The importance of genetic diagnosis for Duchenne

OPEN ACCESS

'Department of Human
Genetics, Leiden University
Medical Center, Leiden,

The Netherlands

2John Walton Muscular
Dystrophy Research Centre and
MRC Centre for Neuromuscular
diseases, Institute of Genetic
Medicine, Newcastle University,
Newcastle, UK

3L.aboratory for Diagnostics
Genome Analysis, Leiden
University Medical Center,
Leiden, The Netherlands

Correspondence to
Annemieke Aartsma-Rus,
LUMC postzone S4-P,
Albinusdreef 2, Leiden 2333
ZA, The Netherlands;
a.m.rus@lumc.nl

Received 14 July 2015
Revised 18 November 2015
Accepted 10 December 2015
Published Online First

11 January 2016

Open Access
Scan to access more
free content

CrossMark

To cite: Aartsma-Rus A,
Ginjaar B, Bushby K. J Med
Genet 2016;53:145-151.

muscular dystrophy

Annemieke Aartsma-Rus,"? leke B Ginjaar,® Kate Bushby?

ABSTRACT

Duchenne muscular dystrophy (DMD) and Becker
muscular dystrophy are caused by mutations in the
dystrophin-encoding DMD gene. Large deletions and
duplications are most common, but small mutations have
been found as well. Having a correct diagnosis is
important for family planning and providing proper care
to patients according to published guidelines. With
mutation-specific therapies under development for DMD,
a correct diagnosis is now also important for assessing
whether patients are eligible for treatments. This review
discusses different mutations causing DMD, diagnostic
techniques available for making a genetic diagnosis for
children suspected of DMD and the importance of
having a specific genetic diagnosis in the context of
emerging genetic therapies for DMD.

INTRODUCTION

Mutations in the dystrophin-encoding DMD gene
underlie Duchenne muscular dystrophy (DMD)
and Becker muscular dystrophy (BMD), a severe
(DMD) and milder (BMD) form of inherited, pro-
gressive muscle wasting." > Normally, the dys-
trophin protein acts as a shock absorber during
muscle fibre contraction by linking the actin of the
contractile apparatus to the layer of connective
tissue that surrounds each muscle fibre.> * In
DMD, mutations abolish dystrophin function either
by disrupting the reading frame or by generating a
premature stop codon (figure 1A, B). As a result,
the connection between the actin cytoskeleton and
connective tissue is lost and muscle fibres are easily
damaged during contraction, leading to chronic
muscle damage, inflammation and eventually
replacement of muscle fibres by fat and fibrotic
tissue and thus loss of muscle function.’

By contrast, individuals with BMD generally
have mutations that maintain the open reading
frame, allowing the production of dystrophin pro-
teins with an internal deletion or duplication that
can connect actin to the connective tissue, and thus
are partially functional (figure 1C). Consequently,
individuals with BMD often show a later onset and
a slower disease progression, although there is
phenotypic variation, with some patients being
diagnosed in childhood and others being diagnosed
in midlife or later.’ ® Almost all DMD patients will
develop cardiomyopathy,” and there is a high risk
patients with BMD will develop cardiomyopathy
regardless of the skeletal muscle phenotype. The
incidence of dystrophinopathies is ~1 in 4000 (1 in
5000 for DMD and 1 in 20 000 for BMD in male
live births).> #1° Since the DMD gene is located on
the X-chromosome, DMD and BMD present pri-
marily in males and are maternally inherited.

Correct DNA diagnostic analysis is crucial for
DMD and BMD patients since it is important for
optimal care and family planning, but also provides
information on eligibility for mutation-specific
treatments.'" In this review, we will explain the dif-
ferent types of mutations that have been reported
for the DMD gene, discuss genotype—phenotype
correlations; outline the genetic diagnosis of chil-
dren suspected of having DMD; and discuss the
importance of a specific genetic diagnosis in the
context of emerging genetic therapies. A glossary
of terminology is provided in table 1.

MUTATIONS IN THE DMD GENE

The DMD gene is the largest known human gene,
containing 79 exons spanning 2.2 Mb.> The muta-
tion rate is relatively high; in one in three cases,
DMD is caused by a de novo mutation. As such,
new cases will arise even with good prenatal diag-
nostic tools and family counselling for known
cases. This high mutation rate also underlies the
large variation of mutations that has been identified
for patients with DMD (figure 2).° > Although the
majority of patients have a deletion (~68%) or
duplication (~11%) of one or more exons, small
mutations are found as well (~20% of patients).
These deletions and duplications can occur any-
where in the gene, but are concentrated between
exons 45-55 and exons 2-10 for deletions and
duplications, respectively.'> The outcome of dele-
tion and duplication mutations can be twofold. If
the number of nucleotides in the exons that are
deleted or duplicated is divisible by 3, the reading
frame will not be disrupted. This will allow transla-
tion of the mRNA into a dystrophin protein that,
although slightly shorter or longer in the centre,
contains the N-terminal and C-terminal domains
crucial for connecting the actin cytoskeleton to the
extracellular matrix. These dystrophins retain some
degree of function and are found in patients with
BMD. By contrast, when the number of nucleotides
of the exons deleted or duplicated is not divisible
by 3, the reading frame is shifted, leading to the
incorporation of aberrant amino acids into the
protein during translation. Often, an incorrect
reading frame contains many stop codons, leading
to premature termination of translation and pro-
duction of a truncated protein. The resulting dys-
trophins lack the crucial domain that connects to
the extracellular matrix and are therefore not func-
tional and generally not stable. These mutations are
associated with DMD.

There are several ways by which small mutations
can interfere with  dystrophin  production
(figure 2C). Small deletions or insertions can
disrupt the reading frame at an exon level, which
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Figure 1

Schematic depiction of dystrophin transcripts in healthy, Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD)

individuals. (A) In the normal situation, the dystrophin mRNA consists of 79 exons that are translated into the dystrophin protein. (B) In patients
with DMD, protein translation is stopped prematurely. This can be due to frame-shifting mutations (in this example, a deletion of exons 47-50, top
panel) that lead to the inclusion of aberrant amino acids and generally premature truncation of translation. Alternatively, a point mutation can
change an amino acid codon into a stop codon (bottom panel, nonsense mutation). This premature stop codon will be used instead of the natural
stop codon at the end of the transcript. (C) In patients with BMD, mutations maintain the open reading frame (in this example, a deletion of exons
46-54). As such, protein translation does not stop prematurely but continues until the natural stop codon at the end of the mRNA. However, the
generated dystrophin will be shorter because it will lack the amino acids encoded by exons 46-54.

like larger out-of-frame deletions or duplications involving one
or more exons leads to non-functional dystrophins. Point muta-
tions can convert a codon for an amino acid into a stop codon,
which will also result in premature termination of protein trans-
lation. Finally, point mutations or small deletions and/or inser-
tions can disrupt a splice site. During the splicing process,
introns are removed by the splicing machinery, for which recog-
nition of the splice donor (first two nucleotides of an intron
(GU)) and splice acceptor (last two nucleotides of an intron
(AG)) is crucial. Generally, an exon for which the acceptor or
donor splice site is mutated will no longer be recognised by the
splicing machinery, leading to the exon being excluded from the
mRNA. Thus, splice-site mutations generally cause a single-exon
deletion at the mRNA level, which will lead to a partially func-
tional or a non-functional dystrophin depending on whether the
omitted exon was in-frame or out-of-frame, respectively.

In <1% of patients, other types of mutations are found; for
example, deep intronic mutations can lead to an intronic
region being recognised as an exon by the splicing machinery
(cryptic or pseudo-exons) leading to its inclusion in the
mRNA.® 2 Cryptic exons can disrupt the reading frame and/or
will contain stop codons preventing the production of func-
tional dystrophin. Missense mutations are rare in patients with
DMD, and the few that have been reported are located in the
cysteine-rich domain of dystrophin and abolish the binding to
B-dystroglycan, which in turn connects to the extracellular
matrix.'? ' Therefore, in effect these missense mutations are
similar to other DMD-causing mutations because they also
disrupt the connection between actin cytoskeleton and extracel-
lular matrix. Finally, a handful of cases caused by translocations
involving the DMD gene have also been reported. These muta-
tions separate one portion of the gene from the other, prevent-
ing a full transcript being produced. Notably, translocation
mutations involving the DMD gene will cause a DMD

phenotype in females."> '® Normally, carrier females will be
born with 50% of dystrophin positive muscle fibres due to
random X-inactivation of the chromosomes carrying the
mutated or the normal DMD gene. With translocation muta-
tions, however, cells where the translocated DMD gene is inacti-
vated will not survive due to a lower dosage of the autosome
involved in the translocation. Thus, the unaffected DMD gene
will always be inactivated and no dystrophin can be produced.

GENOTYPE-PHENOTYPE CORRELATIONS
Close to 10% of genetic mutations do not follow the reading
frame rule,® !> that is, patients with in-frame mutations can
present with DMD and patients with out-of-frame mutations
can present with BMD. Some frequent exceptions to the
reading frame rule are discussed below. However, for certain
mutations both patients with DMD and patients with BMD
have been reported. Furthermore, for patients with BMD and
DMD, disease severity can vary for the same mutations, some-
times even within the same family and there is also variation in
the extent in which the heart is affected.® 7 17! As such, most
likely genetic modifiers play a role as well in determining
disease severity. Discussing these is beyond the scope of this
review, and we refer interested readers to a recent review paper
by Vo and McNally.?°

Generally, the location or size of deletions or duplications that
lead to out-of-frame mutations do not affect the clinical pheno-
type; if the reading frame is disrupted, the C-terminal part of
the protein cannot be produced and the protein will not be func-
tional. There are, however, three notable exceptions. First,
frame-shifting or nonsense mutations before exon 8 can present
as BMD in certain cases.”' This is due to the presence of an
alternative translation initiation sites in exon 6 or exon 8 that
are activated by some mutations (eg, a deletion of exon 2 or a
stop mutation in exon 1 activate an alternative translation
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Table 1  Explaining terminology

Deletion One or more bps are removed (can also involve larger stretches of DNA; eg, a deletion of exons 48-50 in the DMD gene means a deletion
starting in intron 47 and ending in intron 50)

Duplication One or more bps are duplicated (can also involve larger stretches of DNA; eg, a duplication of exons 48-50 in the DMD gene means part of
intron 47-exon 48—intron 48—exon 49-intron 49-exon 50—part of intron 50 are present twice)

Exons Parts of a gene that are included in the mRNA transcript and translated into protein (see also RNA transcript)

Frame-shift Mutation (of any type) that leads to an altered reading frame, leading to the incorporation of aberrant amino acids and generally leading to

premature truncation of translation due to stop codons present in the aberrant frame

Full dystrophin
sequencing

Gene analysis
Gene sequencing
Genetic confirmation

for all exons of the DMD gene

functioning properly
Genetic testing
Genetic variation

Introns
transcript)

Two or more bps are inverted in the DNA
Point mutation that results in a changed amino acid

Inversion

Missense mutation
Mutation analysis
Mutation type
Mutation
Nonsense mutation
Point mutation
RNA transcript

Point mutation that introduces a premature stop codon
The change of one bp into another bp

Assessing how a specific mutation in a gene leads to disease
Sort of mutation (eg, point mutation, deletion, duplication, translocation, inversion)
Change in the DNA that underlies a genetic disease (usually present in a gene and abolishing or reducing production of a functional protein)

Technically this would mean sequencing the complete 2.2 Mb that encompasses the DMD gene. Most often refers to performing mutation analysis

Performing DNA analysis of a specific gene to assess whether there is a mutation
Assessing the DNA sequence of an entire gene (promoter region, exons and introns and 3’ untranslated region)
Identification of a disease-causing mutation in a gene when it has already been confirmed that the encoded protein is not produced/not

Performing DNA analysis to identify a disease-causing mutation
Change from the reference DNA sequence that does not underlie a genetic disease
Parts of a gene that do not contain protein coding information. Introns are removed from the pre-mRNA during the splicing process (see also RNA

Single-stranded copy of a gene that initially contains exons and introns (pre-messenger RNA). During the splicing process, introns are removed

and the exons linked to generate an mRNA that is translated into protein

Small mutation A mutation involving a small number of bps (usually <3)

Translocation Part of a chromosome is moved to another chromosome
Whole-exome analysis

Whole-genome analysis  Sequencing the complete human genome (3000 Mb)

Sequencing all known exons in the human genome (so all exons of >23 000 genes)

initiation side in exon 6), but not others (eg, an exon 2 duplica-
tion).”! If exons 3-7 are deleted apparently, it varies between
patients whether or not the exon 8 alternative translation initi-
ation site is used.”? Second, patients with nonsense mutations in
in-frame exons can present with BMD.® ** This can be explained
by the fact that the mutation disrupts sequences involved in
exon recognition and, consequently, the exon is occasionally
skipped, thus bypassing the nonsense mutation but maintaining
the reading frame. Third, patients with DMD with mutations
flanking exon 44 show a slightly milder phenotype (‘mild
DMD’), with, on average, a later loss of ambulation and a slower
decline in the distance walked in 6 min compared with other
patients.”* 2° The most likely explanation is low-level spontan-
eous skipping of exon 44. Indeed, this has been reported in
cultured cells from patients with deletions flanking exon 44.%¢
This suggestion is further supported by the fact that the
dystrophin levels in these patients are on average higher than for
patients with DMD with other frame-shifting mutations.>”

For in-frame mutations, the location and size of mutations
can influence disease severity to some extent.® *® In-frame muta-
tions that abolish the extracellular matrix-interacting domain
(encoded by exons 64-70) or all actin binding domains
(encoded by exons 2-10 and exons 32-45) will not result in
functional proteins and are therefore associated with DMD.
In-frame deletions affecting the first 10 exons delete the first
two actin binding domains, but spare the third one encoded by
exons 32-45, typically leading to a ‘severe BMD’ phenotype.
Deletions in the hotspot region (exons 45-55) are generally
associated with a milder disease presentation. Deletions between
exons 10 and 40 are milder still and are sometimes only asso-
ciated with cramps and myalgia and are sometimes found in

asymptomatic individuals.?® Finally, X-linked dilated cardiomy-
opathy patients have mutations in the DMD gene, but present
only with a cardiac phenotype in the absence of skeletal muscle
problems.® *° Here, dystrophin is produced in skeletal muscle,
while it is not produced or not functional in heart. While most
carriers do not present with symptoms, some ‘symptomatic car-
riers’ present with cramps, myalgia or even progressive muscle
weakness.>! 3% Notably, female carriers are prone to develop
dilated cardiomyopathy as well.

ESTABLISHING A GENETIC DIAGNOSIS

Physicians should suspect DMD when young boys present with
impaired muscle function, frequent falls and Gower’s sign.'! 3
Delayed speech is also frequently observed in young boys with
DMD, probably due to the absence of a brain isoform of dys-
trophin. Serum analysis will reveal the presence of elevated
muscle enzymes due to leakage into the bloodstream (most
notably creatine kinase (CK), but also transaminases such as
aspartate transaminase and alanine transaminase). Upon these
findings (delayed muscle function, speech delay and high CK),
patients are generally referred to neuromuscular specialists, who
request genetic analysis of the DMD gene to confirm whether
the patient has DMD (figure 3).

Given that deletions and duplications of one or more exons
are found in the majority (70%) of patients, it is most cost-
efficient and labour-efficient to check for these mutations first
(see table 2 for the costs of DMD diagnosis in selected
European countries). The multiplex ligation-dependent probe
amplification (MLPA) analysis is the most reliable test to identify
exactly which exons are involved in deletions or duplications.**
This approach uses sets of probes that can hybridise to each of
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Figure 2 Schematic depiction of the effect of different types of Duchenne muscular dystrophy (DMD)-causing mutations on the dystrophin
transcript. (A) Deletions of one or more exons can cause a shift of the open reading frame (in this example, a deletion of exon 45). (B) A duplication
of one or more exons can cause a shift of the open reading frame (in this example, a duplication of exon 2). (C) There are several types of small
mutations than can cause DMD. Nonsense mutations (top panel) introduce a stop codon prematurely (in this example, the nonsense mutation is
located in exon 35). Small insertions or deletions (middle panel) can disrupt the open reading frame (in this example, a 1 bp insertion in exon 35).
Finally, mutations affecting the splice sites (bottom panel) generally lead to the exclusion of the affected exon from the mRNA (in this example,
exon 43). As such, a single-exon deletion that disrupts the open reading frame is generated on the mRNA level.

the DMD exons. Each set of probes consists of two oligonucleo-
tides that hybridise adjacent to each other to a given exon.
Probes have a tail to allow PCR amplification and one of the
probes contains a ‘stuffer sequence’, the length of which differs
for each pair of probes. Upon hybridisation, a ligation step joins
the two probes and a PCR will be performed, which can only
amplify ligated probes (ie, probes that were able to hybridise).
The resulting PCR fragments are then run for fragment analysis,
where each exon is represented by a fragment of a defined
length (which varies due to the stuffer sequence). This approach
will reveal whether or not a given exon is present and allows
the copy number of each exon to be calculated by comparing
relative peak heights. MLPA can detect both deletions and
duplications in patients and carriers. Small mutations within an
exon can prevent binding of the probe to that exon, and as
such, these mutations can present as single-exon deletions using
the MLPA method.?* Therefore, a PCR using intronic primers is
generally used to assess whether the exon is deleted or contains
a small mutation. Furthermore, while MLPA detects which
exons are involved in the deletion or duplication, it is not
informative about the location of the intronic breakpoints.
Alternatively, array comparative genome hybridisation (array
CGH) uses probes covering dystrophin exons but also introns
conjugated to a glass slide.>® Control and patient DNA is frag-
mented and labelled with separate fluorophores and hybridised
to the probes. Like MLPA, this method will detect the relative

abundance of each exon. However, because it also uses probes
within introns, it allows pinpointing the location of the intronic
breakpoint.

Multiplex PCR is not recommended for the genetic diagnosis
of dystrophinopathy. However, it provides an alternative,
cheaper approach to detecting deletions, and as such, is still
used in numerous laboratories.’” *® This approach generally
uses two primer sets to detect the presence or absence of exons
1, 3,4,6,8, 12,13, 17, 19, 43, 44, 45, 47, 48, 50, 51, 52 and
60. As such, it is able to pick up the majority of deletion muta-
tions in patients with DMD and BMD. However, often the
exact boundary of the mutation will be unknown. For example,
when exon 45 is absent, this can be either an out-of-frame exon
45 deletion or an in-frame exon 45-46 deletion (because the
presence of exon 46 is not assessed with this approach). This
has ramifications for detecting whether a mutation is in-frame
or out-of-frame, but also for assessing whether a patient is eli-
gible for mutation-specific therapies like exon skipping. As such,
the MLPA or array CGH are the recommended approaches to
use first.*® In fact, historic cases identified with multiplex PCR
in the past for whom the exact boundaries are not known
should be reanalysed with MLPA because this can have implica-
tions for disease progression (in-frame vs out-of-frame muta-
tions) and for eligibility for exon skipping therapy.

If no whole-exon deletions or duplications are found using
MLPA, it is still possible that the patient has a small mutation in
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Figure 3 Overview of suggested
stepwise mutation analysis when
suspecting Duchenne muscular
dystrophy (DMD). When reporting
mutations, it is important to use
standard nomenclature as described on
the website of the Human Genome
Variation Society (http:/www.hgvs.org/
mutnomen/). Furthermore, it is
important to include patients in
national patient registries (upon
consent), so they can be contacted
when mutation-specific therapies are
tested in clinical trials or become
available on the market. The majority
of mutations will be detected by
multiplex ligation-dependent probe
amplification (MLPA) or exon
sequencing on DNA level. If no
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be taken to study dystrophin protein.
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When dystrophin is abnormal or
absent in a muscle biopsy, while no
mutation can be found with MLPA or
exon sequencing, one can consider
analysing muscle RNA to identify the

R\ No mutation detected

| | No dystrophinopathy |

v —

potential inclusion of a cryptic exon
due to an intronic mutation (these will

3. Dystrophin analysis (muscle biopsy)

| =2  Normal dystrophin detected

not be identified with MLPA or exon
sequencing).

No/abnormal dystrophin detected

one of the 79 exons (20% of patients have small mutations).
These can be identified using Sanger sequencing of individual
exons, which is labour intensive and more expensive than
MLPA or array CGH. Protocols for MLPA and Sanger sequen-
cing for the DMD gene can be found on the Eurogentest
website (http:/www.eurogentest.org). It should be noted that
not all laboratories will follow-up with exon analysis when
MLPA (or multiplex PCR analysis) are negative. A recent survey
was conducted among 41 individuals (primarily (paediatric)
neurologists and clinical geneticists from Europe, Turkey and
India) working with patients with DMD and attending a
TREAT-NMD DMD masterclass (funded by an educational

Table 2 Costs for genetic diagnosis of Duchenne muscular
dystrophy in selected European countries

Country Estimated cost (€)
France 625
Germany 3500
Italy 700
The Netherlands 760
Spain 1400
Turkey 1600
UK 1200

Estimated costs are based on personal communication with local clinical or molecular
geneticists and neurologists Q1 2015. Costs include a full genetic diagnosis (so MLPA
and if needed follow-up with Sanger sequencing).

V

Dystrophinopathy confirmed

Proceed with

—p( - Multidisciplinary care

- (Optional) RNA analysis to
try identify mutation

grant from PTC therapeutics) (survey results are being prepared
for publication on http:/www.treat-nmd.eu). This revealed that
all respondents were aware of the need for a genetic diagnosis.
However, when deletion and duplication tests are negative,
>10% of responders would not perform confirmative tests,
while close to 90% would, using either exon sequencing or dys-
trophin analysis on a biopsy followed by exon sequencing. The
main reason for not pursuing genetic analysis when deletion
and duplication tests are negative was the costs involved in the
Sanger sequencing or the lack of funding for shipping samples
to laboratories able to conduct the small mutation analysis.

It is possible that in the future MLPA, array CGH and Sanger
sequencing will be replaced by next-generation sequencing tech-
niques such as whole-exome sequencing for the genetic diagno-
sis of DMD. In fact, targeted sequencing of the DMD gene has
already been reported using a library with probes covering the
complete DMD gene to enrich for DMD and allowing a single-
step diagnosis for deletions, duplications and small mutations in
patients with DMD and BMD and carriers.>*~*! However, cur-
rently it is more cost efficient to perform MLPA or array CGH
followed by Sanger sequencing when no mutations are found.
Obviously, there will be patients for whom no mutations are
found. This can be because the mutation is located within an
intron, as is the case for <0.5% of reported mutations, although
these mutations may be under-represented because they are hard
to detect. These mutations will be picked up with next-
generation sequencing approaches, although without RNA ana-
lysis it may be challenging to assess whether intronic mutations
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lead to alterations on RNA level. Alternatively, the absence of a
dystrophin mutation may indicate that the patient does not have
DMD or BMD, but has a different form of muscular dystrophy.

Historically, the first step in diagnosing DMD was often
protein analysis on a muscle biopsy by immunohistochemistry
and/or western blot analysis.**™** These techniques can reveal the
size (western blot), location (immunohistochemistry) and abun-
dance (both) of dystrophin, but in a diagnostic setting are most
frequently used to show the presence or absence of dystrophin.
Some laboratories perform a biopsy when MLPA analysis does
not reveal deletions or duplications to confirm a dystrophinopa-
thy before embarking on laborious small mutation analysis.
However, because a genetic diagnosis is still required when
absence of dystrophin is shown in a muscle biopsy, and because a
muscle biopsy is an invasive procedure, the standards of care for
DMD diagnosis suggest bypassing a muscle biopsy and using only
genetic testing to diagnose DMD (figure 3). For most patients,
muscle biopsies are never required. In exceptional cases, protein
analysis can reveal whether dystrophin is absent in patients with a
clear DMD phenotype but with no mutation in the DMD gene. If
so, RNA can be isolated from the biopsied tissue and analysis
may reveal an aberrant dystrophin mRNA transcript (eg, the
inclusion of a cryptic exon due to a deep intronic mutation).
Muscle biopsies may also be useful in patients who present with a
discordant phenotype; for example, if a patient has an in-frame
mutation but presents with DMD, a biopsy can reveal the
absence of dystrophin. Vice versa, low levels of dystrophin
detected in the muscle biopsy of a patient with an out-of-frame
mutation presenting with a milder phenotype can explain this
discrepancy. However, while dystrophin analysis may provide an
explanation for why a disease course is slower or faster than
expected, knowing this will not actually change the disease
course. As such, this analysis is optional and not mandatory.

The standards of care for DMD were published in 2010 and
timely genetic diagnosis are part of this.>®> ** Early diagnosis for
DMD is important because having genetic confirmation of the
disease-causing mutation has important implications for the
family."" Once a mutation is identified, carrier analysis can be
performed for the mother. Carriers are mainly asymptomatic
though there is a risk of cardiac involvement, which requires
monitoring and intervention if abnormalities are detected.
Confirming carrier status in the mother (ie, heterozygosity for a
disease-causing mutation) affects family planning and means
that her daughters, sisters, cousins and aunts are potentially at
risk of being a carrier as well. It is important to realise that even
when the mother is not a carrier, it is still possible she has germ-
line mosaicism for the mutation, and as such, is still at risk of
having a second son with DMD.*®

With the emergence of genetic therapies for DMD, a specific
genetic diagnosis has become especially important to evaluate
and select each patient’s therapeutic options. For example,
Translarna (ataluren) has been approved in Europe for the treat-
ment of DMD caused by nonsense mutations (in ambulatory
patients aged 5 years or older).*” Given that DMD is a progres-
sive disease and muscle loss is most likely irreversible, such
disease-modifying treatments should be initiated as early as pos-
sible in eligible patients. Identification of the exact genetic muta-
tion is also important for antisense-mediated exon skipping
therapies, which are being tested in clinical trials and for which
marketing authorisation applications are ongoing.'* **

CONCLUDING REMARKS
DMD and BMD are both caused by mutations in the DMD
gene. Having genetic confirmation of the mutation is important

for patients because it has implications for disease prognosis,
genetic counselling and evaluating each patient’s eligibility for
emerging genetic therapies. Given that the progressive muscle
wasting is irreversible, it is important that patients are identified
as early as possible to consider all potentially effective treat-
ments early in the disease course. On average, patients are being
diagnosed at age 4.1 years in an expert centre compared with
4.5 years in 2000.*’ Raising awareness with family physicians
and other healthcare professionals who see young children
could improve this further. Finally, given that new genetic ther-
apies are emerging, one could consider offering neonatal screen-
ing for DMD.
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