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Abstract

Muscular dystrophies are a group of well-defined genetic disorders characterized by the variable distribution of
muscle wasting and progressive weakness. The diagnosis and treatment of these diseases remain challenging due
to genetic heterogeneity and clinical overlapping. Herein, we describe our 10 years’ experience with the diagnosis
and management of muscular dystrophy patients. In total, 169 patients were screened for pathogenic variants in
eleven genes linked to frequent muscular dystrophies using MLPA and NGS sequencing panels. Most frequent mus-
cular dystrophies found in the Mexican population were dystrophinopathies, dysferlinopathies and calpainopathies.
Novel variants were found in genes: DMD, CAPN 3, DYSFE, and FKRP. For Duchenne muscular dystrophy, improvements
in early diagnosis and prolonged ambulation were achieved, on the contrary, for limb-girdle muscular dystrophies
and congenital muscular dystrophies, uncomplimentary follow-up and lack of detection strategies were observed.
For most common muscular dystrophies, improvements in diagnosis and management have been achieved in the
last 10 years, due to a collaborative effort done nationwide.
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Introduction also vary greatly among different forms of MD, with

Muscular dystrophies (MDs) are a clinically het-
erogeneous group of hereditary disorders character-
ized by progressive muscle weakness. MDs lead to
disability and in some cases, early death. Depending
on MD type, limb, axial, and facial muscles can be
affected to a variable degree, and in specific forms,
other organs or tissues can be also involved includ-
ing the brain. Therefore, the severity, age at onset,
disease progression, complications, and prognosis

significant implications for genetic counselling and
treatment [7,9,23,25].

The advance and availability of molecular genet-
ic tools have allowed the identification of several
genes involved in MDs. To date, more than 40 genes
have been related to MDs, and the list of genes is
still growing [18]. In general, the MDs are recognized
as follows: Duchenne and Becker dystrophies (DMD/
BMD), myotonic dystrophy (MD1 and 2), facioscapu-
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lohumeral (FSHD), limb-girdle (LGMD), congenital
(CMD), Emery-Dreifuss (EDMD) and oculopharyn-
geal muscular dystrophies (OPMD). Molecular tests
and gene expression analyses have made it possible
to accurately diagnose MDs and carry out specific
anticipatory care interventions for cardiac and respi-
ratory complications.

DMD/BMD are the most common forms of inher-
ited muscular dystrophies. Their prevalence in the
general population is 4.78/100,000, and frequency
in males is 1 in 3,500-5,000 and 1 in 18,000; respec-
tively. DMD is characterized by rapidly progressive
proximal weakness. It usually begins in early child-
hood with delayed milestones (e.g., sitting and
standing independently), waddling gait, difficulty
to climb, and wheelchair dependency by 13 years.
Respiratory complications and cardiomyopathy are
common causes of death. BMD has later onset and
patients could remain ambulatory beyond their 20s.
Survival surpasses 40 years, with dilated cardiomy-
opathy being a common cause of death. DMD/BMD
are caused by mutations in the dystrophin gene
(DMD) in Xp21, which results in absent or non-func-
tional muscle dystrophin in DMD and shortened or
partially functional protein in BMD [1].

Myotonic dystrophy is an autosomal dominant
disorder considered the most common MD in adults.
Its prevalence in the general population is 8.26 per
100,000. Classically, it is characterized by muscular
weakness, myotonia, early-onset cataracts, balding,
hypogonadism, and cardiac arrhythmia, although
the congenital form shows hypotonia and severe
generalized weakness. Myotonic dystrophy type 1 is
due to an abnormally expanded CTG repeat in the
3’-untranslated region of the dystrophia myotonica
protein kinase gene (DMPK) on 19g13.3. Myoton-
ic dystrophy type 2 results from an unstable CCTG
repeat expansion in the first intron of zinc finger pro-
tein-9 gene (ZNF9) on 3g21.3 [29].

Facioscapulohumeral muscular dystrophy (FSHD)
is inherited in an autosomal dominant fashion. It is
considered the third most common MD, with a prev-
alence of 3.95 per 100,000. FSHD is characterized by
weakness involving facial, shoulder, and upper arm
musculature, with a progression to the pelvic girdle
and lower limb. The age of onset ranges from 10 to
30 years old. FSHD type 1 is caused by contraction
of the D474 microsatellite repeat in the sub telomer-
ic region of 4q35. While FSHD type 2 is caused by
the combination of heterozygous mutations in struc-
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tural maintenance of chromosomes flexible hinge
domain containing 1 gene (SMCHD1) on 18p11.32
and presence of a haplotype on chromosome 4 that
is permissive for DUX4 expression [26].

Taken as a group, limb-girdle muscular dystro-
phy (LGMD) is the fourth most common MD, with
a pooled prevalence of 1.63 per 100,000 [16]. LGMDs
are a highly heterogeneous group of MDs character-
ized by weakness of pelvic and shoulder muscula-
ture, and whose onset may be either in childhood
or adulthood [27]. These are classified according to
the inheritance as autosomal dominant and autoso-
mal recessive, named LGMD1 and LGMD2, respec-
tively. To date, there have been 8 types of LGMD1
(LGMD1A-1H) and 26 types of LGMD2 (LGMD2A-22).
LGMDs are caused by mutations in different genes
that encode proteins with a wide range of functions
and locations among which we can mention, extra-
cellular matrix, cell membrane, and nucleus [6].

Congenital muscular dystrophies (CMD) are dis-
eases distinguished by early-onset, hypotonia, mus-
cle weakness, and dystrophic features with an esti-
mated prevalence of 0.99 (Cl: 0.62-1.57) per 100,000
individuals [16].

Emery-Dreifuss muscular dystrophy (EDMD) is
a rare entity, with a prevalence of 0.39 per 100,000.
Typically, it is presented by progressive weakness,
flexion deformities of the elbows, and cardiac
abnormalities. This entity shows genetic heteroge-
neity; however, the X-linked DM is the most frequent
form and is caused by mutations in the emerin gene
(EMD) at Xg28 [11].

Oculopharyngeal muscular dystrophy (OPMD) is
a rare autosomal dominant disorder. It is character-
ized by progressive ptosis, dysphagia, and proximal
leg weakness, whose onset is after 40 years of age.
Its prevalence is 0.13 per 100,000. OPMD is caused
by a GCG repeat in the first exon of poly(A)-binding
protein-2 gene (PABN1) located on 14q11.2 [22].

Muscular dystrophies may present clinical over-
lapping, making diagnosis difficult [2]. A study
showed that 12% of patients clinically diagnosed
as DMD/BMD were indeed LGMD with pathogen-
ic variants in the fukutin-related protein (FKRP)
gene [23]. In Mexico, 3.3% of patients with pre-
sumptive diagnoses of DMD/BMD demonstrated
mutations in FKRP that lead to LGMD2I, which has
a different inheritance pattern and recurrence risk
[20]. It is also worthy of noting that for treatment,
genetic testing could make a difference; for DMD
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patients deflazacort has shown benefits, whereas
for LGMD2B patients the same drug may represent
a risk [25]. Therefore, differential diagnosis and con-
firmation by genetic testing in MDs are important
because: 1) they allows carrier detection and esti-
mating recurrence risks for genetic counselling,
2) steroid treatment depends on the definite diagno-
sis of cases, and 3) clinical trials for novel molecular
therapies often require the exact delineation of the
disease-causing variant [13].

The frequency of MDs may vary among popula-
tions due to inbreeding, migration, founder effect,
and bottlenecks [4,21]. In Mexico, our group has pre-
viously described the prevalence of MDs by immu-
nodetection analysis; nevertheless, it remains to be
confirmed by molecular genetic analyses. The esti-
mated prevalence found in our previous study was:
52.36% for dystrophinopathies, 18.40% dysferlinop-
athies, 14.15% sarcoglycanopathies, 11.32% calpa-
inopathies, 1.89% merosinopathies, 1.42% caveol-
inopathies, and 0.47% emerinopathies. Deficiencies
in lamin A/C and telethonin were not detected [10].
A recent study in Mexican patients revealed that
12.5% of patients who were negative for DMD gene
mutations, were positive for pathogenic variants
in LGMD related genes and reported a suspicious
absence of dysferlinopathies [3]. Recently, a study
showed that during the confirmation of the results of
the screening of Pompe disease in Latin America, dys-
ferlinopathies were the second most common type of
LGMDs [16]. Discrepancies among these studies may
occur because none of the above-mentioned studies
was aimed to describe a broad range of patients with
myopathies. None of the above-mentioned studies
was aimed to describe the road to precision diagnosis
in MDs in Mexico. Herein, we describe our 10 years’
experience with patients with muscular dystrophy.

Material and methods
Patient population

We analysed 169 samples of patients who were
clinically diagnosed as probable MD from the follow-
ing institutions: Instituto Nacional de Rehabilitacion
Luis Guillermo Ibarra Ibarra, Asociacién de Distro-
fia Muscular de Occidente A.C, and Centro Médico
Nacional “20 de Noviembre” ISSSTE. Patients includ-
ed in this analysis were referred to this group of
study from January 2010 to March 2020.
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Our study was approved by the local Investiga-
tion and Ethics committee of ISSSTE with reference
no. 094.2013.

Clinical evaluation

Patients were evaluated according to standard
criteria for MDs. The assessment included recorded
proximal and/or distal weakness, positive Gower
manoeuvre, age at onset, serum creatine kinase (CK)
levels, family history, and electromyography. Biopsy
or DNA samples were taken after written informed
consent was given in adult patients, or by parents in
the case of affected children.

DNA extraction

For Multiplex Ligation-dependent Probe Amplifica-
tion (MLPA) analysis, genomic DNA was extracted from
peripheral lymphocytes using the CTAB-DTAB method
and quantified using a Nanodrop ND-1000 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA,
USA). DNA samples for NGS were taken and processed
as described previously [5].

MLPA

MLPA assays were performed using 100 ng of
DNA as described previously [13]. Detection of copy
number variations of all exons of the DMD gene was
performed using MLPA according to manufacturer’s
instructions (P034/P035, MRC-Holland, Amsterdam,
The Netherlands) and analysed using Genemarker
V1.91 software as described previously [13] (without
PM-MLPA procedure).

Next-generation sequencing

The genes covered by two panels used in this
study were 1) DMD (MIM*300377, Xp21.2-p21.1,
NM_004006.2) and 2) ANO5 (MIM*608662,11p14.3),
CAPN3 (MIM*114240, 15g15.1, NM_000070.2),
DYSF (MIM*603009, 2p13.2, NM_003494.3), FKRP
(MIM*606596, 19¢13.32, NM_024301.4), SGCA
(MIM*600119, 17g21.33), SGCB (MIM*600900,
4q12), SGCD (MIM*601411, 5q33.2-33.3), SGCG
(MIM*608896, 13q12.12), TCAP (MIM*604488,
17912.2), and GAA (MIM*606800, 17qg25.2-q25.3)
sequencing was performed by a private diagnostic
laboratory as described by others [5].

The variant classification described herein complies
with considerations of the American College of Medical
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Table I. Frequencies of variants among patients with any variant identified by the MLPA and NGS gene

panels
Genes Disease Patients Females Males Age at Family history
n=115 (%) (%) diagnosis (%)
(range years)

DMD DMD Dystrophin-related 67 0) 60 (100) 2-7 17 (25.4)
DMD BMD Dystrophin-related 4 0) 4 (100) 19-37 1(25)
ANO5  LGMD R12 Anoctamin5-related 1(100) 0(0) 12 1(100)
CAPN3  LGMD R1 Calpain3-related 13 7 (53.8) 6 (46.2) 9-61 5(38.5)
DYSF LGMD R2 Dysferlin-related 17 6 (35.3) 11 (64.7) 2-37 4(31)
FKRP LGMD R9 Dystroglycan-related 4 3(75) 1(25) 3-35 1(25)
SGCA LGMD R3 Sarcoglycan-related 3 0) 3 (100) 2-14 0(0)
SGCB LGMD R4 Sarcoglycan-related 2 0) 2 (100) 3-5 2 (100)
SGCD LGMD Ré6 Sarcoglycan-related 1 0) 1(100) 6 0(0)
SGCG LGMD R5 Sarcoglycan-related 1 0) 1 (100) 27 0(0)
TCAP LGMD R7 Telethonin-related 0 0) 0(0) 0 0(0)
GAA Glycogen storage disease type |l 2 0) 2 (100) 3-5 2 (100)

Genetics and Genomics (ACMG-American College of
Medical Genetics) (PMID: 25741868), being classified
as pathogenic, probably pathogenic (probability greater
than 90% of being pathogenic), of significance uncer-
tain, probably benign (greater than 90% probability
of being benign) and benign. In this publication, only
pathogenic, probably pathogenic and variants of uncer-
tain significance are reported which present an impact
prediction for the structure and function of the protein
and are related to the clinical picture of the patient.

Results
Disease-causing variant detection

In total 169 patients were screened for patho-
genic variants in 11 genes linked to frequent muscu-
lar dystrophies. The number of patients with patho-
genic variants found n = 115, and negative diagnosis
n = 54 (Table I). For dystrophinopathies (DMD/BMD)
seven novel variants were found (not previously
reported in the LOVD database) and are shown in
Table Il. In patients in which no pathogenic variants
were found, 83.3% correspond to LGMD and 16.7%
to DMD/BMD. The overall percentage of patients
with detected variants was 68% and 32% of neg-
ative results, respectively. In this study, 18 novel
variants were found in genes DMD, DYSF, CAPN and
FKRP (Table Il). Variant effect prediction was per-
formed using Ensembl Variant Effect Predictor (VEP)
online tool (https://grch37.ensembl.org/info/docs/
tools/vep/index.html) [17].
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Clinical management of muscular
dystrophies

Duchenne/Becker muscular dystrophies

In this study the mean age at diagnosis in DMD
patients was 3.6 +1.49 and the mean age at loss of
ambulation in patients that underwent steroid treat-
ment was 12.04 +3.32 years. With regard to BMD,
patients who suffer a subtler disease presentation,
all receive physical therapy and cardiorespiratory
issues with trained specialists.

Limb-girdle muscular dystrophies

The genetic heterogeneity and clinical overlap-
ping that occurs among LGMD makes diagnosis
and management more challenging, in this study
48.42% of all LGMD patients are under follow-up
whereas 51.57% of patients lost communication
with the above-mentioned institutions so physical
therapy, disease progression monitoring, and genet-
ic counselling require additional work to improve
health access and life quality in these patients. The
frequencies of genetic variants found in this study
are shown in Table Ill compared to those reported in
other studies [3,15,24,28].

Other muscular dystrophies

Due to the clinical similarities among MDs, only
LGMD and DMD/BMD were included in the present
study. Other types of MD such as myotonic, con-
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Table II. Novel variants found in this study

Gene Variant Change consequence Exon Variant effect prediction
DMD c.(?_-244) (6438+1 6439-1)del p.? 1 44i Probably pathogenic
DMD c.(649+1_650-1)_(1149+1_1150-1)del p.? 7i_10i Probably pathogenic
DMD c.(960+1_961-1)_(1149+1_1150-1)dup p.? 9i 10i Variant of uncertain significance (VUS)
DMD C.7745C>A p.(Ser2582%) 53 Probably pathogenic, frameshift
DMD €.3036_3037delinsAT p.(Glu1013%) 23 Probably pathogenic, frameshift
DMD c.877A>T p.(Lys293%) 9 Probably pathogenic, frameshift
DMD €.283G>T p.(Gly95%) Probably pathogenic, frameshift
CAPN3 €.1331_1332dup p.(Gly445Profs*19) 10 Probably pathogenic, frameshift
CAPN3 c.1456C>T p.(GIn486%) 11 Premature stop codon, probably
damaging

CAPN3 c.1501A>G p.Thr501Ala 11 SIFT: deleterious

PolyPhen: probably_damaging
CAPN3 €.1984G>C p.(Ala662Pro) 17 SIFT: deleterious

PolyPhen: probably_damaging
CAPN3 c.347C>A p.(Alall6Asp) 2 SIFT: deleterious

PolyPhen: probably_damaging
DYSF c.1457C>T p.(Ser486Phe) 16 SIFT: deleterious

PolyPhen: probably_damaging
DYSF €.2437C>G p.(GIn813Glu) 24 Probably pathogenic
DYSF C.4509+11T>A p.? 42i Variant of uncertain significance (VUS)
DYSF €.6049del p.(Asp2017Thrfs*19) 54 Probably pathogenic, frameshift
DYSF €.6057-8G>A p.? 53i Variant of uncertain significance (VUS)
FKRP c.1312G>A p.(Asp438Asn) 4 SIFT: deleterious

PolyPhen: probably damaging

Table Ill. Frequency of the most common limb-girdle muscular dystrophy (LGMD) in different populations

Genes Disease This study Mexico Italy Canada China
n =44 (paediatric cohort) n=13[15] n=54[24] n=93[28]
n=11[3]
ANO5  LGMD R12 Anoctamin5-related 1 0 2 5 1
CAPN3 LGMD R1 Calpain3-related 13 1 5 17 27
DYSF LGMD R2 Dysferlin-related 17 0 3 10 52
FKRP LGMD R9 Dystroglycan-related 4 1 1 10 3
SGCA LGMD R3 Sarcoglycan-related 3 2 0 4 8
SGCB LGMD R4 Sarcoglycan-related 2 3 0 0 1
SGCD LGMD R6 Sarcoglycan-related 1 2 0 0 1
SGCG LGMD R5 Sarcoglycan-related 1 2 0 0 0
TCAP LGMD R7 Telethonin-related 0 0 1 0 0
GAA Glycogen storage disease type |l 2 NA 1 8 0

genital, facioscapulohumeral and oculopharyngeal
muscular dystrophy cases were referred to research
groups in and outside Mexico [14,19].

Discussion

Herein we implemented a diagnostic strategy
for routine genetic diagnostic combining MLPA and
NGS-based panels directed to DMD/LGMD. In Mex-
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ico, our group described before the prevalence of
MDs by immunodetection analysis; nevertheless, it
remained to be confirmed by genetic analyses until
now. The estimated prevalence found in our previous
study was: 52.36% dystrophinopathies, 18.40% dys-
ferlinopathies, 14.15% sarcoglycanopathies, 11.32%
calpainopathies, 1.89% merosinopathies, 1.42% cave-
olinopathies, and 0.47% emerinopathies. Deficiencies
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in lamin A/C and telethonin were not detected [10].
This is partially concordant with the results report-
ed in the present study, dystrophinopathies are the
most frequently found type of MD followed by dysfer-
linopathies; nevertheless, calpainopathies were not
appropriately detected by immunodetection analysis
because most pathogenic variants in the CAPN 3 gene
occur due to the loss of calpain-3 autolytic activity [8]
not due to the absence of the protein in muscle biop-
sies, this may explain differences between our previ-
ous study and the present work.

Currently there is no clinical consensus regarding
the combination of genes that should be analysed by
NGS in specific groups of patients. Interestingly, inner
population dynamics may modify the frequency of dis-
ease-causing variants found within the same country.
Phenomena like inbreeding, migration, founder effect,
and bottlenecks may explain the high frequency of
certain MDs. Recently, two studies explored the pres-
ence of genetic variants in patients with neuromus-
cular disorders, but the type of patients and variants
found in these studies depend on the main objective
of the clinical examination. In patients of paediatric
age, it is more common to find pathogenic variants
in DMD, sarcoglycan and FKRP genes, and absence of
mutations the dysferlin gene [3], whereas for differ-
ential diagnosis of glycogen storage disease type Il
(Pompe) it is indeed common to find pathogenic
variants in the dysferlin gene [5]. Therefore, a broad
group of phenotypes and clinical presentations as
included in this study, may contribute to the knowl-
edge of a wider spectrum of muscular dystrophies
in our country. Except for the CMD group, since the
severity of symptoms and the lack of national guide-
lines to manage such patients result in early death of
undiagnosed patients and the need of international
collaborations to achieve diagnosis.

With regard of the common group of dystrophi-
nopathies, BMD patients who suffer a subtler disease
presentation than DMD patients, all receive physical
therapy and cardiorespiratory issues are addressed
by trained specialists at the Instituto Nacional de
Rehabilitacion Luis Guillermo Ibarra Ibarra (INRLGII)
facilities. On the other hand, patients suffering from
DMD receive better medical care compared to past
years. It was previously shown by our group that
there was a delay in diagnosis of DMD patients with
the mean age at diagnosis being 5.72 +3.31 years
and only about 35% of patients received corticoste-
roid treatment, intervention that is recommended in
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the standards of care in most developed countries
and therefore the mean age at loss of ambulation
was 9.79 +2.21 years without deflazacort/predni-
sone treatment [12]. In the present study, the mean
age at diagnosis was 3.6 +1.49 and the mean age
at loss of ambulation in patients that underwent
steroid treatment was 12.04 +3.32 years. Therefore,
in our experience, improvements in crucial ages to
delay disease progression were achieved herein.

Conclusions

Knowledge of the genetic variants that cause
muscular dystrophies in a particular population facil-
itate the generation of diagnostic strategies, acceler-
ate the appropriate treatment for patients, and allow
genetic counselling and the estimation of recurrence
risks.

For dystrophinopathies (DMD/BMD), the accu-
mulation of knowledge has allowed clearer treat-
ment guidelines and significant improvements in
life expectancy and quality of life, but for the rest
of muscular dystrophies, more research and transla-
tional strategies that benefit patients are necessary.
Variant effect prediction, combining structural vari-
ant detection techniques and the search for deep
intronic pathogenic variants are of utmost impor-
tance even when NGS is used since in autosomal
recessive MDs two pathogenic variants are expected
to explain the phenotype and in many cases this is
not possible with low resolution mutation detection
techniques (supplementary material individual vari-
ants found in this study).

For early-onset girdle muscular dystrophies in the
Mexican population, once the pathogenic variants in
the DMD gene have been ruled out, it is necessary to
emphasize the need for molecular tests that include
sarcoglycans and FKRR while for late-onset girdle
muscular dystrophies it is convenient include the
dysferlin gene and make the differential diagnosis
with late-onset Pompe disease.
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