKC1 (dyskerin), NOP10, NHP2, and 

GAR1—associate with the guide RNA to facilitate substrate RNA incorporation into the 

complex and catalysis of pseudouridylation. Dyskerin is a Ψ synthase and represents the 

catalytic core of the H/ACA RNP complex.

The use of an H/ACA guide RNA offers the possibility of site-specific pseudouridylation via 

sequence homology with any RNA sequence. Pseudouridylation of tRNA molecules results 

in alternative codon recognition through changes in anticodon loop structure (133). This 

suggests that similar pseudouridylation of mRNA codons might also alter codon–anticodon 

pairing. Because all three nonsense codons contain a uridine (U) in the first position (UAA, 

UAG, UGA), pseudouridylation of the uridine of stop codons has the potential to alter the 

efficiency of PTC recognition.

Keeling et al. Page 11

Annu Rev Genomics Hum Genet. Author manuscript; available in PMC 2017 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In support of this hypothesis, recent studies have shown that pseudouridylation of the first 

nucleotide of a stop codon leads to PTC readthrough. In a study using a cell-free system, 

readthrough constructs containing a stop codon with a Ψ at the first nucleotide generated 

approximately 74–100% of the reporter protein produced by a sense construct. In contrast, a 

non-Ψ stop codon produced only ∼1% of wild-type protein (64). An H/ACA RNA guide 

sequence was also tested in yeast cells by targeting a PTC in the CUP1 gene, which 

mediates copper resistance (64). When a copper-sensitive yeast strain was cotransfected with 

the H/ACA RNA and the cup1-PTC constructs, it regained the ability to grow on copper-

containing media. In addition, Ψ incorporation into the mRNA was confirmed by thin-layer 

chromatography.

Alternative amino acid coding of Ψ-containing nonsense codons is an intriguing new 

approach to induce PTC readthrough. Although these preliminary results are promising, site-

directed pseudouridylation as a therapeutic solution to disease-causing PTCs has significant 

obstacles that must be overcome. As discussed above for suppressor tRNA approaches, 

pseudouridylation-mediated recoding must overcome the challenges of efficient gene 

delivery of PTC-specific guide H/ACA RNAs. These artificially constructed guide RNAs 

may also have off-target effects because of unintended sequence complementarity that could 

result in the introduction of Ψ at other sites. For example, off-target pseudouridylation could 

affect cellular processes such as rRNA structure, mRNA splicing, recognition of the internal 

ribosome entry site, and tRNA specificity. Further studies will be needed to determine 

whether this concept can be developed into a successful therapeutic approach.

Inhibition of Nonsense-Mediated mRNA Decay

NMD is a conserved eukaryotic surveillance pathway that recognizes and degrades mRNAs 

containing PTCs (Figure 4a). The efficiency of the NMD pathway, which plays an important 

role in modulating the phenotypes of diseases caused by PTCs, varies by as much as 

fourfold among the general population (77, 124, 137). Importantly, these differences in 

NMD efficiency influence the inheritance pattern and modulate the clinical severity of 

numerous disorders (12, 70), possibly because of changes in residual mRNA abundance that 

influence the levels of truncated protein (or full-length protein produced by basal PTC 

readthrough). Furthermore, variable NMD efficiency among patients also influences the 

effectiveness of nonsense suppression therapy. Patients that express higher levels of PTC-

containing mRNA resulting from less efficient NMD respond more robustly to suppression 

therapy than patients that express lower levels of PTC-containing mRNA resulting from 

highly efficient NMD (69, 77, 145).

Based on its role in regulating the abundance of PTC-containing transcripts, NMD 

represents a potential therapeutic target for diseases caused by PTCs. Numerous factors 

participate in NMD, including the core NMD factors UPF1, UPF2, and UPF3 as well as 

other factors that influence the phosphorylation status of UPF1, such as SMG-1, SMG-5, 

SMG-7, SMG-8, and SMG-9 (123, 147). Therefore, it may be possible to identify multiple 

therapeutic targets for modulating NMD function. Increasing the level of PTC-containing 

mRNAs by partial NMD inhibition could alleviate some disease phenotypes by increasing 

the expression of truncated polypeptides that retain residual function (Figure 4b). For 
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example, in fibroblasts derived from patients with Ullrich congenital muscular dystrophy, 

the SMG-1 kinase inhibitors caffeine and wortmannin increased the abundance of PTC-

containing COL α-2 (VI) mRNA and, subsequently, the abundance of truncated COL VI 

protein, which retained partial function (134). Similar results were also obtained in Ullrich 

patient fibroblasts when NMD was inhibited using SMG-1 or UPF1 knockdowns (135). In 

addition, UPF1 knockdowns restored partial hERG channel function in cells expressing 

hERG transcripts containing PTCs that are associated with the cardiac disorder long-QT 

syndrome type 2 (50).

Evidence also suggests that partial NMD inhibition can increase the abundance of full-

length, functional polypeptides restored by PTC suppression. Knockdowns of UPF1 and 

UPF2 in cultured human bronchial epithelial cells led to a more robust recovery of CFTR 

protein function by suppression therapy (77). In addition, coadministration of the NMD 

inhibitor NMDI-1 (37) with a PTC suppression drug to MPS I-H mice carrying the Idua-
W402X PTC resulted in higher levels of functional α-L-iduronidase and enhanced 

moderation of the MPS I-H phenotype (65).

Although NMD inhibition represents a novel concept for treating diseases caused by PTCs, 

altering NMD efficiency must be approached with caution because of potential deleterious 

side effects. In addition to regulating the expression of PTC-containing transcripts that arise 

from mutations, NMD regulates the expression of up to 10% of the mammalian 

transcriptome. These natural NMD substrates include transcripts containing upstream open 

reading frames in the 5′ untranslated region, transcripts with long or intron-containing 3′ 
untranslated regions, transcripts containing selenocysteine codons (88), and products of 

alternative splicing that contain PTCs. Furthermore, NMD and/or NMD factors have an 

essential role during embryonic development: Knockout of UPF1 (87), UPF2 (140), or 

SMG-1 (86) in mice results in embryonic lethality. In addition, several UPF3B mutations 

have been identified in patients with forms of intellectual disability (130). Associations have 

also been found for various forms of intellectual disability and copy-number variants of 

other factors that participate in NMD, including UPF2, UPF3A, SMG-6, EIF4A3, and 

RNPS1 (92). However, transgenic mice constitutively expressing a mutant dominant 

negative UPF1 allele to partially inhibit NMD developed normally except for faulty 

thymocyte development (43). This suggests that partial NMD inhibition after embryonic 

development may not lead to detrimental consequences.

A better understanding of how the NMD pathway affects mammalian gene expression and 

physiology will aid in finding potential therapeutic targets for NMD inhibition. For example, 

current data suggest that different categories or tiers of NMD exist (38, 89, 113, 153). These 

different levels of NMD may be required to modulate NMD efficiency to alter the expression 

of specific transcripts within different cell types, during different stages of development and 

differentiation, or under different cellular environmental conditions. The idea of targeting 

only a subset of NMD substrates is supported by the identification of two distinct branches 

of the NMD pathway, one that functions independently of UPF2 (44) and one that functions 

independently of UPF3B (21).
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Consistent with the premise of identifying NMD inhibitors that do not cause adverse effects, 

the FDA-approved drug amlexanox was recently discovered to inhibit NMD as well as 

suppress PTCs (51). Although amlexanox’s mechanism of NMD inhibition and PTC 

suppression has not been delineated, it appears to block NMD after recruitment of UPF1. 

Micromolar concentrations of amlexanox were found to increase the abundance of multiple 

mRNAs containing nonsense mutations by two- to fivefold. This corresponded to increased 

expression of both truncated and full-length functional polypeptides. Furthermore, 

amlexanox showed only minor (1.2-fold) increases in several endogenous NMD substrates, 

suggesting that it may not affect the expression of many natural NMD substrates. 

Cytotoxicity was not observed in mammalian cells treated with amlexanox.

Finally, a recent study compared the effects of individual knockdowns of 15 different NMD-

factor genes in Ullrich patient fibroblasts to determine whether the depletion of certain 

NMD factors could mediate NMD inhibition without significant toxicity. The results showed 

that knockdown of SMG-8 effectively increased the abundance of truncated collagen VI α2 

protein and restored extracellular matrix function without cytotoxicity (136). This suggests 

that it may be possible to target specific NMD factors to partially inhibit NMD without also 

causing detrimental side effects. This approach has the potential to provide another option 

for the treatment of diseases caused by PTCs as well as a method for enhancing the 

efficiency of nonsense suppression therapy.

SUMMARY AND FUTURE DIRECTIONS

Since the concept of nonsense suppression therapy was first introduced 18 years ago (56), 

many studies have demonstrated that nonsense suppression can restore deficient protein 

function. This has raised the intriguing possibility that this therapeutic approach could be 

used to treat many diverse diseases caused by PTCs. However, whether the level of protein 

function restored by nonsense suppression therapy can prevent or alleviate the onset of a 

disease phenotype has not been established.

There are several reasons for the slow advancement of nonsense suppression as a therapy. 

First, a dearth of safe, effective suppression drugs has prevented long-term studies. Until 

recently, aminoglycosides, which are known to induce toxicity with long-term 

administration, were the only compounds available that could efficiently suppress PTCs in 

mammalian cells. However, recently developed synthetic aminoglycosides exhibit reduced 

toxicity as well as enhanced efficiency of PTC suppression. This suggests that 

aminoglycoside derivatives may eventually be suitable for long-term suppression therapy. In 

addition, high-throughput drug screens have identified many non-aminoglycoside 

compounds that suppress PTCs with safety profiles much better than those of 

aminoglycosides. PTC124 and amlexanox are both compounds that suppress PTCs in 

mammalian cells and have performed exceptionally well in safety studies. The continued 

discovery of additional promising compounds is likely to speed the development of safe, 

effective nonsense suppression drugs for clinical trials.

Another factor that has hindered the progress of nonsense suppression therapy is the lack of 

appropriate animal models that carry nonsense mutations. Owing to the extensive time and 
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cost required for development and maintenance, most animal models are generated using 

knockout strategies that create large deletions within a gene. Very few of these models have 

been generated using the more precise knock-in strategy to introduce a single nucleotide 

substitution that results in an in-frame PTC that could be used to test nonsense suppression 

agents. However, the recent development of new biotechnologies such as CRISPR/Cas 

technology (149) will make generating animal models quicker, easier, and more cost 

effective. The development and progression of disease pathophysiology in animal models 

can also be quite different from those observed in patients. For example, mouse models of 

CF do not develop the lung disease that is characteristic of CF patients (28). Rather, 

intestinal tissues represent the main site for CF disease pathology in mice. Although CF 

mice have been used successfully to determine the level of functional CFTR restored in 

intestinal tissues by suppression therapy (33–36), how well these data correlate to the airway 

phenotype observed in CF patients is unclear. CF pig and ferret models more faithfully 

recapitulate the lung phenotype observed in CF patients (66), but these animals are 

expensive to construct, maintain, and assay. In addition, no CF pig or ferret models are 

currently available that carry a nonsense mutation.

Another hindrance to the development of suppression therapy is the lack of phenotypic end 

points that adequately correlate therapeutic efficacy in cells, animals, and patients. The 

selection of meaningful end points to evaluate whether a significant clinical benefit results 

from suppression therapy is challenging because there can be great variability in the 

phenotype, even among patients with the same disease. For many diseases, the exact 

biochemical and pathophysiological pathways may be unknown. In addition, many 

traditional biochemical assays that are routinely used to diagnose genetic diseases may not 

be sensitive enough to reproducibly measure the low ∼0.5–20% increases in protein function 

restored in cells and tissues with suppression therapy.

Ultimately, the key factor that determines the effectiveness of suppression therapy is the 

minimum level of deficient protein function that must be restored to achieve a therapeutic 

improvement. This therapeutic threshold can differ significantly for different diseases. For 

example, it is estimated that 30–35% of normal CFTR activity is required for a therapeutic 

improvement in CF (68, 112), 20–30% of normal dystrophin function is required for 

attenuation of DMD (20, 91), and only 0.4–1% of the α-L-iduronidase enzyme activity is 

required to alleviate MPS I-H (16, 96). Also, the threshold for correction can differ in 

various tissues in individuals with the same disease and between the same tissues in different 

patients. For most diseases, the threshold for correction is largely unknown (other than 

whether heterozygotes manifest a disease phenotype). The administration of suppression 

therapy alone may be unlikely to alleviate the phenotype for genetic diseases that have a 

high threshold for correction. However, nonsense suppression therapy could still be an 

important component of combined therapeutic approaches for such diseases.

For example, substrate reduction therapy using the isoflavone compound genistein reduces 

glycosaminoglycan accumulation associated with the lysosomal storage diseases MPS I, 

MPS II, MPS III, and MPS VII by reducing glycosaminoglycan synthesis (103). PTC 

suppression therapy could complement this approach by increasing glycosaminoglycan 

breakdown via restoration of lysosomal enzyme function and therefore further reduce GAG 

Keeling et al. Page 15

Annu Rev Genomics Hum Genet. Author manuscript; available in PMC 2017 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



accumulation in patients with nonsense mutations. The potential for a combined therapeutic 

approach is also possible for CF patients with nonsense mutations. The drug VX-770 

(Kalydeco®) was recently shown to alleviate the CF phenotype in patients that carry the 

G551D mutation by acting as a potentiator that increases gating of the CFTR channel (39). 

Treatment of CF patients that carry nonsense mutations using both a PTC suppression drug 

and Kalydeco may enhance the level of CFTR function observed relative to the use of either 

drug alone. Suppression therapy, alone or in combination with other therapeutic approaches, 

may therefore be a vital component in treating many genetic diseases in patients that carry 

nonsense mutations.
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Figure 1. 
Steps in aminoacyl-tRNA discrimination during eukaryotic translation elongation: (a) initial 

selection and (b) proofreading.
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Figure 2. 
Mechanism of eukaryotic translation termination.
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Figure 3. 
(a) Normal and (b) premature termination codons. The messenger ribonucleoprotein 

(mRNP) structure leads to a higher basal level of termination suppression (readthrough) at 

the latter compared with the former.
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Figure 4. 
Nonsense-mediated mRNA decay (NMD) reduces premature termination codon (PTC) 

suppression efficiency. (a) Translation termination at a PTC induces mRNA degradation by 

NMD. (b) NMD inhibition enhances the amount of protein restored by PTC suppression.
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