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Abstract: Nonsense mutations contribute to approximately 10-30% of the total human inherited diseases via 
disruption of protein translation. If any of the three termination codons (UGA, UAG and UAA) emerges prema-
turely [known as premature termination codon (PTC)] before the natural canonical stop codon, truncated non-
functional proteins or proteins with deleterious loss or gain-of-function activities are synthesized, followed by the 
development of nonsense mutation-mediated diseases. In the past decade, PTC-associated diseases captured much 
attention in biomedical research, especially as molecular therapeutic targets via nonsense suppression (i.e. transla-
tional readthrough) regimens. In this review, we highlighted different treatment strategies of PTC targeting 
readthrough therapeutics including the use of aminoglycosides, ataluren (formerly known as PTC124), suppressor 
tRNAs, nonsense-mediated mRNA decay, pseudouridylation and CRISPR/Cas9 system to treat PTC-mediated 
diseases. In addition, as thrombotic disorders are a group of disease with major burdens worldwide, 19 potential 
genes containing a total of 705 PTCs that cause 21 thrombotic disorders have been listed based on the data re-
analysis from the ‘GeneCards® - Human Gene Database’ and ‘Human Gene Mutation Database’ (HGMD®). These 
PTC-containing genes can be potential targets amenable for different readthrough therapeutic strategies in the 
future. 

Keywords: Nonsense mutation, premature termination codon, readthrough, nonsense suppression therapy, aminoglycosides, ataluren, 
CRISPR/Cas9, thrombotic disorders. 

INTRODUCTION 

 Mutation is one of the most common causes of human genetic 
variations in which DNA sequence of a gene is altered at the 
nucleotide level, thus potentially introducing deleterious changes 
that can lead to genetic diseases. Unlike other types of mutations, 
nonsense mutation introduces premature termination codons (PTC) 
in which the alteration of a single nucleotide changes a codon into a 
stop codon and often 1) generates truncated proteins or 2) leads to 
destruction of mRNA transcript via nonsense-mediated mRNA 
decay (NMD) [1, 2].  

 Termination of translation is signalled by one of the three stop 
codons - UAG (“amber”), UGA (“opal” or “umber”) or UAA 
(“ochre”) which provides “stop” signals resulting in termination of 
polypeptide chains. In normal translational termination, a complete 
normal functional protein is produced with the final codon as the 
stop codon. In case of nonsense mutations, PTC appears before the 
canonical stop codon ensuing a truncated protein, which is the basis 
of nonsense mutation-associated genetic diseases [3]. Nonsense 
mutations affect approximately 10.9% of different types of 
mutations that cause human inherited diseases [4]. According to a 
recent meta-analysis, there are more than 7,500 nonsense mutations 
across 995 different genes responsible for approximately 11% of all 
genetic diseases [5].  
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 In the past 15 years, numerous nonsense suppression thera-
peutic strategies have been proposed� to treat different diseases 
including nonsense mutation-induced genetic diseases. 
Readthrough treatments have been shown as successful methods of 
treating nonsense mutation-related diseases including cystic fibrosis 
(CF) [6-8],� Duchenne muscular dystrophy (DMD) [9-11], 
haemophilia [12, 13], Hurler syndrome [14], metabolic disorders 
[15], ocular genetic disorders [2] and cancers [16, 17]. Among the 
nonsense mutation-mediated disorders, thrombotic diseases are one 
of the major global burden disease groups [18]. According to 2012 
database of World Health Organisation (WHO), among the 10 top 
causes of death worldwide, thrombosis-associated stroke and 
cardiovascular diseases caused 48.9% death [19]. In addition, apart 
from hemophilia A and B, the clinical features (mainly serious 
bleeding) of some of the inherited coagulation disorders such as 
afibrinogenemia, deficiency of prothrombin, factor V, VII, X and 
XIII can be severe; exhibiting substantial economic burden [20, 21]. 

 In this review, we provide a brief overview of the termination 
of translation process, molecular mechanism of PTC and updated 
therapeutic strategies aiming to treat PTC-mediated diseases in the 
two categories: (1) pharmaceutical drugs (aminoglycosides and 
ataluren); (2) molecular biology tools (suppressor tRNAs, NMD, 
pseudouridylation and CRISPR/Cas9 system). In addition, as a 
future potential target group for nonsense suppression therapies, 
705 nonsense mutations across 19 distinct genes causing 21 types 
of thrombotic disorders have been listed.  

TERMINATION OF TRANSLATION: NATURAL STOP 

CODON AND PTC 

 To stop the translational elongation of a polypeptide chain, one 
of the three stop codons (UAG, UGA and UAA) appears at the “A-
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site” of the ribosome. Stop codons cannot be decoded by the 
aminoacyl-tRNAs; rather, they are triggered and recognized by an 
omnipotent (that decodes all three stop codons) class 1 eukaryotic 
peptide release factor (eRF1). Human eRF1 consists of three 
distinctive functional domains – N, M and C domains [22]. Its N 
domain consists of a highly conserved Asn-Ile-Lys-Ser (NIKS; 
single letter amino acid code) tetrapeptide and YxCxxxF motifs 
implicated in the recognition of stop codon [23]. The tip of the M 
domain contains a GGQ motif that is common to all class 1 RFs and 
is required to trigger peptidyl-tRNA hydrolysis in eukaryotes [22]. 
The C domain mediates eRF1’s interaction with class 2 RF (eRF3) 
[24] which has an intrinsic GTPase activity that triggers hydrolysis 
and dissociation of the nascent peptide from peptidyl-tRNA to 
ensure rapid and efficient peptide release [25].  

 The combined ternary structure of eRF1, GTP and eRF3 
interacts with poly (A) binding proteins (PABP) and hydrolyses 
peptidyl tRNA that liberates the complete polypeptide chain from 
the “P site” of the ribosome (Fig. 1A) [26-29]. When a PTC appears 
within the NMD boundary (50─54 nucleotides upstream from the 
last exon junction), interactions between eRF1:eRF3 complex and 
PABP could still occur, resulting in the synthesis of truncated 
protein (Fig. 1B) that escapes destruction by NMD process [30]. 
When a PTC is found in the mRNA transcript but its locus is out-
side of the NMD boundary (i.e. near to the 5’ end of the mRNA 
transcript), NMD pathway is activated to degrade the mRNA to 
stop the production of either potentially deleterious or non-
functional truncated protein (Fig. 1C) [31, 32]. 

 Although the molecular mechanism for the recognition of a 
natural stop codon and PTC is quite similar, the efficiency of 
termination occurs at different levels. The basal level of termination 
suppression at naturally occurring stop codons happens at a lower 
frequency (<0.1%) [33] than that of PTC (<1.0%) [34]. The reason 
for the difference in termination efficiency lies in the molecular 
interaction between eRF3 and PABP at the 3’ end of mRNA. For 
the recognition of a natural stop codon, although eRF3 interacts 
with PABP, since PTC occurs upstream of PABP binding site, 
interaction between them does not exist (Fig. 1C) [35, 36].  

 The three stop codons have different levels of fidelity (UAA > 
UAG > UGA) and readthrough efficiency (UGA > UAG > UAA) 
in humans [37, 38]. The efficiency depends on the sequence 
surrounding the PTC [39], especially the fourth nucleotide 
immediately after PTC (C > U > A > G) with C conferring the most 
efficient readthrough process when located at the fourth nucleotide 
adjacent to the PTC [11, 39, 40]. The difference in fidelity and 
efficiency towards PTC readthrough was due to the abundance of 
ribosomal RNAs, ribosomal proteins, RFs or elongation factors 
[41]. As PTCs are more susceptible to readthrough than natural stop 
codons, intervention of PTC via nonsense suppression offers a good 
therapeutic potential.  

STOP CODON READTHROUGH: THERAPEUTIC 
APPROACH 

 Nonsense mutations causing PTC is believed to contribute to 
10-30% of the sole cause of inherited and acquired human diseases 
[16, 42]. Hence, gene targeting approach of treating diseases caused 
by PTC is one of the major therapeutic challenges for current 
geneticists. The first breakthrough occurred in the late 20th century 
when some compounds were detected to introduce a natural amino 
acid in place of a PTC with the continued production of a complete 
normal polypeptide chain (i.e. the occurrence of readthrough) 
which circumvents the impulsive termination [3]. Overall, some 
specific compounds have been identified to readthrough PTCs by 
inserting a random amino acid in place of the stop codon [41]. 
These compounds are aminoglycoside antibiotics including 
gentamicin [10, 34], amikacin, tobramycin, paromomycin [43], 
NB54, NB84, geneticin (G418) [44, 45] and non-aminoglycosides 
like ataluren or formerly referred to as PTC124 [3-[5-(2-

Fluorophenyl)-1,2,4-oxadiazol-3-yl] benzoic acid] [8, 46]. At 
molecular level, these substances induce ribosomes to readthrough 
a PTC in mRNA by incorporating a random amino acid, resulting in 
the complete restoration of translation followed by the production 
of a normal functional protein [47].  

 Here, we discuss several successful therapeutic approaches 
which have been broadly divided into two categories; pharma-ceu-
tical drugs and molecular biology intervention tools, in treating 
different types of PTC-induced diseases. The therapeutic approa-
ches are sequentially arranged based on the number of successful 
evidences. 

Pharmaceutical Drugs 

Aminoglycosides 
 Aminoglycosides are a class of antibiotics that can potentially 
reduce the termination of ribosomal translation process by interfer-
ing with ribosomal proofreading. Aminoglycosides selectively bind 
to the decoding center of ribosome which causes random incorpora-
tion of amino acid thus overcoming stop codons in the growing 
peptide chain which synthesize improper truncated protein (Fig. 
1D) [48]. For instance, gentamicin is an aminoglycoside that exerts 
nonsense suppression activity by occasionally binding to the eu-
karyotic ribosomes [49], thereby selectively incorporating amino 
acids at PTCs but not at the natural stop codons. The gap between 
PTC and PABP of the mRNA closed loop complex creates a lag 
time. During this period, gentamicin inhibits the proofreading proc-
ess by promoting the binding of near-cognate tRNAs into the ribo-
somal A-site consequently leading to misreading and/or nonsense 
codon suppression [1]. 

 Hurler syndrome or mucopolysaccharidoses type I (MPS I) is 
an inherited autosomal recessive disorder; also known as the most 
severe type of lysosomal storage disease. The disease is caused by 
the deficiency of α-L-iduronidase enzyme (encoded by the IDUA 
gene) which degrades glycosaminoglycans (GAGs) within the 
lysosome. It has been reported that Q70X and W402X are the two 
frequently (�70%) detected nonsense mutations in patients with 
Hurler syndrome of European descent [50]. In 2001, Keeling et al. 
investigated gentamicin suppression activity on Q70X and W402X 
mutations within the IDUA gene using Hurler syndrome fibroblast 
cell line and found that gentamicin significantly increased as well 
as restored the normal activity of α-L-iduronidase [14]. Due to the 
toxicities arising from long-term gentamicin-mediated nonsense 
suppression therapy, more effective and less toxic aminoglycosides 
are now being designed. One of the aminoglycoside derivatives - 
NB84, restored sufficient α-L-iduronidase activity which can re-
duce GAGs accumulation in Idua-W392X mouse fibroblasts tissues 
compared to the conventional aminoglycosides - gentamicin, G418, 
amikacin and paromomicin [51].  

 Recently, a study investigated the long-term NB84 treatment 
effect on morphological and functional defects associated with 
MPS I in Iduatm1Kmke mice (carrying IDUA-W402X nonsense muta-
tion). The study indicated that α-L-iduronidase activity was restored 
with a corresponding decrease of GAGs accumulation which was 
maintained for 28 weeks due to the NB84 treatment without any 
evidence of toxicity [52]. Moreover, long-term treatment of NB84 
moderated the MPS I phenotype in different organs (i.e. central 
nervous system, heart and bone) which are resistant to current MPS 
I therapies. Overall, these findings suggest that nonsense suppres-
sion therapy either alone or in combination with other MPS I thera-
pies are effective in treating PTC-medicated MPS I [52]. 

 Maroteaux-Lamy syndrome (another type of lysosomal storage 
disease) occurs due to deficiency of N-acetylgalactosamine-4-
sulfatase enzymes (encoded by ARSB gene). A recent study con-
ducted in 2015 (n=3) demonstrated that gentamicin treatment (300-
700 μg/ml) increased the activity of ARSB (2-3 folds) in fibroblasts 
by suppressing p.W146X nonsense mutation; elevated levels of N-
acetylgalactosamine-4-sulfatase enzyme within the lysosome were 
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Fig. (1). A) Normal full functional protein is synthesized by translation process when the eRF3 and eRF1 complex encounters the natural stop codon. PABP 
interacts with eRF3 resulting inhibition of NMD. 
B) If a PTC appears within the NMD boundary, PABP still can interact with eRF3 resulting inhibition of NMD and truncated protein is produced. 
C) When the PTC is out of NMD boundary, PABP cannot interact with eRF3, therefore NMD takes place resulting no protein production. 
D) In presence of both NMD inhibitor and an appropriate nonsense suppressor, full-length functional protein can be restored. 
 

also reported [53]. These lend credence to the application of gen-
tamicin for the treatment of PTC-associated disorders. 

 DMD is a rare X-linked recessive disorder which causes mus-
cular degeneration as well as premature death due to either defi-

ciency or absence of dystrophin protein in the muscle fibers [54]. 
According to the Human Gene Mutation Database (HGMD®), non-
sense mutations are responsible for 20% of all mutational events 
causing DMD [55]. Gentamicin as a readthrough agent was used for 
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the first time in mdx mice (a DMD mice model) in which gentami-
cin treatment (14 days) decreased the creatine kinase (CK) activity 
and significantly increased the full-length dystrophin protein level 
in muscles compared to the untreated mdx mice. Since gentamicin 
restored 10-20% of the normal dystrophin levels in mdx mice mus-
cle, it was postulated that daily administration of gentamicin to 
DMD patients increase muscle dystrophin levels [56]. Indeed, 
DMD patients who receive gentamicin treatment (7.5 mg/kg) for 
six months exhibited a significant increase in dystrophin levels 
(p=0.027) along with reduced CK activity in serum [10].  

 Propionic acidemia is an inherited metabolic disorder caused by 
the defect of propionyl-CoA carboxylase enzyme in which non-
sense mutations are present in �10% of the patients. In vitro studies 
showed that a total of eight out of 11 mutations affecting the PCCA 
and PCCB genes (encoding the alpha and beta subunits respec-
tively, of propionyl-CoA carboxylase enzyme) were susceptible to 
the aminoglycosides treatment with increased enzymatic activity 
[57].  

 Methylmalonic aciduria (metabolic disorder) occurs due to the 
deficiency of methylmalonyl-CoA mutase enzyme (MUT gene) 
which causes the accumulation of methylmalonic acid in the blood. 
Nonsense mutations in the MUT gene account for up to 14% of 
mutations causing methylmalonic aciduria. Treatment of genomic 
reporter assay cell line with gentamicin and G418 synergistically 
increased (by 2-fold) the production of methylmalonyl-CoA mutase 
enzyme [58]. Another study also observed that the co-
administration of NaBu (sodium butyrate) along with G418 syner-
gistically suppressed the stop codon and increased the expression of 
CFTR [59]. 

 CF is an inherited autosomal recessive disorder in which the 
gene coding for the CF transmembrane conductance regulator 
(CFTR) protein is mutated. This gene mutation leads to the termina-
tion of an early translation causing a lack of full-length and func-
tional CFTR protein synthesis in approximately 10% of CF cases. 
In vitro treatment of CF cells by gentamicin has been reported to 
induce the production of full-length CFTR proteins [60]. Exposure 
of G542X-hCFTR mouse model (human G542X CFTR cDNA on a 
murine Cftr-null background) to gentamicin increased the full-
length CFTR protein expression in the gut (the site of CF-related 
mortality in the mouse model) accompanied by cAMP-activated 
chloride conductance [47]. In patients with PTC in CFTR, topical 
(nasal) gentamicin application for two weeks resulted in significant 
improvement of CFTR function in treated patients when compared 
to the control group [60, 61]. Nevertheless, since relative lack of 
potency of gentamicin has been reported in larger CF patient popu-
lations [62], considerable efforts in discovering more effective and 
less toxic aminoglycosides is still needed with several ongoing 
studies being conducted to seek for its treatment [63]. 

Ataluren 
 Ataluren (3-[5-(2-Fluorophenyl)-1,2,4-oxadiazol-3-yl]benzoic 
acid; formerly known as PTC124) is a small non-aminoglycoside 
molecule which has the ability to insert random amino acids at the 
PTC positions of mRNA transcript by inducing a ribosomal 
readthrough of the PTC without affecting the natural stop codons 
(Fig. 1D) [46, 64]. 

 Ataluren is reported as an efficient readthrough agent in mdx 
mice which can successfully induce the production of normal 
functional dystrophin protein in human DMD trials [65, 66]. A 
recent in vivo study (2015) [67] on infantile neuronal ceroid 
lipofuscinosis (INCL; an inherited neurological disorder) revealed 
another successful approach of using ataluren to treat nonsense 
mutation-associated diseases. INCL is a childhood neurode-
generative disease which develops due to the lack of a lysosomal 
enzyme palmitoyl-protein thioesterase 1 (PPT1). CLN1 encodes for 
PPT1 protein; however, when the gene is mutated by nonsense 
mutation (R151X), it causes deficiency of PPT1 protein. Although 

ataluren (10 mg/kg) allows readthrough of nonsense mutation of 
CLN1 gene to produce fully functional PPT1 protein, increased 
PPT1 enzyme activity was only observed in the liver and muscle 
tissues but not in other investigated tissues including the heart, lung 
and kidney [67]. Nevertheless, ataluren readthrough therapy was 
successfully applied in the treatment of some PTCs-induced ocular 
genetic diseases [2] indicating its potentiality for further 
investigation.  

 Chronic administration of ataluren (three times daily for 12 
weeks) to CF patients (n=19) produced a time-dependent significant 
(p<0.001) improvements of CFTR activity [68]. Recently (2015), it 
has been reported that derivatives of ataluren also demonstrated 
readthrough abilities which can ameliorate nonsense mutations of 
CFTR gene in CF patients [69].�In 2014, ataluren received the first 
conditional global approval for human use (albeit for DMD 
treatment only) by the committee for medicinal products (CHMP) 
of the European Medicines Agency (EMA) [70], and currently the 
2nd batch of the phase III clinical trial for CF is ongoing [70].�
 Werner syndrome, also known as “adult progeria”, is an 
autosomal recessive disorder characterized by premature aging. 
WRN gene (encodes DNA helicase enzyme) is mutated in this 
disease with the majority of the mutations being nonsense 
mutations (i.e. S1256X) and the production of truncated DNA 
helicase enzyme. Consequently, during DNA replication and repair, 
there is a lack of DNA helicase enzyme which ultimately distorts 
the normal structure and function of cells which progresses towards 
premature aging [71, 72]. Recently (2015), Agrelo et al. [73] used 
ataluren and successfully restored WRN gene coded full-length 
DNA helicase enzyme via readthrough of a nonsense mutation 
(S1256X). When ataluren was co-administered with NB54, no 
synergistic effect was observed to treat human Usher syndrome, the 
most common form of inherited deaf-blindness caused by the 
nonsense mutation of USH1C gene [74]. 

Molecular Biology Tools 

Suppressor tRNAs 
 Nonsense suppressor tRNAs are derivatives of tRNAs in which 
the anticodon is altered in such a way that enables the recognition 
of PTC. Therefore, in place of a PTC, the suppressor tRNA incor-
porates an amino acid and a full-length functional proteins are pro-
duced instead of translation termination. The efficiency of suppres-
sor tRNAs is significantly high as ribosomal proofreading activity 
cannot reject the aminoacyl-tRNA due to similar codon-anticodon 
interactions. Another factor contributing to high efficiency of sup-
pressor tRNAs is the natural manner of transcription, processing 
and recognition of suppressor tRNAs by endogenous aminoacyl-
tRNA synthetase [75]. 

 Several studies have demonstrated that suppressor tRNAs can 
potentially be used for human somatic gene therapy to treat diseases 
caused by nonsense mutations. In 1982 [76], suppressor tRNA was 
successfully demonstrated for the first time for its readthrough abil-
ity in treating nonsense mutation-induced β-thalassemia. In this 
experiment, a tRNA anticodon was designed for lysine (AAA) 
(known as suppressor tRNALys) having two mismatches (TAG) in 
the recognition sequence so that a UAG stop codon is recognizable 
as a lysine codon. Subsequently, the incorporation of lysine was 
observed when the UAG stop codon was encountered instead of a 
terminating translation. In β-thalassemia patients, a normal full-
length protein (β-globin) was translated due to the incorporation of 
lysine at the PTC [77]. 

 Another successful experiment was conducted in 1999 [78] 
demonstrated that a nonsense mutation (R207X) was restored in the 
XPA gene of xeroderma pigmentosum cells due to the activities of 
suppressor tRNAArg that partially restored the production XPA pro-
tein. The first successful in vivo breakthrough with suppressor 
tRNA was shown in 2000 following the functional restoration of 
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CAT gene [79]. The CAT gene harbored an UAA PTC that disrupts 
the normal function of the encoded enzyme, chloramphenicol ace-
tyltransferase. When suppressor tRNA was directly injected into the 
heart of transgenic mice, partial restoration of CAT activity was 
observed in approximately 10% of the muscle fibers [79]. In 2002, 
another in vivo study on DMD mdx mice having an UAA nonsense 
mutation in dystrophin-encoding gene showed successful restora-
tion of full-length functional dystrophin protein in 2.5% muscle 
fibers after a single intramuscular injection with UAA suppressor 
tRNAs [9].  

 Hereditary diffuse gastric cancer (HDGC) is an aggressive, 
incurable form of gastric cancer which is mainly caused by the 
germline nonsense mutation of CDH1 gene and resulted in the pro-
duction of a truncated E-cadherin protein [80]. A recent experiment 
(2014) on families with a history of HDGC (n=108) demonstrated 
that the onset of cancer was successfully delayed in 23 families 
(21.3%) following the administration of eight types of suppressor 
tRNAs (i.e. specifically tRNAArg) to induce the production of ap-
proximately 30% functional E-cadherin protein encoded by the 
restored CDH1 gene [81]. These evidences support the use of sup-
pressor tRNAs in treating human genetic diseases caused by non-
sense mutations. 

CRISPR/Cas9 System - The Cutting Edge Genome Editor 
 Recently, a powerful and versatile molecular tool has gained 
much attention as the first efficient genome editor known as clus-
tered regularly interspaced short palindromic repeats-CRISPR-
associated protein-9 (CRISPR/Cas9). This is an essential system for 
prokaryotic adaptive immunity which enables some organisms to 
eliminate invading non-self-genetic materials [82]. In the presence 
of Cas9 protein and an appropriate guide RNA (gRNA), an organ-
ism’s genome can be cut at any desired location [83, 84] indicating 
the enormous potential applications of CRISPR/Cas9.  

 In brief, CRISPR/Cas9 system consists of two key molecules: 
(1) an RNA-guided DNA endonuclease enzyme called Cas9 which 
can cut both the strands of DNA; (2) a piece of guide RNA with 
predesigned RNA sequence of around 20 bases (complementary to 
the target DNA sequence). When this gRNA binds to the target 
DNA sequence, Cas9 follows the gRNA to the target location and 
makes a cut across both the strands of DNA [85]. The breaks are 
repaired by major two mechanisms: (1) non-homologous end join-
ing (NHEJ); (2) homology directed repair (HDR). In NHEJ, the 
broken ends are recognized by Ku70/Ku80 heterodimer followed 
by the recruitment of a kinase (DNA-PKcs) and a DNA ligase 
(XRCC4-ligase IV) along with some accessory factors such as 
PAXX and XLF. This complex joins the broken ends together thus 
repairs the break [86]. In terms of HDR, the 5’-ended DNA strand 
is resected at the break to create a 3’ overhang. Subsequently, the 
invasive strand displaces one strand of the homologous DNA du-
plex and pairs with the other, resulting in a hybrid DNA called dis-
placement loop (D loop) followed by completion of the DNA repair 
process [87]. 

 In 2015, several experiments which utilized the CRISPR-Cas9 
system successfully confirmed its capabilities to correct mutations 
in induced pluripotent stem cells (iPSCs) including CF [7] and frag-
ile X syndrome [88]. Successful in vivo experiment on DMD mdx 
mice was also reported in which the CRISPR-Cas9 system was 
effectively utilized to restore dystrophin gene [89]. The CRISPR/ 
Cas9 system was capable of correcting both frameshift and non-
sense mutations in ASXL1 tumor suppressor gene, resulting in sig-
nificantly increased survival rate of leukemic mice [90]. In addition, 
CRISPR/Cas9 system was successfully used to restore mutated 
CFTR gene (F508del mutation in exon 11) which was able to syn-
thesize full-length functional protein in primary intestinal adult 
stem cells of CF patients [91]. Taken together, the CRISPR/ Cas9 
system holds exciting potential as a therapeutic molecular tool in 
the near future for treating PTC-mediated diseases. 

Pseudouridylation 

 Pseudouridine (or its Greek letter abbreviation psi, Ψ) is the 
most predominant modified nucleoside found in RNA which is 
characterized by C-5 glycoside isomer of uridine. Pseudouridine is 
synthesized by the enzymatic process (pseudouridine synthase) of 
pseudouridylation. It is chemically and structurally distinctive from 
uridine with high polarity, base-pair stacking and stability [92, 93].  

 When the uridine of one of the three PTCs (UGA, UAG and 
UAA) is converted into Ψ (ΨGA, ΨAG and ΨAA), tRNAs could 
not recognize the codon as PTC, thus allowing efficient 
readthrough of the mRNA transcript (Fig. 2) [94]. Recent in vitro 
and in vivo studies indicated that PTC-containing mRNA transcript 
was translated with 74-100% wild-type protein via pseudouridyla-
tion whereas a non-Ψ stop codon produced only 1% wild-type pro-
tein [94, 95]. Huang et al. [96] demonstrated the possibility of syn-
thesizing Ψ via the action of Box H/ACA ribonucleoprotein (RNP) 
complexes (which consists of four core protein components, one of 
which is a pseudouridine synthase), in which theoretically, any 
targeted uridine residue should be convertible into Ψ in the pres-
ence of a non-coding RNA. The synthesized complex is known as 
Box H/ACA RNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Pseudouridylation process in mRNA transcript containing PTC. 

 

 The function of H/ACA RNA is substrate recognition via com-
plementary base-pairing interactions. This hypothesis was proven 
by Karijolich et al. [95] by designing a novel Box H/ACA RNA via 
pseudouridylation of UAG, UGA and UAA PTCs which are present 
in TRM4 gene (encodes tRNA m5C methyltransferase) and were 
converted into ΨAG, ΨGA and ΨAA. In the mRNA transcript, 
ΨAG and ΨAA were translated as serine and threonine respectively 
while ΨGA was encoded into either tyrosine or phenylalanine thus 
allowing the production of full-length functional tRNA m5C meth-
yltransferase protein in Saccharomyces cerevisiae. A recent (2013) 
high resolution data from X-ray crystallographic study indicated the 
possible mechanisms in which Ψ is able to promote nonsense sup-
pression [94]. Overall, more studies are warranted to confirm the 
feasibility of using Ψ as a potent nonsense suppressor therapeutic 
strategy in human. 

Inhibition of Nonsense-Mediated mRNA Decay (NMD) 
 NMD is a conserved post-transcriptional mRNA quality control 
surveillance process which is present in all eukaryotes. As dis-
cussed earlier, if a PTC is located outside the NMD boundary, the 
NMD pathway is activated to cause degradation of the potentially 
deleterious mRNA (Fig. 1C); however if PTC is found within the 
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NMD boundary, synthesis of truncated protein occurs (Fig. 1B) 
[30-32]. In the normal population, the efficiency of NMD pathway 
varies as much as four-fold which is believed to influence the clini-
cal severity of numerous disorders [97, 98]. In addition, the 
effectiveness of nonsense suppression therapy is also dependent on 
the variable proficiency of NMD. It has been shown that higher 
levels of PTC-containing mRNA confer lower efficiency of NMD 
response followed by lower proficiency of suppression therapy [8, 
64].  

 A number of core factors have been identified which can regu-
late the NMD process including UPF1, UPF2 and UPF3 proteins. In 
addition to using different nonsense suppressor therapies, knock-
down of UPF1 and UPF2 in cultured human bronchial epithelial 
cells [64] and co-administration of NMD inhibitor 1 (NMDI-1) 
(Fig. 1D) [99] can result in robust recovery of CFTR and α-L-
iduronidase protein functions, respectively. As NMD is a vital fac-
tor influencing the effectiveness of nonsense suppression therapy, 
therapeutic intervention of the NMD system represents another 
potential therapeutic avenue to prevent the occurrence of PTCs. 

THROMBOTIC DISORDERS: A TARGET GROUP FOR 

NONSENSE SUPPRESSION? 

 Haemophilia A and B are inherited bleeding disorders caused 
by the deficiencies of clotting factors VIII (FVIII) and IX (FIX), 
respectively (Fig. 3). The genes (F8 and F9) responsible for both of 
the factors are X chromosome-linked. The incidence of hemophilia 
A is only 1/5000 in live male births when compared with 1/30,000 
for hemophilia B [100]. Based on the database review of factor VIII 
HAMSTeRS, among 952 different mutations, approximately 100 
nonsense mutations (~10.5%) lead to hemophilia A [12]. Similarly, 
according to the hemophilia B mutation database review, among 
622 reported mutations, 70 nonsense mutations (~10.5%) are re-
sponsible for hemophilia B [12].  

 Treatment of clotting factor deficiencies due to nonsense muta-
tions with aminoglycosides could represent an alternative therapy 
due to the expression of the missing factor even in low levels to 
ameliorate the hemostasis process in most conditions [101]. A pilot 
study (n=5) was conducted in 2005 [12] to evaluate the outcomes of 
intravenously-administered gentamicin (7 mg/kg in every 24 hours 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Blood coagulation cascade and the nonsense mutation-mediated coagulation disorders. In response to endothelial tissue injury and exposure of colla-
gens, intrinsic and extrinsic blood coagulation pathways are initiated, respectively. Following the activation of factor VII via extrinsic pathway and factor XII, 
XI and IX via intrinsic pathway, eventually factor X is activated to form prothrombinase complex with activated factor V. Prothrombinase complex then acti-
vates thrombin and ultimate activation of fibrin which later cross-links and forms fibrin clot. In presence of protein S, protein C - the natural anticoagulant is 
activated which acts as a regulator of coagulation cascade via inhibiting factors Va and VIIIa. Due to the deficiencies of some clotting factors and regulatory 
proteins via nonsense mutations, several thrombotic disorders occur (highlighted yellow with red font). 
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for three consecutive days) on the FVIII and FIX levels associated 
with severe hemophiliacs caused by nonsense mutations. Decreased 
activated partial thromboplastin time (aPTT) with increased levels 
of FVIII (0.016 IU/mL) or FIX (0.020 IU/mL) as well as increased 
thrombin generation were documented for two patients [a patient 
with hemophilia A (S1395X) and another patient with hemophilia B 
(R333X)]. The remaining three patients [two with hemophilia A 
(R2116X and R427X) and one with hemophilia B (R252X)] were 
irresponsive in terms of their aPTT or clotting factor levels, even 
though, the level of factor IX increased (2%-5.5%) and remained 
consistent in one of them. Taken together, this study clearly showed 
the effectiveness of using gentamicin as a nonsense suppressor in 
patients with severe hemophilia. 

 According to the phase II clinical trial using hemophilia B mice 
model which harbored the R338X nonsense mutation in human F9 
(FIX) gene, administration of ataluren (subcutaneous injection for 
three subsequent days) produced measurable FIX levels in the 
plasma as well as high levels of FIX in the liver. It also showed 
increased circulating FIX at 3-5 ng/mL levels in 20% of mice. 
Treatment by intraperitoneal injection for three days of PTC-EMK 
(a small molecular readthrough agent) in the same mice model 
yielded better results with detectable circulating FIX levels seen in 
40% of mice [13].  

 The effects of ataluren or PTC-EMK (72 hours at various con-
centrations) on ten commonly occurring nonsense mutations 
(R29X, R116X, W194X, R248X, R252X, Y266X, W310X, R333X, 
R338X and W407X) in the FIX gene were further evaluated using 
HEK293 cells by transient transfection of the ten mutants. Six of 
the mutants showed positive responses in the FIX protein level in 
which the cells containing the R29X mutation that have been 
treated with PTC-EMK showed the largest response, indicating the 
abilities of PTC-EMK to readthrough nonsense codons in the 
mRNA. Collectively, these data support the use of anti-PTC mole-
cules as a therapeutic option for hemophilia contributed by non-
sense mutations [13]. 

 Since activated FVII in complex with tissue factor triggers the 
blood coagulation cascade (Fig. 3) [102], its absence in the plasma 
can lead to bleeding tendency. A study reported the effects of gen-
tamicin treatment (3 mg/kg, once-daily injection for two days) on 
FVII-deficient nonsense mutated patients (n=2). Gentamicin, at the 
given dose, prompted only minimal response on FVII levels in 
plasma [101]. In animal models, variable gentamicin metabolism 
was found to influence patients’ response to gentamicin [56]. In 
addition, the continuous use of gentamicin is debatable in the treat-
ment of severe hemophilia due to its potential toxicities as well as 
minimal response. Moreover, the activity of aminoglycosides is 
dependent on the composition of adjacent nucleotides. For example, 
a nonsense mutation caused by the stop codon UGA followed by a 
C nucleotide is highly susceptible to be inhibited by aminoglyco-
sides [103]. Thus, further investigation on gentamicin-mediated 
PTC readthrough based on the position of nonsense mutation, se-
quence composition adjacent to PTC with different gentamicin 
dosages, mode of administration, schedules and available transcript 
levels are required. In future, ribosomal interference which can 
cause lower toxicity is also needed for treating nonsense mutation-
mediated severe hemophiliac patients.  

 In addition to the above thrombotic disorders, based on data-
mining procedures on two genomic-related databases, 19 genes 
have been identified which may lead to at least 21 inherited 
thrombotic disorders via PTC (Table 1). The genes were shortlisted 
based on the following workflow: (1) the top 50 thrombosis-related 
genes were initially screened based on their high ‘relevance score’ 
with the term ‘thrombosis’ from GeneCards® 

(http://www.genecards.org/) with the ‘relevance score’ taking into 
account the number of hits and the importance of the fields in 
which they were found [104] (2) subsequently, the top 50 genes 

which are known to have a causative role in their respective throm-
botic disorders via nonsense mutations were further data-mined 
based on the HGMD®

 database (http://www.hgmd.cf.ac.uk/). From 
this number, 19 genes with high relevance scores (50.38 – 8.38) are 
identified to be responsible for at least 21 types of thrombotic dis-
orders via nonsense mutations (Table 1) while the remaining 31 
genes showed absence of nonsense mutations based on the data-
base. Among the shortlisted 19 genes, ten genes are involved with 
the regulation of blood coagulation (F5, F2, PROC, F8, F10, F9, 
F13A1, F7, F12 and F11) (Fig. 1), seven with blood clot (SER-
PINC1, PROS1, VWF, FGA, FGB, FGG and, ADAMTS13) and two 
are involved with platelet regulation (GP1BA and ITGA2B). There-
fore, it is plausible that these 19 genes are potential target groups 
for PTC-targeted therapies. 

CURRENT CHALLENGES AND FUTURE DIRECTION 

 Although most of the readthrough therapeutic strategies are 
promising, further investigations are required to fine-tune each 
strategy. For instance, in terms of suppressor tRNAs, in addition to 
efficient delivery at the target sites, proper charging is required with 
specific aminoacyl synthetases [105]. Additionally, the effective-
ness of suppressor tRNAs is dependent upon the location and 
surrounding nucleotides of PTC as well. Moreover, suppressor 
tRNAs were observed to recognize and readthrough canonical stop 
codons resulting in deleterious effects [106]. Hence, improvement 
of the suppressor tRNA system is warranted for better precision, 
efficacy and safety of therapeutic agent.  

 It should be cautioned that prolonged administration of amino-
glycosides may cause some side effects including nephrotoxicity 
[107] which is reversible and ototoxicity [108] which is irrever-
sible. Off-target approach of both ataluren and pseudouridylation 
can� hamper cellular processes including mRNA splicing, rRNA 
structure, tRNA specificity and recognition of the internal ribosome 
entry sites [75]. Thus, further studies are required to elucidate the 
effectiveness and specificity of ataluren and pseudouridylation as 
therapeutic regimens. In genetic disorders, NMD acts as a double-
edged sword in which the affected genes convey the mutations 
mediated by PTC. Therefore, patients may benefit from NMD by 
degrading the PTC-containing mRNAs that encode harmful, 
dominant-negative truncated proteins. 

 When a PTC-containing mRNA is degraded by the defensive 
action of NMD, the physiologic condition can be worsened due to 
the complete absence of the protein [109]. Some evidences tend to 
support the fact that the efficiency of NMD varies between 
individuals which confer different responses to drugs that promote 
readthrough of PTCs [110, 111]. Hence, the efficiency of NMD in 
an individual should be considered when testing, developing and 
making therapeutic decisions for PTC-induced genetic diseases. For 
treating PTC-associated diseases with CRISPR/Cas9 system, 
efficient delivery methods like direct delivery of recombinant Cas9 
protein and proper expression of components optimized for targeted 
cell-type or organism are needed to increase specificity and reduce 
off-targets [112, 113]. 

 Some exceptions have been observed in how codons are 
translated. For instance, UGA encodes tryptophan (Trp) in bacteria 
(Mycoplasma), yeasts and animal mitochondria [114, 115]. In 
nematode mitochondria, UAA and UGA code for tyrosine (Tyr) 
and Trp, respectively [116]. In Tetrahymena (a ciliate protozoa), 
although UGA acts as a stop codon, UAA and UGA paradoxically 
encode for glutamine (Gln) [117]. Similarly, in Euplotes (a ciliate 
protozoa), UAA and UAG are recognized as stop codons, although 
UGA is translated into cystein (Cys) [118].  

 One of the causes of such unusual consequences is possibly due 
to structural nucleotide modifications in tRNAs [119]. Approxi-
mately 100 different naturally-occurring chemical modifications 
have been described which can be one of the possible consequences 
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Table 1. Potential genes associated with nonsense mutation–mediated thrombotic diseases as future target for nonsense suppressor 

therapies (data retrieved and re-analyzed from the GeneCards
® 

and HGMD
®

 databases). 

No. 
Genes having Non-

sense Mutations 
Description 

Relevance Score 

(GeneCards
®
) 

Number of 

Nonsense 

Mutations 

PTC Occur-

rence (%) 

Associated Throm-

botic Diseases 

Natural 

Stop Codon 

1 F5 
Coagulation  

Factor V 
50.38 18 

UGA (50.0) 

UAG (22.2) 

UAA (27.8) 

Factor V deficiency UAG 

2 F2 
Coagulation Factor 

II (Prothrombin) 
40.03 4 

UGA (25.0) 

UAG (50.0) 

UAA (25.0) 

Prothrombin  
deficiency 

Hypoprothrombinemia 

UAG 

3 SERPINC1 

Serpin Peptidase 
Inhibitor, Clade C  

(Antithrombin), 

Member 1 

39.16 28 

UGA (35.7) 

UAG (35.7) 

UAA (28.6) 

Antithrombin  

deficiency 
UAA 

4 PROC 

Protein C 

(Inactivator Of Co-

agulation Factors Va 

And VIIIa) 

22.24 21 

UGA (42.8) 

UAG (52.4) 

UAA (4.8) 

Protein C Deficiency UAG 

5 PROS1 Protein S (Alpha) 20.59 39 

UGA (33.4) 

UAG (17.9) 

UAA (48.7) 

Protein S Deficiency UAA 

6 F8 
Coagulation Factor 
VIII, Procoagulant 

Component 

20.07 300 

UGA (26.0) 

UAG (36.4) 

UAA (37.6) 

Hemophilia A UGA 

7 VWF 
Von Willebrand 

Factor 
19.09 63 

UGA (36.5) 

UAG (49.2) 

UAA (14.3) 

von Willebrand  

disease 
UGA 

8 F10 
Coagulation Factor 

X 
17.92 4 

UGA (25.0) 

UAG (75.0) 

UAA (00.0) 

Factor X deficiency UGA 

9 FGA 
Fibrinogen Alpha 

Chain 
15.73 19 

UGA (52.6) 

UAG (15.8) 

UAA (31.6) 

Afibrinogenaemia 

Dysfibrinogenaemia 

Hypofibrinogenaemia 

UAG 

10 F9 
Coagulation Factor 

IX 
14.43 95 

UGA (34.7) 

UAG (30.6) 

UAA (34.7) 

Haemophilia B UAA 

11 GP1BA 
Glycoprotein Ib 
(Platelet), Alpha 

Polypeptide 

14.41 6 

UGA (33.3) 

UAG (33.3) 

UAA (33.3) 

Bernard-Soulier  
Syndrome 

UGA 

12 F13A1 
Coagulation Factor 
XIII, A1 Polypep-

tide 

13.06 14 

UGA (42.9) 

UAG (42.9) 

UAA (14.2) 

Factor XIII deficiency UGA 

13 FGB 
Fibrinogen Beta 

Chain 
12.12 10 

UGA (30.0) 

UAG (60.0) 

UAA (10.0) 

Afibrinogenaemia 

Hypofibrinogenaemia 
UAG 
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(Table 1) Contd.... 

 

No. 
Genes having Non-

sense Mutations 
Description 

Relevance Score 

(GeneCards
®
) 

Number of 

Nonsense 

Mutations 

PTC Occurrence 

(%) 

Associated Throm-

botic Diseases 

Natural 

Stop Codon 

14 ITGA2B 

Integrin, Beta 3 

(Platelet Glycopro-

tein IIIa, Antigen 

CD61) 

12.07 17 

UGA (47.1) 

UAG (47.1) 

UAA (5.8) 

Glanzmann disease UGA 

15 FGG 
Fibrinogen Gamma 

Chain 
10.45 5 

UGA (40.0) 

UAG (60.0) 

UAA (0.0) 

Afibrinogenaemia 

Hypofibrinogenaemia 
UAA 

16 ADAMTS13 

ADAM Metallopep-

tidase With Throm-
bospondin Type 1 

Motif, 13 

9.52 15 

UGA (26.6) 

UAG (73.4) 

UAA (0.0) 

Thrombotic throm-

bocytopenic purpura 

Upshaw-schülman 

syndrome 

UGA 

17 F7 

Coagulation Factor 

VII (Serum 
Prothrombin Con-

version Accelerator) 

9.15 20 

UGA (40.0) 

UAG (60.0) 

UAA (0.0) 

Factor VII deficiency UAG 

18 F12 
Coagulation Factor 
XII (Hageman Fac-

tor) 

8.74 2 

UGA (50.0) 

UAG (50.0) 

UAA (0.0) 

Factor XII deficiency UGA 

19 F11 
Coagulation Factor 

XI 
8.38 25 

UGA (32.0) 

UAG (24.0) 

UAA (44.0) 

Factor XI deficiency UGA 

 

of “stop” stands for “go” phenomenon [120]. These unusual 
reassignment of the standard stop codons among various species 
raise the question of whether it is possible to induce specific 
targeted fusion proteins of eRFs by utilizing protozoan or yeast 
proteins which can recognize and subsequently readthrough PTCs 
to alleviate PTC-induced human genetic diseases. 

 Modifications of the molecular structure of eRF1 may be 
another interesting therapeutic approach. If the molecular structure 
of eRF1 (NIKS and YxCxxxF motifs in the N domain) can be 
altered in a regulated way that eRF1 could not recognize PTCs 
without actually disturbing the recognition of canonical stop codon 
[121], it could be another potential molecular therapeutic strategy to 
treat PTC-induced diseases. 

 The number of patients with nonsense mutation-induced genetic 
disorders is rising worldwide, including patients with thrombotic 
disorders which continue to pose as a major global threat. Consider-
ing the possibility of future personalized medicine, patients’ geno-
typic and DNA sequence data can be a vital source of information 
to delineate the efficiency of specific PTC suppression therapies 
[66]. In conclusion, PTC-mediated diseases, including thrombotic 
disorders, can be targeted with the use of either small molecule 
pharmaceutical inhibitors or by intervention via molecular biology 
tools. Further development of PTC-targeted therapies is warranted 
to fully realize the promise of future personalized molecular medi-
cine based on nonsense mutation in thrombotic disorders. 

LIST OF ABBREVIATIONS 

CF = Cystic Fibrosis 

CK = Creatine Kinase 

DMD = Duchenne Muscular Dystrophy 

eRF1 = Class 1 Eukaryotic Peptide Release Factor 

eRF3 = Class 2 Eukaryotic Peptide Release Factor 

NMD = Nonsense-Mediated mRNA Decay  

PABP = Poly-A Binding Protein 

PTC = Premature Termination Codons 
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