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Duchenne muscular dystrophy (DMD) is a devastating X-linked neuromuscular disorder caused by
dystrophin gene deletions (75%), duplications (15-20%) and point mutations (5-10%), a small por-
tion of which are nonsense mutations. Women carrying dystrophin gene mutations are commonly
unaffected because the wild X allele may produce a sufficient amount of the dystrophin protein.
However, approximately 8-10% of them may experience muscle symptoms and 50% of those over
40 years develop cardiomyopathy. The presence of symptoms defines the individual as an affect-
ed “symptomatic or manifesting carrier”. Though there is no effective cure for DMD, therapies are
available to slow the decline of muscle strength and delay the onset and progression of cardiac
and respiratory impairment. These include ataluren for patients with nonsense mutations, and
antisense oligonucleotides therapies, for patients with specific deletions. Symptomatic DMD fe-
male carriers are not included in these indications and little data documenting their management,
often entrusted to the discretion of individual doctors, is present in the literature.

In this article, we report the clinical and instrumental outcomes of four symptomatic DMD carri-
ers, aged between 26 and 45 years, who were treated with ataluren for 21 to 73 months (average
47.3), and annually evaluated for muscle strength, respiratory and cardiological function. Two
patients retain independent ambulation at ages 33 and 45, respectively. None of them developed
respiratory involvement or cardiomyopathy. No clinical adverse effects or relevant abnormalities
in routine laboratory values, were observed.

Key words: Duchenne muscular dystrophy, nonsense mutations, DMD symptomatic/affected carriers,
manifesting carriers, ataluren

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked devastating disorder affecting mus-
cles and heart in young boys ', caused by mutations in the dystrophin gene. These are
most commonly due to deletions (75%), followed by duplications (15-20%) and point
mutations (5-10%) which include nonsense mutations (nmDMD) 4,

Women carrying a dystrophin gene mutation on one of two X-chromosomes have long been
considered as unaffected because the wild X allele may produce a sufficient amount of dys-
trophin protein. However, approximately 8-10% of DMD carriers experience muscle symp-
toms °6, while 50% of those over 40 years, develop a cardiomyopathy ”2. The presence of
symptoms defines the affected individual as a “symptomatic or manifesting carrier” °6, Both
terms have been widely used since 1974, when Moser and Emery ® first defined “manifesting


mailto:luisa.politano@unicampania.it
https://doi.org/10.36185/2532-1900-398
https://doi.org/10.36185/2532-1900-398
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en

Ataluren in DMD symptomatic carriers

carriers” as “females with a history of Duchenne muscular dystrophy in
their pedigree who have symptomatic weakness”.

DMD carriers can develop muscle weakness and/or myalgia, cramps,
fatigue, or show enlarged calf muscles (pseudo-hypertrophy) 817,
Increased levels of serum creatine kinase (CK) up to ten times the up-
per normal limit were observed in approximately 40-50% of carriers,
especially in childhood 8. Additionally, a considerable percentage
of carriers may develop cardiomyopathy in adult age 78%°. Therefore,
the symptoms may range from a severe Duchenne-like to a very mild
Becker-like phenotype.

Several mechanisms leading to reduced dystrophin production
were hypothesized to explain the variable onset of clinical man-
ifestations and, in particular, the role played by skewed X- chro-
mosome inactivation (XCI). XCl is a mechanism that equalizes the
X-linked gene dosage between males and females by inactivation
of one of the two X chromosomes in females, during early embry-
onic development 2'. Accordingly, in females, a mosaic of two cell
types is formed expressing either the maternal or the paternal X
chromosome. Random XCl results in an equal (50:50) distribution
of the maternal and paternal X chromosome, while a skewed XCI
produces an unequal (> 50 %) distribution due to a preferential in-
activation of the maternal or the paternal X chromosome. However,
the normal range of skewed XCl is broad, ranging from 65:35 2223
to 70:30 25 or even 80:20 2. Usually, the term extremely skewed
XClindicates the preferential inactivation of one X chromosome in
90-95% of cells 2. Skewing might be caused by limited survival
of one X-chromosome due to its dysfunction or lethality ?*, and
indeed, a translocation affecting the DMD gene locus was identified
in some symptomatic female carriers 23!, Accordingly, symptomat-
ic DMD carriers may have a preferential inactivation of the X-chro-
mosome carrying the wild allele, with onset and severity of DMD
symptoms related to the amount of dystrophin produced, which
depends on the degree of inactivation 3'-%,

While there is no current cure for DMD, available therapies may
slow the decline of muscle weakness and delay the onset of heart
and respiratory involvement. Among others, steroids, ACE-inhibitors
and beta-blockers, are the gold standard of treatment %%, In the
last decade, different therapeutic approaches have been proposed
in patients with dystrophin gene deletions or duplications with en-
couraging results. Among these we remember gene therapy, which
consists in introducing into muscles a transgene that codes for a
truncated version of the DNA complementary to dystrophin (cD-
NA) %, and exon skipping techniques with antisense oligonucle-
otides which convert an out-of-frame into an in-frame % mutation,
both developed and tested in clinical trials. For DMD patients with
stop codon mutations 4, potential drugs such as gentamicin 342
and ataluren (PTC124)*" were explored as an alternative approach.
These drugs allow ribosomal readthrough of premature stop co-
dons, enabling the production of a functional dystrophin, which
may ameliorate disease progression “>*°. About 10-15% of DMD
patients could potentially benefit from treatment with ataluren 42,
This drug has been available in Europe since 2014 #' under the
commercial name Translarna®.

In 2017, McDonald and al. “* presented the results of a phase 3,
multicentre, randomized, double-blind, placebo-controlled trial (ACT

DMD) that assessed the ability of ataluren to stabilize ambulation,
with a focus on a pre-specified subgroup of patients with ambu-
latory decline. The primary endpoint of change in 6-min walk dis-
tance (6MWD) from baseline to week 48, expecting a difference of
at least 30m between ataluren-treated and placebo-treated patients,
was not reached (difference 13.0m [SE 10.4], 95% Cl-7.4 to 33.4;
p = 0.213). However, a benefit with ataluren was observed in the
subgroup of patients with a better baseline, of 6MWD between 300
and 400m (difference vs placebo 42.9m [SE 15.9], 95% Cl 11.8-
74.0; p = 0.007), which was further determined in subsequent
reports 34, Articles recently published on the long-term ataluren
treatment indicated a delay in loss of ambulation, as well as effects
on cardiac and respiratory parameters and upper limb motor func-
tion, even after loss of ambulation *#7. An early treatment plan with
ataluren has also been suggested 849,

Symptomatic DMD carriers are not included in these treatment
plans %° as limited data is available regarding their management 6515,
rendering physicians to make decisions based on their own discre-
tion. We previously reported % the results of nine months of treatment
with ataluren in a 26-year-old symptomatic nmDMD carrier, who
showed improved motor skills. In this article, we report the outcomes
of four symptomatic nmDMD carriers, one from Israel and three from
Italy, treated with ataluren for an average period of 47.3 months.

Patients and methods

Patients

Four symptomatic female carriers were included. Demographic and
clinical data, including country of origin, age at first symptoms, age at
muscle biopsy, time between first symptoms and muscle biopsy, age
at genetic confirmation, time between first symptoms and laboratory
abnormality or genetic confirmation were retrospectively collected.
Age at first and last visit, age at informed consent, prior and concom-
itant medications, age at start- and end-date of ataluren treatment,
and age at loss of ambulation were also collected.

Methods

Data on motor function were assessed at the baseline and at the
last visit, using the 6MWT, North Star Ambulatory Assessment (NSAA)
total score and, when available, dynamic tests (Gowers time, time to
climb 4 steps) and upper limb power test (PUL) %. When available
forced vital capacity (FVC) and left ventricular ejection fraction (LVEF)
were evaluated. Ataluren was taken orally with the dosage adjusted
according to the patients’ weight.

Statistical analysis

The small sample size prevented statistical analysis therefore only
qualitative data (i.e. mean, standard deviation, range) will be shown
when applicable.

The study was approved by the Ethical Committee of the University of
Campania Luigi Vanvitelli (approval n. 763 of 23/11/2018).
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Results

Case descriptions

ILOOT

The patient was diagnosed at the age of 40 years as a carrier of a
stop codon mutation (c.8038C > T, p.R2680%) in the DMD gene and
extremely skewed XCl (89:11) following the diagnosis of her son with
DMD. The patient began to have frequent falls at the age of 30, follo
wed by gradually increasing difficulty in climbing stairs. At age 43,
upper extremity weakness became evident, along with low back pain,
progressive gait difficulty, and falls. Clinical examination was notable
for hyperlordosis, proximal and distal muscle weakness (with approx-
imately 50% reduction in muscle strength on MRC scale), absence
of deep tendon reflexes, and Trendelenburg gait. She had no respi-
ratory or cardiac symptoms or signs; echocardiography was normal
and CK levels were 8.4 times the upper normal limit. At age 44,
treatment with ataluren was started at a dose of 2,000 mg per day
orally. During the first year of treatment, she reported progressive im-
provement in balance, gait and endurance, absence of falls and res-
olution of low back pain. Repeated quantitative muscle strength test-
ing showed a gradual increase in proximal upper extremity muscle
strength, while that of the proximal lower extremities was unchanged.
The 6MWT increased from 280 meters at baseline to 300 meters
after 9 weeks, 322 meters after 56 weeks, and 300 meters after 92
weeks of treatment, respectively. After two years of treatment, she
gained weight (7% of her original weight) and walking again became
difficult. Her 6GMWT declined 6 months later to 263 meters, and after
3 years of treatment to 220 meters, accompanied by an additional
gain of weight to 16% of her original weight. Muscle strength showed
a slight decline. The dose of ataluren was adjusted accordingly to the
weight gain, but gait became increasingly difficult and recurrent falls
occurred. At age 48, gait became dependent on support and at the
age of 49 she lost ambulation. Treatment was stopped at the age of
49. CK levels were activity-dependent and ranged from 3.1 to 4.1
times the upper normal limit. No adverse events were observed.

ITOO1

This patient’s medical history has been previously published %. Brief-
ly, a 33-year-old female came to our observation at the age of 12.
First medical evaluation at 18 months for delayed motor milestones
and very high CK levels (56.4 times the upper normal limit). Muscle
biopsy revealed a dystrophin mosaic pattern with marked reduction/
absence of dystrophin in most fibres and others with normal protein
expression. MLPA testing identified no deletions/duplications. The
patient started treatment at age 12 with deflazacort and antioxidant
drugs (Vitamin C, Vitamin E, Ubiquinone) with a slight worsening of
muscle strength. The ability to get up from the floor was lost at age
10. Later, NGS analysis identified a stop codon causative mutation
€.7792C > T (p.GIn2598) in exon 53 of the DMD gene, and treat-
ment with ataluren was started at the age of 26. The 6MWT at that
time was 100 meters and Power of the Upper Limb (PUL) % was
29/74. Both cardiac and respiratory parameters were normal. CK
values were 2.5 times the upper normal limit. Soon after the begin-
ning of treatment, the patient experienced subjective well-being and

10

improvement in strength. Unfortunately, due to a traumatic fracture
of the femur requiring surgical intervention, the treatment was sus-
pended for two months. Upon resumption of ataluren treatment, the
patient was unable to walk, and PUL declined to 27/74. However, 12
weeks later she had recovered the ability to walk with support, with a
6MWT of 76m. After 24 and 36 weeks, the patient was able to walk
independently without support, and the 6MWT value was 52m and
55m, respectively. PUL values increased to 29/74 after 12 weeks of
treatment and remained stable in subsequent evaluations. She lost
independent ambulation at the age of 30. CK values ranged between
1.2 and 1.9 the upper reference limit. Both cardiac and respiratory
parameters remained stable during the 73 months of follow-up.

IT002

This is a 33-year-old patient, which had her first muscle weakness
symptoms appear at age 17. A muscle biopsy, performed at the age
of 21, showed a dystrophic pattern associated with abnormal dys-
trophin immune-histochemical staining. Genetic analysis identified
a heterozygous nonsense mutation ¢.8038C > T, (p.Arg2680) in
exon 55 of the DMD gene. She began treatment with ataluren at the
age of 29. At that time her BMWT was 255.2 meters and she was
unable to get up from the floor, but still able to climb four standard
steps in 15.4 seconds. Both FVC and LVEF parameters were within
normal limits. Eighteen months after treatment, the 6MWT declined
to 181.4 meters, and the time to rise from the floor increased to 30
seconds. FVC and LVEF were unchanged. CK values decreased from
2.3 10 1.9 times the upper reference limit. However, after 48 months
of treatment, at her last follow-up visit, the patient retained ability to
walk independently, the GMWT improved to 200 meters while time to
rise from the floor declined to 28sec. The FVC declined to 90% and
the LVEF decreased by 10%, though remaining within the normal
limits. The patient never stopped treatment which was well tolerated.

ITOO3

This is a 45-year-old patient, who presented muscle weakness at the
age of 35. A muscle biopsy, performed at the age of 41, showed dys-
trophic changes and a binding reduction of dystrophin in all muscle
fibers. Genetic analysis identified the point mutation ¢.1373C > T in
the DMD gene. At the age of 43, the patient began treatment with
ataluren. The 6MWT test at that time was 370 meters; she was un-
able to independently get up from the floor, but was still able to climb
four standard steps within 7.3 seconds. CK values were 5 times the
upper reference limit. Both FVC and LVEF were within the normal
limits. The patient chose to suspend the treatment after 21 months.
Nevertheless, on her last visit, findings showed stabilization, with a
6MWT of 360 meters and time of rising from the floor of 7 seconds.
FVC and LVEF parameters were unchanged.

Aggregated results and analysis

A summary of the main characteristics of the four symptomatic carri-
ers treated with ataluren, is shown in Table I. Details of muscle func-
tion are reported in Figure 1, while FVC and LVEF, at baseline and at
the last visit, are reported in Table I,

Three patients are from ltaly and one from Israel. The age of onset
of first symptoms ranged from 18 months to 35 years (mean age
20.9 = 14.9 years). In three carriers, muscle biopsy was performed
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Table I. Demographic characteristics of the nmDMD carriers treated with ataluren.

Patient | Current age Age at Age at MB MB Time Age at GC Time Time be- Prior and
ID (years) (O0S) (years) Findings between of nmDMD between | tween OoS | concomitant
(years) OoS and (years) MB and GC and GC medications
MB (years) (years) (years)
ILOO1 51 30 n. p. 38 8 None
[TOO1 33 1.6 1.6 Mosaic 0 24 22 25 Deflazacort,
pattern antioxidants,
of dystrophin calcium and
positive/ vitamin D3
negative
fibres
IT002 33 17 21 Mosaic 4 21 0.6 0.6 None
pattern
of dystrophin
positive/
negative
fibres
ITO03 45 35 4 Mosaic patter | 6 42 1 7 None
of dystrophin
positive/
negative
fibres
Mn 40.5 20.9 21.2 33 21.2 7.9 10.1
SD 9.0 14.9 19.7 25 8.9 12.2 9.0
Range 33 - 51 1.6-35 1.6 - 41 0-6 21-42 0.6-22 06-25
Abbreviations. OoS: Onset of Symptoms; MB: Muscle Biopsy; GC: Genetic Confirmation.
Table I1. Clinical data in the treated patients, at baseline and at the last visit.
Patient Age Ataluren | Duration of | L.o.A. | 6MWD at 6MWD at | FVC (%) at | FVC (%) at | LVEF (%) | LVEF (%)
ID at first visit | Start treatment | (years) | Ataluren | Ataluren End| Ataluren Ataluren |at Ataluren| at Ata-
(years) for Date (months) Start Date | Date (or last | Start Date | End Date | Start Date | luren End
Ataluren (meters) visit) (or last Date (or
visit) last visit)
1LOO1 43 05/2015 |58 49 280 u.tp. n.p. n.p. n.p. n.p.
ITOO1 26 10/2017 |73 30 100 u.t.p. 68 64 65 64
IT002 29 11/2019 |48 255,2 200 85 90 66 60
IT003 43 10/2021 |21 370 360 97 95 64 63
Mn 35.2 47.3 39.5 251.3 280 83.3 83.0 65.0 62.3
SD 9.0 21.2 134 112.3 1131 14.6 16.6 0.82 1.7
Range |26-45 21-73 100-370 200-360 68-97 64-95 64-66 60-64

Abbreviations. L.o.A.: Loss of ambulation; FVC: Forced Vital Capacity; LVEF: Left Ventricle Ejection Fraction; u.t.p.: unable to perform; n.p.:

not performed.

with an average time between the onset of symptoms and muscle
biopsy of 1.3 years (range 0-6). The average age at molecular confir-
mation of the diagnosis was 21 years, ranging from 3 to 38. Patient
ITO01 was additionally treated with deflazacort, antioxidants, calcium
and vitamin D3. The other three had no additional drug therapy.
Treatment with ataluren was started at the mean age of 35.8 (range
26-45 years); the start date of treatment with ataluren is between
May 2015 and October 2021. The average follow-up period was
47.3 months, ranging from 21 to 73. Two patients, IL001 and IT003,
discontinued treatment during follow-up: at age 49 due to the loss of
ambulation and after 21 months on a voluntary basis, respectively.
At the first visit, BMWT was available for all patients, showing a mean

value of 251.3 + 112.3m, and at last visit in two patients (IT002 and
ITO03), with a mean value of 280 m + 113.1m. NSAA total score
was available for only one patient (IT002) who had a baseline score
of 13/34 that improved to 15/34, at last visit. Time of rising from the
floor was available for only one patient (ITO03) and passed from 7.3
seconds at baseline to 7.0 at last visit. PUL test was available for
only one patient (IT002) who had a baseline score of 29/74 that was
stable at last visit.

None of the patients developed respiratory involvement or cardiomy-
opathy. Percentage FVC values were available for three out of four
patients, and passed from 83.3 = 14.6 to 83.0 = 16.6 percent of
those expected. LVEF values were available in 3 out of 4 carriers and

1
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Effects of ataluren on 6MWT
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Figure 1. 1 Effects of ataluren on 6 MWT during the follow up The red arrow indicates the time of the femur fracture The purple arrows indicate after

how many months of treatment LoA occurred.

varied on average from 65.0 to 62.3%. During the follow-up, two
patients retained the ability to walk independently. However, patient
ITOO1 lost her ambulation at age 30, and patient ILOO1 at 49 years.
None of the patients reported side effects.

Discussion

In this study, we report our experience with the stop codon read-
through therapy ataluren in four symptomatic nmDMD female carri-
ers. We identified that this treatment showed a measurable improve-
ment and/or stabilization in muscle performance. This effect was
limited, and in two cases was temporary, but in all cases the treat-
ment was started late in the course of their disease. Earlier treatment
initiation may have provided better results.

Ataluren (Translarna® by PTC Therapeutics) received conditional ap-
proval in 2014 by the EMA #' in ambulant nmDMD patients aged > 5
years. The benefits of early treatment have also been highlighted 4349,
Michael et al. * reported in 2021 the Swedish experience on long-
term cumulative ataluren treatment in 11 patients with nmDMD, over
a median period of 6.3 years. The results indicated a delay in loss of
ambulation, as well as a slower decline in FVC and upper limb mo-
tor function even after loss of ambulation, suggesting treatment with
ataluren should be started as soon as the diagnosis is confirmed,
monitored closely anad, in case of sustainable benefit, continued even
after loss of ambulation. Limited data is available on non-ambulato-
ry nmDMD patients treated with ataluren. Ebrahimi-Fakhari et al. 4
reported their experience in four non-ambulatory nmDMD patients.
Routine investigations included cardiac function, pulmonary function
tests and muscle strength. They compared changes in left ventricular
fractional shorting, forced volume vital capacity and BMI from two
defined time-periods (18-26-month period prior to and after atal-
uren start). Mean age at loss of ambulation was 10.1 = 0.5 years,
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mean age when initiating ataluren treatment 14.1 + 1.4 years. Serial
echocardiography, pulmonary lung function tests, and assessment of
muscle strength indicated mild attenuation of disease progression
after initiation of ataluren treatment. No adverse clinical effects, or
relevant abnormalities in routine laboratory values were reported.
They concluded ataluren appeared to modestly ameliorate the clini-
cal course in their patients with a good safety profile.

Following these encouraging results, the competent institutional
authorities were asked to extend the treatment beyond the loss of
ambulation, underlining that the disease progressively affects respi-
ratory muscles and the heart, similarly to skeletal muscles.

In this scenario, symptomatic DMD carriers still remain a neglected
population  with limited high-quality evidence to guide their treat-
ment, and with available evidence mainly based on expert opinions
and clinical experience. The prevalence of skeletal muscle dystrophy
among Duchenne female carriers including asymptomatic carriers, is
estimated to be between 2.5-19% 5¢, while the occurrence of dilated
cardiomyopathy is between 7.3-16.7% "2,

Viggiano et al. ' observed that DMD carriers with moderate/severe
muscle involvement (in particular those with onset of symptoms be-
fore 15 years) exhibit a skewed or extremely skewed XCI, while car-
riers with mild or late onset muscle involvement present a random
XCl. Moreover, when comparing carriers with muscle to those with
heart-manifestations, the former group showed a higher degree of
skewing *'** The frequency of cardiomyopathy in carriers increases
with age '®'652% and studies begin to appear on how and when to
best treat these patients 534,

In this report, the first to the best of our knowledge on long-term treat-
ment with ataluren in nmDMD symptomatic carriers, we evaluate the
results in four patients treated for 17 to 73 months. The response to
treatment was promising in all patients, with a tendency towards im-
provement or stabilization in muscle performance, at least in the first
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periods. A separate comment deserves the response of patient [T001,
who, despite having experienced a femur fracture forcing her to im-
mobility for two months, with a consequent loss of ambulation, was
able to resume it after only 12 weeks from resuming treatment. During
follow-up, two patients retained the ability to walk independently at
the age of 33 (IT002) and 45 (ITO03) respectively, while the other two
(ILO01 and ITOO1) lost it, at the age of 49 and 30 respectively. The loss
of ambulation and the age at which this occurs, seem to be related to
the age of onset and severity of the symptoms, and to duration of the
disease. In fact, patient ILO01 presented severe muscle symptoms at
around 30 years and patient [TOO1 had a very early onset of symptoms
(18 months), and lost the ability to get up from the floor at 10 years.
Responsiveness to treatment with ataluren may depend on a variety
of factors. The most likely factor is the delay in initiation of treatment,
which is indicated by the magnitude of weakness or gait dysfunction.
In all our patients, treatment was started late around 21 years after
the onset of symptoms, at a time when some motor functions such as
the ability to get up from the floor or climb stairs were already lost. We
know that, in progressive and degenerative diseases, starting treat-
ment early gives better results. Even for patients suffering from DMD,
the tendency of current therapeutic approaches is to start treatments
as soon as possible “84. In this regard, larger clinical trials, possibly
on younger females are required to assess the role of ataluren and
its long-term impact on disease progression in symptomatic nmDMD
carriers. The degree of the skewed XCl pattern may also have an ef-
fect on severity of symptoms and responsiveness as well. However,
XCl analysis was studied in only two of our cases (L001 and [T001),
and gave different results: an extremely skewed XCI pattern in 1LOO1
(89:11) and a random pattern in ITO01 (60:40). Interestingly the latter
showed symptoms at a very early age, arguing against this assumption
at least in this case. It is intriguing to correlate the weakness and the
response to treatment to the level of dystrophin expressed in muscles.
However, this was not possible because a western blot analysis of dys-
trophin was not available in the three patients, in whom muscle biopsy
was carried out.

Respiratory involvement or cardiomyopathy was not detected in any
of our patients during follow-up. This may be due to treatment with
ataluren, but may be due to a late onset phenotype, which cannot be
excluded. Adverse clinical events were not reported by the patients,
nor relevant abnormalities were observed in routine laboratory values.
We are aware that the study has several limitations, which include
the small number of carriers treated, use of retrospective data and
lack of comparable untreated symptomatic DMD carriers. However,
the estimated number of nmDMD patients is approximately 10-15%,
and symptomatic nmDMD female carriers represent an even smaller
percentage, indicating that our collection of patients is rare. Despite
these limitations, we believe our study aims to draw the attention of
clinicians and institutions to the condition of symptomatic DMD carri-
ers and the need to offer them the therapeutic opportunities provided
for affected males.
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