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A breakthrough in readthrough? Could geneticin lead the way
to effective treatment for cystinosis nonsense mutations?
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The report by Brasell et al. in this issue of Pediatric
Nephrology [1] raises the possibility that individuals with
cystinosis who have a nonsense mutation that is transcribed
into a premature termination codon (PTC) can have functional
cystinosin by taking a medication that allows translation of the
complete CTNS gene. This is achieved by reducing transla-
tional fidelity which allows a change in one nucleotide of a
PTC, turning it into a sense codon. This complete translation,
rather than termination of translation due to the PTC, permits
readthrough (RT) of the mutated allele. Treatment with an RT
agent could not only correct the lysosomal accumulation of
cysteine but also correct other defects due to cystinosis [2, 3].
PTC suppression therapy allowing translational RT has the
potential to treat disease due to in-frame nonsense mutations.

There are two reasons that a PTC in the CTNS gene, as one
of two mutated alleles, can cause infantile cystinosis. First,
faulty mRNA is dealt with by various mechanisms that reduce
the quantity of truncated proteins that might otherwise arise and
interfere with normal cellular function. Thus, mRNA containing
PTCs, either due to somatic mutations or transcriptional error, is
dealt with by nonsense-mediated mRNA decay (NMD); PTCs
reduce the stability of mRNAs, which are subject to degradation
prior to translation. This reduces the ability of PTC-RTagents to
promote translation since there may be little or no mRNA avail-
able. Second, shortened mRNA is translated into a truncated
cystinosis protein that has reduced or no activity.

NMD inhibitors have been suggested as an adjunct to RT
agents to improve the efficiency of the treatment, which is
well illustrated by Fig. 1. But such treatment must be

approached with caution as it could increase many potentially
toxic truncated proteins [4].

Despite a proof of concept in a mouse model of Duchene
muscular dystrophy (DMD) in 1999 that aminoglycosides im-
prove the amount and function of dystrophin in skeletal mus-
cles with lower creatinine kinase levels [5], PTC suppression
therapy has not yet made a significant impact for patients with
genetic disease [6–9]. Correction of the cystinosis phenotype
was first reported in abstract in 2000 [10] and fully in 2002
[11]. This leads to the question of what barriers need to be
overcome to translate these laboratory findings into a success-
ful treatment for individuals who have cystinosis.

Of the various types of DNA mutations, only a subset
(mostly missense mutations) give rise to a stop in translation
[12]. Brasell et al. note that only the 15% of individuals with
cystinosis that have a nonsense mutation are potentially treat-
able with PTC-RT therapy [1].

Both the actual triplet codon of the PTC and sequences
surrounding a PTC—its context—affect the ability of RT
agents to effect translation and thus have a significant influ-
ence in determining effective drug-induced suppression of a
PTC [13]. This context effect explains some of the variability
in RT efficiencies of gentamicin in cultured cells from muscu-
lar dystrophy patients, with not all likely amenable to pharma-
cological treatment [14].

The specific chemical structure of RT agents may also af-
fect their efficacy. For example, not all preparations of genta-
micin contain the same proportions of isoforms that may have
a differential contribution to RT efficacy. Various gentamicin
C isoforms have the most antibacterial activity compared to A,
B, or X isoforms but their side chain differences affect their
ability to effect RT [6].

Suppression of PTCs raises the question as to whether,
under the influence of an RT agent, normal stop codons might
fail to terminate translation of RNA leading to an extension of
the amino acid string affecting the structure and function of
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the protein [4]. The evidence is that PTCs are different to
natural stop codons, with RT of end of gene stop codons oc-
curring about tenfold less than at PTCs [13, 15, 16].
Reassuringly, RT polypeptides could not be detected in vari-
ous tissues from rats, dogs, and humans treated with ataluren,
formerly known as PTC124, a PTC-RT drug without antibi-
otic properties [17].

While PTC-RTagents may allow the synthesis of function-
al protein, the amount of protein produced may be crucial in
determining the success of therapy [18]. Individuals who have
only one CTNS allele mutated, such as parents of a child with
cystinosis, have 50% transport capacity in their lysosomes
[19] and somewhat increased WBC cystine levels, but do
not manifest disease. In the paper by Brasell et al., lysosomal
transport was restored equally with one missense mutation as
with two missense mutations [1]. Whether the efficiency of
PTC suppression therapy in possible clinical trials of individ-
uals with cystinosis will be similar is yet to be determined.

Not all missense CTNS mutations may be equally treated
by RT agents, as in some cases the restored full-length protein
may not be functional. Function may depend on which amino
acid is inserted into the final protein by the PTC-RT agent.
Insertion of a different amino acid than usual into a part of the
protein that is crucial for that protein’s functionmay render the
protein less than fully functional or even non-functional.
Thus, not all cystinosin PTCs or nonsense mutations may be
amenable to PTC-RT treatment [4].

There is evidence that peak of PTC-RT drug levels rather
than steady levels may bemore efficacious [5]. This combined
with a short half-life may mean that suppression induced by a
PTC-RT agent is not a prolonged effect, and so suppression

therapy may require several doses every day [17], something
that is all too well known in cysteamine therapy for cystinosis.

For individuals with cystinosis, clinical trials will be need-
ed to determine whether combining a PTC-RT agent with an
NMD inhibitor will induce more efficient and broad PTC-RT.
It may even be that NMD inhibition without a PTC-RT agent
could enable reduction in lysosomal cystine truncated proteins
in increased amounts sufficient for partial function.

Experiences in other diseases illustrate the difficulty of
bringing lab findings to clinical practice. PTC-RTagent efficacy
may be disease specific and not recapitulate the promise from
laboratory studies. Ataluren has been trialed in DMD and cystic
fibrosis (CF). Although the initial clinical trials of PTC-RT
agents in DMD patients were not all promising [14], further
trials led to ataluren being licensed in Europe for use in mus-
cular dystrophy, but the FDA has not approved this treatment.
Ataluren has not been shown to be effective in CF [8, 20].

Which PTC-RT agents should be used in possible clinical
trials in individuals with cystinosis? Several approaches to de-
veloping potential therapeutic RTagents for diseases caused by
PTC mutations appear to exist. The first is design of aminogly-
coside derivatives with lower or no toxicity [21]. The second is
screening of new compounds for RT activity [22]. The exis-
tence of animal models for cystinosis, such as a zebrafish mod-
el with a homozygous nonsense mutation, may facilitate this
[23]. Third is to repurpose an existing medication, which is
attractive in terms of access and possibly cost. Intriguingly,
macrolides are capable of inducing PTC-RT [18].

Combining the second and third approaches may be an effi-
cient way of identifying readily available medications that are
not prohibitively expensive, with acceptable, known adverse

Fig. 1 The process of DNA-to-protein synthesis in BNormal,^ BDisease,^
BReadthrough^ (RT), and BRT with nonsense-mediated mRNA decay
(NMD) inhibition^ scenarios. The figure illustrates that cells have a
mechanism (NMD) which reduces the amount of mRNA in the presence
of premature termination codons (PTC) that contributes to the absence of

functional protein. RT therapy, with the low steady state of mRNA, may
only result in a small amount of functional protein. The combination of
NMD inhibition and RT therapy could allow for synthesis of larger
amounts of protein. (Reproduced from Keeling et al. 2012 with permis-
sion [4])
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effects. An herbal anti-inflammatory drug escin was identified
as a potential PTC-RT agent, demonstrating efficacy in cells
from patients with CF [24]. Escin appears to have a dual poten-
tial action as it is an NMD inhibitor and was shown to increase
the level of functional cellular protein. Given a promising ad-
verse effect profile, escin may be a potential PTC-RT agent.

Cystinosis is a lifelong disease that is currently only par-
tially successfully treatedwith the cystine-depleting agent cys-
teamine. A genetic cure may be possible by rescue with he-
matopoietic stem cell transplant, for which there is enthusiasm
within the cystinosis community [25]. Genetic manipulation
of the genome by CRISPR-Cas9 raises future therapeutic pos-
sibilities [26]. Restoration of functional cystinosin would pro-
vide a cure although not reverse kidney damage. Whether
PTC-RTagents could successfully treat some individuals with
cystinosis is intriguing. To explore this, a clinical trial might
be planned. The identification of a suitable trial medication
could be done with fibroblast cell lines from individuals with
cystinosis. However a wide selection of nonsense mutations
should be tested, since different nonsense mutations may re-
quire different agents or different doses depending on the PTC
context [27]. If a medication was found to be efficacious,
lifelong treatment would be needed. Individuals with
cystinosis are ordinarily taking medications at least daily, ei-
ther because of a proximal tubulopathy or because of a kidney
transplant, and so the addition of an effective, non-toxic PTC-
RT medication might not be too onerous, especially if it
allowed a reduction or discontinuation of cysteamine therapy.

Compliance with ethical standards

Conflict of interest The author declares that he has no conflict of
interest.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Brasell EJ, Chu L, El Kares R, Seo JH, Loesch R, Iglesias DM,
Goodyer P (2018) The aminoglycoside geneticin permits transla-
tional readthrough of the CTNS W138X nonsense mutation in fi-
broblasts from patients with nephropathic cystinosis. Pediatr
Nephrol. https://doi.org/10.1007/s00467-018-4094-0

2. Wilmer MJ, Emma F, Levtchenko EN (2010) The pathogenesis of
cystinosis: mechanisms beyond cystine accumulation. Am J
Physiol Ren Physiol 299:F905–F916

3. Sansanwal P, Li L, Hsieh SC, Sarwal MM (2010) Insights into
novel cellular injury mechanisms by gene expression profiling in
nephropathic cystinosis. J Inherit Metab Dis 33:775–786

4. Keeling KM, Wang D, Conard SE, Bedwell DM (2012)
Suppression of premature termination codons as a therapeutic ap-
proach. Crit Rev Biochem Mol Biol 47:444–463

5. Barton-Davis ER, Cordier L, Shoturma DI, Leland SE, Sweeney
HL (1999) Aminoglycoside antibiotics restore dystrophin function
to skeletal muscles of mdx mice. J Clin Invest 104:375–381

6. Linde L, Kerem B (2008) Introducing sense into nonsense in treat-
ments of human genetic diseases. Trends Genet 24:552–563

7. Atanasova VS, Jiang Q, Prisco M, Gruber C, Pinon Hofbauer J,
ChenM,Has C, Bruckner-Tuderman L,McGrath JA, Uitto J, South
AP (2017) Amlexanox enhances premature termination codon
read-through in COL7A1 and expression of full length type VII
collagen: potential therapy for recessive dystrophic epidermolysis
bullosa. J Invest Dermatol 137:1842–1849

8. Zainal Abidin N, Haq IJ, Gardner AI, Brodlie M (2017) Ataluren in
cystic fibrosis: development, clinical studies and where are we
now? Expert Opin Pharmacother 18:1363–1371

9. McDonald CM, Campbell C, Torricelli RE, Finkel RS, Flanigan
KM, Goemans N, Heydemann P, Kaminska A, Kirschner J,
Muntoni F, Osorio AN, Schara U, Sejersen T, Shieh PB, Sweeney
HL, Topaloglu H, Tulinius M, Vilchez JJ, Voit T, Wong B, Elfring
G, Kroger H, Luo X, McIntosh J, Ong T, Riebling P, Souza M,
Spiegel RJ, Peltz SW, Mercuri E, Clinical Evaluator Training
Group, ACT DMD Study Group (2017) Ataluren in patients with
nonsense mutation Duchenne muscular dystrophy (ACT DMD): a
multicentre, randomised, double-blind, placebo-controlled, phase 3
trial. Lancet 390:1489–1498

10. Thoene JG, Lemons R (2000) Correction of cystinotic phenotype in
cultured cells by an aminoglycoside. Mol Ther 1:S75

11. Helip-Wooley A, Park MA, Lemons RM, Thoene JG (2002)
Expression of CTNS alleles: subcellular localization and aminogly-
coside correction in vitro. Mol Genet Metab 75:128–133

12. Hwang J, Kim YK (2013) When a ribosome encounters a prema-
ture termination codon. BMB Rep 46:9–16

13. ManuvakhovaM, Keeling K, Bedwell DM (2000) Aminoglycoside
antibiotics mediate context-dependent suppression of termination
codons in a mammalian translation system. RNA 6:1044–1055

14. Bidou L, Hatin I, Perez N, Allamand V, Panthier JJ, Rousset JP
(2004) Premature stop codons involved in muscular dystrophies
show a broad spectrum of readthrough efficiencies in response to
gentamicin treatment. Gene Ther 11:619–627

15. Parker J (1989) Errors and alternatives in reading the universal
genetic code. Microbiol Rev 53:273–298

16. Cassan M, Rousset JP (2001) UAG readthrough in mammalian
cells: effect of upstream and downstream stop codon contexts re-
veal different signals. BMC Mol Biol 2:3

17. Welch EM, Barton ER, Zhuo J, Tomizawa Y, FriesenWJ, Trifillis P,
Paushkin S, Patel M, Trotta CR, Hwang S, Wilde RG, Karp G,
Takasugi J, Chen G, Jones S, Ren H, Moon YC, Corson D,
Turpoff AA, Campbell JA, Conn MM, Khan A, Almstead NG,
Hedrick J, Mollin A, Risher N, Weetall M, Yeh S, Branstrom AA,
Colacino JM, Babiak J, JuWD,Hirawat S, Northcutt VJ,Miller LL,
Spatrick P, He F, Kawana M, Feng H, Jacobson A, Peltz SW,
Sweeney HL (2007) PTC124 targets genetic disorders caused by
nonsense mutations. Nature 447:87–91

18. DabrowskiM, Bukowy-Bieryllo Z, Zietkiewicz E (2018) Advances
in therapeutic use of a drug-stimulated translational readthrough of
premature termination codons. Mol Med 24:25

19. Thoene JG (1995) Cystinosis. J Inherit Metab Dis 18:380–386
20. AslamAA, Higgins C, Sinha IP, Southern KW (2017) Ataluren and

similar compounds (specific therapies for premature termination
codon class I mutations) for cystic fibrosis. Cochrane Database
Syst Rev 1:CD012040

21. Nudelman I, Glikin D, Smolkin B, Hainrichson M, Belakhov V,
Baasov T (2010) Repairing faulty genes by aminoglycosides: de-
velopment of new derivatives of geneticin (G418) with enhanced
suppression of diseases-causing nonsense mutations. Bioorg Med
Chem 18:3735–3746

22. Du L, Damoiseaux R, Nahas S, Gao K, Hu H, Pollard JM,
Goldstine J, Jung ME, Henning SM, Bertoni C, Gatti RA (2009)
Nonaminoglycoside compounds induce readthrough of nonsense
mutations. J Exp Med 206:2285–2297

Pediatr Nephrol (2019) 34:917–920 919

https://doi.org/10.1007/s00467-018-4094-0


23. Elmonem MA, Khalil R, Khodaparast L, Khodaparast L, Arcolino
FO, Morgan J, Pastore A, Tylzanowski P, Ny A, Lowe M, de Witte
PA, Baelde HJ, van den Heuvel LP, Levtchenko E (2017)
Cystinosis (ctns) zebrafish mutant shows pronephric glomerular
and tubular dysfunction. Sci Rep 7:42583

24. Mutyam V, Du M, Xue X, Keeling KM, White EL, Bostwick
JR, Rasmussen L, Liu B, Mazur M, Hong JS, Falk Libby E,
Liang F, Shang H, Mense M, Suto MJ, Bedwell DM, Rowe
SM (2016) Discovery of clinically approved agents that pro-
mote suppression of cystic fibrosis transmembrane conduc-
tance regulator nonsense mutations. Am J Respir Crit Care

Med 194:1092–1103. https://doi.org/10.1164/rccm.201601-
0154OC

25. Cherqui S (2014) Is genetic rescue of cystinosis an achievable treat-
ment goal? Nephrol Dial Transplant 29:522–528

26. Veys KR, Elmonem MA, Arcolino FO, van den Heuvel L,
Levtchenko E (2017) Nephropathic cystinosis: an update. Curr
Opin Pediatr 29:168–178

27. Matalonga L, Arias A, Tort F, Ferrer-Cortes X, Garcia-Villoria J,
Coll MJ, Gort L, Ribes A (2015) Effect of readthrough treatment in
fibroblasts of patients affected by lysosomal diseases caused by
premature termination codons. Neurotherapeutics 12:874–886

920 Pediatr Nephrol (2019) 34:917–920

https://doi.org/10.1164/rccm.201601-0154OC
https://doi.org/10.1164/rccm.201601-0154OC

	A breakthrough in readthrough? Could geneticin lead the way to effective treatment for cystinosis nonsense mutations?
	References


