ACTA MYOLOGICA 2021; XL: p. 43-50
doi:10.36185/2532-1900-041

Received: March 15, 2021
Accepted: March 15, 2021

Correspondence

Luisa Politano

Cardiomiology and Medical Genetics, “Luigi Vanvitelli”
University, Primo Policlinico, Piazza Miraglia, Napoli, Italy
E-mail: luisa.politano@unicampania.it

Conflict of interest
The Author declares no conflict of interest

How to cite this article: Politano L. Read-through
approach for stop mutations in Duchenne muscular
dystrophy. An update. Acta Myol 2021;40:43-50.
https://doi.org/10.36185/2532-1900-041

© Gaetano Conte Academy - Mediterranean Society of
Myology

OPEN ACCESS

This is an open access article distributed in accordance
with the CC-BY-NC-ND (Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International) license. The
article can be used by giving appropriate creditand mentioning
the license, but only for non-commercial purposes and
only in the original version. For further information: https.//
creativecommons.org/licenses/by-nc-nd/4.0/deed.en

Read-through approach for
stop mutations in Duchenne
muscular dystrophy. An
update

Luisa Politano

Cardiomiology and Medical Genetics, “Luigi Vanvitelli” University, Naples, Italy

Dystrophinopathies are allelic conditions caused by deletions, duplications and
point-mutations in the DMD gene, located on the X chromosome (Xp21.2). Mu-
tations that prematurely interrupt the dystrophin protein synthesis lead to the
most severe clinical form, Duchenne muscular Dystrophy, characterized by early
involvement of muscle strength. There is no known cure for dystrophinopathies.
In DMD, treatment with corticosteroids have changed the natural history and the
progression of the disease, prolonging ambulation, and slowing the onset of respi-
ratory and cardiac involvement and scoliosis by several years. In the last few years,
new perspectives and options are deriving from the discovery of pharmacological
approaches able to restore normal, full-length dystrophin and potentially reverse
the course of the disease. Read-through (RT) of nonsense mutations, thanks to its
ability to bypass the premature stop codon and to act on virtually any region of
the dystrophin gene, independently of the location in which the mutation resides, is
one of these promising approaches. This non-systematic review shows the different
steps that, passing from yeast to humans, have made it possible to use this inno-
vative successful approach to treat serious diseases such as Duchenne muscular
dystrophy.

Key words: Duchenne Muscular dystrophy, nonsense mutations, aminoglycosides, ata-
luren, translarna

Introduction

Duchenne muscular dystrophy (DMD) belongs to dystrophinopathies,
a group of X-linked genetic degenerative disorders affecting striated mus-
cles and caused by mutations in DMD gene '*.

Dystrophinopathies present with a variable spectrum of severity rang-
ing from the exercise-induced muscle cramps and myoglobinuria, to the
complete loss of muscle function, cardiomyopathy, and respiratory failure.
The onset of DMD is in early childhood, characterized by a delay in mo-
tor milestones. In about 1/3 of children brain involvement with cognitive
impairment and/or behavioural disorders such as ADHD (attention deficit
hyperactivity disorder), autism, anxiety and obsessive-compulsive disor-
der can by associated >°.

Muscle hypertrophy is evident, especially in the calf muscles. Pro-
gression is rapid, so that by the age of 5 waddling gait and positive Gow-
ers’ sign appear. In untreated boys, walking is lost by the age of 12 (mean
9.5 years). Following the loss of ambulation, scoliosis, respiratory failure
and cardiomyopathy develop >°.

The incidence of DMD varies from 1:3.500 to 6.800 male births, ac-
cording to the more recent estimates %,
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Figure 1. Stop of the protein synthesis, caused by a non-sense mutation (from Roy B, et al. Proc Natl Acad Sci USA

2016;113:12508-13, mod.).

From a genetic point of view, dystrophinopathies are
allelic conditions caused by deletions, duplications and
point-mutations in the DMD gene, located on the X chro-
mosome (Xp21.2). To explain how mutations in the same
gene may cause the observed phenotypic variability, the
rule of the “Open Reading Frame” (ORF) comes to the
rescue "8, According to this rule, mutations that prevent
the ribosome from reading the amino acid sequence cor-
rectly (“out-of-frame” or nonsense mutations) result in
no functional dystrophin (see Figure 1) and produces the
DMD phenotype. On the other hand, mutations that retain
the reading sequence (“in frame”), generate a shortened
but partly functional protein, leading to the milder BMD
phenotype 7. Exceptions to this rule are observed for up to
9% of dystrophin mutations °.

There is no known cure for dystrophinopathies. In
DMD, treatment with corticosteroids have changed the
natural history and the progression of the disease, pro-
longing ambulation, and slowing the onset of respiratory
and cardiac involvement and scoliosis by several years.
Physiotherapy and orthotics delay the onset of joint con-
tractures '°. Symptomatic therapy is available for cardi-
ac and respiratory impairment !'"*. Life expectancy is
shortened by cardiac and respiratory involvement but can
be substantially improved with regular monitoring and
pro-active management '“15,

In the last few years, new perspectives and options
are deriving from the discovery of pharmacological ap-
proaches able to restore normal, full-length dystrophin
and potentially reverse the course of the disease. Read-
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through (RT) of nonsense mutations, thanks to its ability
to bypass the premature stop codon and to act on virtually
any region of the dystrophin gene, independently of the
location in which the mutation resides, is one of these
promising approaches.

Brief history of read-through
approach for stop mutations

The history of readthrough of premature stop muta-
tions in eukaryotes began in 1979, when 2 papers describ-
ing suppression of these mutations by aminoglycosides
were published '©'7. Several of this class of antibiotics
were tested for relative capacity to read through prema-
ture stop mutations '#!°. These observations led to testing
of gentamicin, initially in a cystic fibrosis cell line 2°, then
in the mdx mouse, an animal model for Duchenne mus-
cular dystrophy that fortuitously harbors a UAA prema-
ture stop mutation in exon 23 of DMD gene ?'. This mdx
proof-of-concept study demonstrated an about 20% of
normal expression of muscle fibre dystrophin in vitro and
in vivo, and showed that dystrophin was properly local-
ized to the sarcolemma. These muscle fibres showed an
increased resistance to eccentric contraction injury, while
a decrease in blood creatine kinase levels suggested a re-
duced muscle cell fragility .

On the basis of these findings, human trials of in-
travenous gentamicin were undertaken on patients with
Duchenne/Becker muscular dystrophies in which read-
through strategies may be applicable in about 13% of pa-
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tients 22!, With this strategy, small administered molecule
drugs producing a conformational change in the mRNA, can
allow the ribosome to insert an amino acid at a UGA, UAG,
or UAA premature stop codon site during translation '°.

Drugs inducing suppression of these nonsense muta-
tions increase the readthrough of the premature stop sig-
nal, and the production of full-length protein. The mini-
mal quantity of full-length dystrophin required to achieve
normal muscle function is not known, but a 30% of nor-
mal seems to be sufficient to avoid muscular dystrophy
in humans. Lesser amounts of dystrophin may ameliorate
symptoms or temper disease progression 2. Two small pi-
lot studies on gentamicin administration in nonsense mu-
tations DMD (nmDMD) patients appeared in the years
2001-2003. The initial study was performed by Wagner et
al. #. In this trial, 4 patients (2 DMD and 2 BMD) aged
7-16, were daily administered gentamicin intravenously, at
a dosage of 7.5 mg/kg, for 2 weeks. Over this short period
of drug exposure, drug activity, as assessed by muscle dys-
trophin expression on biopsies, and muscle strength, was
not detected. No renal or ototoxicity was observed.

In 2003, Politano et al. * reported the results of in-
travenous gentamicin administration in 4 DMD subjects,
3 ambulant and 1 wheelchair-bound, aged between 4 and
9. They used a gentamicin regimen comprising 2 six-day
courses of therapy at a dosage of 6.0 and 7.5 mg/kg re-
spectively, separated by an intervening period of 7 weeks.
They demonstrated an increase in dystrophin expression
in 3 of 4 subjects in end-of treatment biopsies. The best
results were obtained in the younger patient. They also
shown a re-expression of sarcoglycan complex consistent
with the restore of the sarcolemmal integrity. No renal or
ototoxicity was identified.

These reports aroused the attention of many research-
ers on this new treatment option for patients with non-
sense mutations %7,

In 2010, Malik et al. ?® published the results of a more
extensive study on 34 DMD patients, who were subdivid-
ed in four cohorts. Two of them received 14-day gentami-
cin (7.5 mg/kg/day): Cohort 1, had ten stop codon patients
(nmDMD) and Cohort 2, eight frameshift controls. Two
additional nmDMD cohorts were treated, at the same dos-
age for 6 months: Cohort 3 (n = 12) weekly, and Cohort
4 (n = 4) twice weekly. Pre- and post-treatment biopsies
were assessed for dystrophin levels, as were clinical out-
comes. After 6 months of gentamicin, dystrophin levels
significantly increased with the highest levels to 15% of
normal (1 in Cohort 3, and 2 in Cohort 4), accompanied
by reduced serum CK levels. Stabilization of strength and
a slight increase in forced vital capacity (FVC) were also
observed. All subjects were carefully monitored for ad-
verse events and no persistent findings of nephrotoxicity
or ototoxicity were reported.
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Figure 2. Ataluren chemical structure.

Although these promising results, the need for reg-
ular intravenous administration, and safety laboratory
parameters discouraged the clinical practical application.
Furthermore, multiple forms of gentamicin were identi-
fied, with significant variation in their potential to pro-
mote dystrophin expression ». Hence, the need to study
new pharmacological molecules with the same pharma-
cological characteristics.

Ataluren (PTC124)

Ataluren (formerly known as PTC124) is a small
molecule (Fig. 2) developed by PTC Therapeutics as an
orally bioavailable product able to bypass nonsense muta-
tions (Fig. 3) and avoid potential renal- and ototoxicity of
aminoglycosides. It was originally developed by means
of an optimized high-throughput screening campaign.
A dose dependent readthrough of all three nonsense co-
dons (UGA, UAG, UAA) was observed, with the highest
readthrough at UGA, followed by UAG and then UAA %,
PTC124 soon proved to be a more potent nonsense-sup-
pressing agent than gentamicin 2,

When administered in mdx mice, treatment with
PTC124 restored dystrophin production in all skeletal
muscles examined, including the diaphragm, and cardiac
muscle. The dystrophin levels were found to be 20-25%
those of control mouse muscles, and partially restored
force generation and resistance against eccentric exercise
were observed suggesting that PTC124 was able to re-
duce muscle fragility . PTC-treated mdx mice also ex-
hibited increased levels of sarcoglycans, consistent with
stabilization of the dystrophin-associated proteins. The
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Figure 3. Ataluren’s mechanism of action (from Roy B, et al. Proc Natl Acad Sci U S A 2016;113:12508-12513, mod.).

rescue of skeletal muscle was seen within 2 to 8 weeks
of exposure. Readthrough by PTC124 was selective and
specific to disease-causing premature termination, with-
out evidence of changes in the ribosomal readthrough of
normal stop codons. These encouraging results led to the
initiation of studies in humans .

Hirawat et al. * assessed safety and tolerability of
PTC124 in a Phase 1 study enrolling 62 healthy adult vol-
unteers and concluded that the drug was well tolerated,
except for mild headaches, dizziness, and gastrointestinal
discomfort at high dose.

Finkel et al. *, in a Phase 2a open-label, sequential
dose-ranging trial recruited 38 boys with nonsense mu-
tation DMD, subdivided in three cohorts according to
the administered dosage of Ataluren: 16 mg/kg/day (6
patients); 40 mg/kg/day (20 patients); and 80 mg/kg/day
(12 patients). Treatment duration was 28 days. Change
in full-length dystrophin expression, as assessed by im-
munostaining in pre- and post-treatment muscle biopsy
specimens, was the primary endpoint. They found that
dystrophin expression was increased in 61% of subjects
post-treatment, associated neither with nonsense muta-
tion type nor exon location. Ataluren was generally well
tolerated, supporting the evaluation of ataluren 40 mg/
kg/day and 80 mg/kg/day in a Phase 2b, double-blind,
long-term study, having 6-minute walk distance (6MWD)
as primary endpoint. This phase IIb double-blind, pla-
cebo-controlled, dose-ranging, efficacy and safety study
failed to demonstrate improvement in the 6MWT.

However, further detailed analysis of the Phase IIb
data suggested the possibility of a bell-shaped dose-re-
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sponse with clinical benefit to DMD boys receiving low
dose, and in high-dose patients in whom serum levels of
PTC124 were low 373,

In 2014, Bushby et al. * published the results of a
randomized, double-blind, placebo-controlled study
enrolling 174 DMD patients > 5 years with nm-dystro-
phinopathy who received orally, 3 times daily, ataluren
40 mg/kg/day (n = 57); ataluren 80 mg/kg/day (n = 60);
or placebo (n = 57) for 48 weeks. The primary endpoint
was change in 6-Minute Walk Distance (6MWD) at Week
48. Ataluren was generally well tolerated. Unexpectedly,
both the primary and secondary endpoints (timed func-
tion tests) favoured ataluren versus placebo, at the lower
dosage.

As a consequence, the European Medicines Agency
(EMA) reviewed ataluren for the treatment of ambulant
patients aged 5 and older with Duchenne muscular dys-
trophy resulting from a nonsense mutation in the dystro-
phin gene 44+,

In 2017, Mc Donald et al. ¥ published the results of a
major international multicentre, randomised, double-blind,
placebo-controlled, phase 3 trial carried out on Ataluren,
including 54 sites in 18 countries located in North Amer-
ica, Europe, the Asia-Pacific region, and Latin America.
Two-hundred-thirty boys aged 7-16 years, with nonsense
mutation DMD and a baseline 6 MWD of > 150 m and 80%
or less of the predicted normal value for age and height,
were enrolled and randomly assigned (1:1) between March
26,2013 and Aug 26, 2014. Randomisation was stratified by
age (<9 vs 29 years), duration of previous corticosteroid use
(6-12 months vs > 12 months), and baseline 6 MWD (< 350
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m vs 2350 m). The primary endpoint was change in 6 MWD
from baseline to week 48. The results showed that changes
in 6 MWD did not differ significantly between patients in the
ataluren group and those in the placebo group. However, a
significant effect of ataluren in a subgroup of patients with a
baseline 6 MWD between 300 m and 400 m was observed.
Baseline 6B MWD values within this range were in fact asso-
ciated with a more predictable rate of decline over 1 year.
The preliminary patient registry data also indicated a lon-
ger ambulatory period in ataluren-treated patients compared
with published natural history *>. Because the phase 2 clini-
cal trial results were not satisfactory in terms of meeting the
primary endpoint, ataluren was first rejected for approval by
the European Medicines Agency (EMA) . However, as the
conclusions drawn from further analysis suggested ataluren
to be effective in terms of slowing down the disease course,
EMA has subsequently granted ataluren a conditional mar-
keting authorization in 2014 4, Ataluren is indicated for the
treatment of Duchenne muscular dystrophy resulting from a
nonsense mutation in the dystrophin gene, in ambulatory pa-
tients aged 2 years and older in the European Member States
and Iceland, Liechtenstein, Norway, Great Britain, Northern
Ireland, Kazakhstan, Israel, and Republic of Korea, and aged
5 years and older in Chile, Brazil, and Ukraine (under spe-
cial state registration). The presence of a nonsense mutation
in the dystrophin gene should be determined by genetic test-
ing (Ref Translarna “ Summary of Product Characteristics
(SmPC) for respective countries) whereas ataluren is still an
investigational drug in the United States *.

In 2018, Ebrahimi-Fakhari et al. * reported their ex-
perience in 4 non-ambulatory nmDMD patients. Routine
investigations included cardiac function, pulmonary func-
tion tests and muscle strength. They compared changes
in left ventricular fractional shorting (LVES), FVC and
BMI from two defined time periods (18-26-month period
prior to and after Ataluren start). There were no adverse
clinical effects or relevant abnormalities in routine lab-
oratory values. They conclude that Ataluren appears to
mildly ameliorate the clinical course in their patients with
a good safety profile.

In the same year, Ruggiero et al. #/, describing how
the best results at 1 year were seen in the younger of the 3
DMD patients, aged 5,8 and 10 and treated with Ataluren,
suggested earlier initiation of therapy. D’Ambrosio et
al. ¥ broadening the spectrum of patients potentially ben-
efiting from this type of treatment, reported the promising
results obtained in a 24-year-old nmDMD symptomatic
carrier who took ataluren for a period of 9 months.

Several papers were published in the last 3 years
stressing that a new era is emerging for the treatment of
DMD patients with nm mutations “->°.

Among these, some deserve to be reported: 1) the
paper by Landfeldt et al. ¥ who published a targeted

mini-review of the literature from 1995 to 2018, which
included cohort studies, guidelines, randomised clinical
trials, clinical commentaries and reviews. The review
covered the pathophysiology, epidemiology, and burden
of nmDMD and the clinical programme for ataluren.
Based on the current evidence, and their experiences,
they recommend patients with nmDMD should be giv-
en ataluren as soon as possible after diagnosis; 2) that
of Muntoni et al. >* who presented patient demographics
and characteristics of nmDMD patients treated with ata-
luren, included in the STRIDE registry. STRIDE (Strate-
gic Targeting of Registries and International Database of
Excellence) is a multicentre registry providing real-world
evidence regarding ataluren use in patients with nmDMD
in clinical practice. Patients should be followed up from
enrolment for > 5 years or until study withdrawal. As of
9 July 2018, 213 DMD boys have been enrolled from 11
countries. Mean (standard deviation) ages at first symp-
toms and at study treatment start were 2.7 (1.7) years old
and 9.8 (3.7), respectively. Mean (standard deviation)
ataluren exposure was 639.0 (362.9) days. Six patients
withdrew. STRIDE represents the first drug registry for
patients with DMD and the largest real-world registry of
patients with nonsense mutations; 3) the paper by Mercu-
ri et al. ¥ who examined the safety and effectiveness of
ataluren, comparing the results from the STRIDE Regis-
try and CINRG DMD Natural History. A propensity score
matching was performed to identify STRIDE and CINRG
DNHS patients who were comparable in established dis-
ease progression predictors (registry cut-off date, 9 July
2018). The results confirmed those of previous clinical
trials, showing a series of benefits in nmDMD patients
treated with ataluren + Standard of Care (SoC), compared
with DMD patients receiving SoC only. Patients receiv-
ing ataluren plus standard of care (SoC) in STRIDE had
a significantly delayed age at loss of ambulation, wors-
ening of performance in timed function tests and wors-
ening of pulmonary function versus patients receiving
SoC alone in the CINRG DNHS (all p < 0.0386), over
a mean treatment period of 632 days. Ataluren plus SoC
was also associated with delayed deterioration of cardiac
function versus SoC alone, although this did not reach
statistical significance likely due to the short period of
observation. No correlation was observed between DMD
genotype (type and location of nonsense mutation) and
disease progression or treatment benefits; 4) the paper
by Campbell et al. *® who combined data from the two
completed randomized controlled trials (ClinicalTrials.
gov: NCT00592553; NCT01826487) of ataluren in nmD-
MD and examined the intent-to-treat (ITT) populations
and two patient subgroups (baseline 6-min walk distance
[6MWD] > 300-< 400 or < 400 m). The meta-analyses
evaluated 6MWD change from baseline to week 48.
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The Authors found statistically significant differences in
6MWD change with ataluren versus placebo across all
three meta-analyses, supporting previous evidence for
ataluren in slowing disease progression versus placebo in
patients with nmDMD over 48 weeks. Treatment bene-
fit was most evident in patients with a baseline 6MWD
> 300-< 400 m (the ambulatory transition phase).

Conclusions

DMD is a genetic degenerative disorder affecting
muscles, caused by mutations in the dystrophin gene, the
biggest gene described in humans. They can be deletions
of one or more exons in prevalence (65-75%), or duplica-
tions (10-15%). The remaining are due to nonsense mu-
tations that prematurely stop the protein synthesis. DMD
boys present with motor delay and usually loss ambula-
tion before the age of 12. Death is due to respiratory or
heart failure. Treatment consists in steroid administration
and cardiological and respiratory support. Gene therapy
is under consideration.

Ataluren is a treatment for patients with nmDMD,
designed to promote ribosomal readthrough of an in-
frame premature stop codon and thereby enable the pro-
duction of full-length dystrophin protein, which has the
non-negligible advantage of being orally administered.
All the scientific papers published so far have shown that
ataluren is a drug capable of slowing the evolution of the
disease in patients with nmDMD. Respiratory and car-
diac parameters also appear to be positively influenced
by treatment with ataluren, though they have not reached
statistical significance, probably due to the short period of
observation. Early diagnosis and treatment appear to be
a key point. The expansion of treatment to female symp-
tomatic carriers of the disease seems a viable option.
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