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NGS-based targeted sequencing identified ==

six novel variants in patients with Duchenne/

Becker muscular dystrophy from southwestern
China

Feng Tang', Yuanyuan Xiao'?, Cong Zhou', Haixia Zhang'?, Jing Wang'? and Yang Zeng'*

Abstract

Background At present, Multiplex ligation-dependent probe amplification (MLPA) and exome sequencing are com-
mon gene detection methods in patients with Duchenne muscular dystrophy or Becker muscular dystrophy (DMD/
BMD), but they can not cover the whole-genome sequence of the DMD gene. In this study, the whole genome
capture of the DMD gene and next-generation sequencing (NGS) technology were used to detect the patients with
DMD/BMD in Southwest China, to clarify the application value of this technology and further study the gene variant
spectrum.

Methods From 2017 to 2020, 51 unrelated patients with DMD/BMD in southwestern China were clinically diagnosed
at West China Second University Hospital of Sichuan University (Chengdu, China). The whole-genome of the DMD
gene was captured from the peripheral blood of all patients, and next-generation sequencing was performed. Large
copy number variants (CNVs) in the exon regions of the DMD gene were verified through MLPA, and small varia-
tions (such as single nucleotide variation and < 50 bp fragment insertions/deletions) were validated using Sanger
sequencing.

Results Among the 51 patients, 49 (96.1% [49/51]) had pathogenic or likely pathogenic variants in the DMD gene.
Among the 49 positive samples, 17 patients (34.7% [17/49]) had CNVs in the exon regions and 32 patients (65.3%
[32/49]) had small variations. A total of six novel variants were identified: c.10916_10917del, c.1790T>A, c.1842del,
c.5015del, ¢.5791_5792insCA, and exons 38-50 duplication.

Conclusions Pathogenic or likely pathogenic variants of the DMD gene were detected in 49 patients (96.1% [49/51]),
of which 6 variants (12.2% [6/49]) had not been previously reported. This study confirmed the value of NGS-based
targeted sequencing for the DMD gene expanding the spectrum of variants in DMD, which may provide effective
genetic counseling and prenatal diagnosis for families.
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Introduction

The dystrophin (DMD) gene (MIM #300377), with a total
length of 2.3 Mb, is located on chromosome Xp21. Vari-
ants in the DMD gene encoding the protein dystrophin
lead to the X-linked allelic disorders Duchenne (DMD,
MIM 310200) and Becker muscular dystrophy (BMD,
MIM 300376) [1]. The DMD gene usually affects men
and is carried by women [2]. DMD/BMD is the most fre-
quently inherited muscle disease, affecting 1.5-28.2 out
of 100,000 male newborns worldwide [3-7]. Children
with DMD/BMD are usually asymptomatic at birth and
during infancy. In childhood, patients begin to develop
calf muscle pseudohypertrophy, and progressive skel-
etal muscle weakness, and they gradually lose the ability
to walk [8]. Some children with DMD/BMD have vary-
ing degrees of cognitive impairment, patients with DMD
usually die in their early twenties due to cardiopulmo-
nary failure [9].

The DMD gene is the largest human gene found to
date and consists of 79 exons and 78 introns [10]. Cur-
rently, there are no effective treatments for DMD/BMD.
However, genetic diagnosis and counseling for probands
can help reduce the transmission of pathogenic genes
and prevent the birth of people with DMD/BMD. Clini-
cal diagnosis of DMD/BMD is classified into phenotypic,
pathological, and genetic diagnoses. The classic clinical
phenotypes (such as significantly elevated serum cre-
atine kinase (CK) and Creatine Kinase isoenzyme MB
(CK-MB), calf muscle pseudohypertrophy, and electro-
myography injury) and the patient’s family history can be
used as the basis for clinical diagnosis. For patients with
atypical symptoms, pathological diagnosis is necessary;
however, surgery is considered a less acceptable option
for younger patients. In addition, younger patients are in
the early stages of disease progression; thus, pathologi-
cal diagnosis is difficult. For prenatal diagnosis of DMD/
BMD, genetic testing must be performed. At present,
common methods for the genetic diagnosis of DMD/
BMD include multiplex ligation-dependent probe ampli-
fication (MLPA) and exome sequencing (ES). The MLPA
is used for the detection of large copy number variations
(CNVs) in the 79 exons of DMD, but it is incapable of
detecting minor variations (including single nucleotide
variation and <50 bp fragment insertion/deletion). With
ES technology, all exons in the DMD gene and the sur-
rounding flanking region, but not the deep-intronic
region, can be detected.

To detect the whole gene region of DMD, whole-
genome capture and next generation-sequencing (NGS)
were used to detect regions such as 5'UTR, exons,
introns, and 3’UTR. It can detect not only CNVs in the
whole gene region of DMD but also minor variations.
Compared to the MLPA or ES, whole-genome capture
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and NGS assays are more extensive, have larger sample
sizes, and are relatively less costly. Consequently, in this
study, the DMD gene capture and NGS were performed
on 51 children with DMD/BMD in southwestern China
to clarify the value of this technology in the application
of DMD gene detection and to identify the gene variant
spectrum. This study can provide important information
for prenatal diagnosis and genetic counseling of patients
with DMD/BMD.

Materials and methods

Patients

Fifty-one unrelated probands with DMD/BMD diag-
nosed by a clinical phenotype or a pathological biopsy
were included in this study, and their parents were free
of consanguineous marriages. All the patients under-
went whole-genome capture of the DMD gene and NGS.
Fifty-one unrelated families in southwestern China were
examined, including 50 males and one female, with an
average age of 6.4 +4.8 years and an average age of onset
of 2.7 +2.3 years. Among the 51 children diagnosed with
the disease, 47 (92.2% [47/51]) showed increased CK
and CK-MB levels, and 42 (82.4% [42/51]) had a “move-
ment disorder” There were 21 patients (41.2% [21/51])
with gastrocnemius hypertrophy, six (11.8% [6/51]) with
cardiac abnormalities, three (5.9% [3/51]) with cognitive
disorders such as dysplasia, two (3.9% [2/51]) with rib
abnormalities, and two (3.9% [2/51]) who died of lung
failure. Forty-two patients (82.4% [42/51]) were admitted
to the hospital for the first time due to a “movement dis-
order’, and nine patients (17.6% [9/51]) due to a “mark-
edly elevated CK/ CK-MB level” We provide an overview
of personal information, age at first onset/diagnosis, clin-
ical phenotype, muscle biopsy results, and family history
(Table 1).

Short tandem repeat analysis

Genomic DNA (gDNA) was extracted from the periph-
eral blood of the patients using the QlAamp DNeasy
Blood &Tissue Kit (QIAGEN, Hilde, Germany). The
extracted gDNA was amplified by polymerase chain
reaction (PCR) using a 2X Goldstar Mix kit (Darui Bio-
technology, China). In addition, 20 polymorphic micro-
satellite loci on chromosomes 13, 18, 21, X, and Y were
detected using capillary electrophoresis on an ABI
3500Dx gene sequencer (Applied Biosystems Life Tech-
nologies, Singapore). GeneMapper software (version 4.0;
Thermo Fisher Scientific) was used to identify relatedness
and maternal cell contamination; thus, missed diagnoses
and misdiagnoses caused by unrelated relationships or
maternal blood contamination were prevented.
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Whole-genome capture of the DMD gene and NGS

The DNA double-stranded capture probe M010 (MyGen-
ostics, Beijing, China) was designed for the whole-
genome regions of the DMD gene. The captured libraries
were enriched and purified, and then the library concen-
tration was determined by a 7500 Fast Dx Real-Time PCR
Instrument, namely a qPCR analyzer (Thermo Fisher
Scientific, USA). Paired-end sequencing was performed
using the Illumina NextSeq 500/550 medium flux v2 kit
(300 cycles; Illumina, California, USA) and the NextSeq
500 platform (Illumina, California, USA), with an aver-
age sequencing depth of>200x. The sequencing data
were compared to the human reference genome (Grch37/
HG19), and base variation was analyzed and annotated
using the following databases: BWA (https://www.plob.
org/tag/bwa), ANNOVAR (http://annovar.openbioinf
ormatics.org/en/latest/), GATK (http://www.broadinsti
tute.org/gatk/), gnomAD  (http://gnomad.broadinsti
tute.org/), Esp6500 (http://evs.gs.washington.edu/eVS)
,1000G (http://browser.1000genomes.org), EXAC (http://
exac.broadinstitute.org/), HGMD (https://portal.bioba
se-international.com/cgi-bin/portal/login.cgi), CLIN-
VAR (https://www.ncbi.nlm.nih.gov/clinvar/) and LOVD
(http://www.dmd.nl/nmdb2/home.php). The NCBI Ref-
erence Sequence for DMD is NM_004006.3. The patho-
genicity classification of the sequence variation was
performed according to the standards and guidelines for
the interpretation of sequence variants recommended by
the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology [11].

Multiplex ligation-dependent probe amplification

The MLPA P034/P035 kit (MRC, Holland) was used to
validate exon deletion/duplication of DMD. The DNA
amplification products were subjected to capillary elec-
trophoresis with an ABI 3500Dx Genetic Analyzer
(Applied Biosystems Life Technologies, Singapore), and
the results were analyzed using MLPA Cofalyser.net
(MRC, Holland) software.

Sanger sequencing
Sanger sequencing was used to verify minor variations
detected by DMD gene capture and NGS. The sequenc-
ing results were analyzed using Chromas software (ver-
sion 2.4.1; Biosoft).

Genetic testing of other family members and prenatal
diagnosis

gDNA was extracted from the peripheral blood of the
other family members, amniotic fluid cells or chorionic
villus samples of the fetuses using the QIAamp DNeasy
Blood &Tissue Kit (QIAGEN, Hilde, Germany). If the
proband had large CNVs in the exon regions of the DMD
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gene, other family members and fetuses were tested by
MLPA. Sanger sequencing was used to detect the vari-
ants in the other family members and fetuses for minor
variations. After the birth of the fetuses, they received
regular physical examinations in the pediatric outpatient
department.

Results

In this study, the DMD gene variants were detected
in 49 (96.1% [49/51]) families, and a total of 45 variant
types were identified, wherein large fragment deletions,
duplications, and minor variations accounted for 25.5%
(13/51), 7.8% (4/51), and 62.7% (32/51), respectively
(Table 2). Exon deletions were distributed in the regions
of exons 42-60, and the frequency of deletions was high-
est in exons 45-52, accounting for 68.0% (34/50) of dele-
tions. Single exon deletion was found in six cases, and
exon 45 deletion accounted for 23.1% (3/13) of exon
deletions. There were no obvious variant hotspots in
the entire regions for exon duplications or minor varia-
tions (Fig. 1). Thirty-two minor variations were detected,
including nineteen nonsense variants (59.4% [19/32]),
seven frameshift variants (21.9% [7/32]), and six splicing
substitutions (18.8% [6/32]). Among the 49 patients with
identified pathogenic variants, 43 patients had variants
located in exon regions, five patients had variants located
in exon flanking regions, and one patient had a variant
in the deep intronic region (Patient No. 23). The variant
(c.6913-4037 A >C) of No. 23 was not recorded at this
locus in the peripheral blood DNA of the parents and his
elder sister (Fig. 2).

Among the 49 DMD gene variants, 43 were known
pathogenic variants and 6 were novel variants. A female
patient (No.33) with detectable duplication of exons
38-50 was hospitalized for increased CK and CK-MB
and left ventricular enlargement, and the results of
MLPA are shown in Fig. 3. The other five novel minor
variations included one nonsense variant (c.1790 T >A)
and four frameshift variants (c.10916_10917del,
c.1842del, c.5015del, and ¢.5791_5792insCA). The six
novel variants were classified as pathogenic variants
(PVS1 +PM2 + PP4). Furthermore, none of these six vari-
ants had previously been reported in public databases.

Mothers of 41 of the patients underwent DMD gene
testing, and 35 patients (85.4% [35/41]) were found to
be carriers of gene variants such as nine exon deletions/
duplications and 26 minor variations. The mothers of
six DMD patients (14.6% [6/41]) did not carry the same
pathogenic variants as their children, and all of them had
no family history; however, whether the mothers had ger-
mline mosaicism was uncertain. In this study, eight car-
riers (including seven mothers and one sister) completed
a prenatal diagnosis for the DMD gene in our hospital.
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Table 2 49 variants detected in dystrophinopathy cases
NO Exon/intron Nucleotide Amino acid Het/hemi Inheritance Prenatal diagnosis References
change change
Genetic testing Pregnancy
outcome
1 Exo 70 c10171C>T p.R3391* Hemi Mother Het No abnormal phe- Barbieri et al. [37]
notype Eur J Hum Genet
4,183
2 Exo 10 c1075G>T p.E359* Hemi De novo Tong et al. [21]
Front Neurol
11:e572006
3 Exo 76 c.10916_10917del p.53639Yfs*3 Hemi Mother Novel
4 Int 11 C1332-9A>G splicing Hemi Mother Normal No abnormal phe- Flanigan etal. [38]
notype Am J Hum Genet
72,931
5 Exo 14 c.1684C>T p.Q562* Hemi Mother Takeshima et al. [17]
J Hum Genet 55,379
6 Exo 15 c1790T>A p.L597* Hemi Mother Novel
7 Exo 15 c1793C>G p.S598% Hemi De novo Flanigan et al. [ 39]
Hum Mutat 30,1657
8 Exo 16 c.1842del p.K614Nfs*18 Hemi Mother Novel
9 Int3 c1864+2T>C splicing Hemi Mother Hemi Termination Flanigan et al. [39]
Hum Mutat 30,1657
10 Int16 c19924+1G>C splicing Hemi Mother Neri et al. [40] Front
Genet 11,131
11 Exo 17 c2111del p.P704Hfs*25 Hemi Mother Santos et al. [19]J
Hum Genet 59,454
12 Exo 17 c2128A>T p.K710* Hemi Mother Mendell et al. [41]
Neurology 57,645
13 Exo 20 c2461G>T p.E821* Hemi Mother Clinvar
14 Exo 20 Cc2484T>A p.Yg828* Hemi Mother Guoetal.[22])
Hum Genet 60,435
15 Exo 23 c3151C>T p.R1051* Hemi Mother Bennett et al. [42]
BMC Genet 2,17
16 Int 25 €3432+1G>T splicing Hemi Mother Hofstra et al. [43]
Hum Mutat 23,57
17 Exo 28 c.3856G>T p.E1286* Hemi Mother Het No abnormal phe- Clinvar
notype
18 Exo 30 c4108C>T p.Q1370* Hemi Mother Tuffery-Giraud et al.
[44] Neuromuscul
Disord 14,650
19 Exo 34 c4841del p.G1614Efs*15 Hemi Mother Tuffery-Giraud et al.
[44] Neuromuscul
Disord 14,650
20 Exo 35 c.5015del p.N1672Ifs*49 Hemi Mother Novel
21 Exo 35 €5791_5792insCA  p.R1931Tfs*53 Hemi De novo Novel
22 Exo 44 c.6292C>T p.R2098* Hemi Mother Normal No abnormal phe- Roberts et al. [45]
notype Hum Mutat 4,1
23 Int47 €6913-4037A>C  Splicing HEMI De novo Gurvich et al. [46]
Ann Neurol 63,81
24 Exo 51 €7339C>T p.Q2447* Hemi De novo Dolinsky et al.
[47] Neuromuscul
Disord 12,845
25 Exo 52 c7657C>T p.R2553* Hemi Mother Lesca et al. [48] Rev
Neurol 159,775
26 Int 52 c7661-1G>A Splicing Hemi Mother Ma [34] Orphanet J
Rare Dis 13,109
27 Exo 54 €.7885_7886del p.D2629Pfs*13 Hemi Mother Xu et al. [49] J Clin

Lab Anal 32:22445
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Table 2 (continued)
NO Exon/intron Nucleotide Amino acid Het/hemi Inheritance Prenatal diagnosis References
change change
Genetic testing Pregnancy
outcome
28,29 Exo 58 c.8608C>T p.R2870* Hemi Mother Mendell et al. [41]
Neurology 57,645
30 Exo 59 c8713C>T p.R2905* Hemi Mother Prior et al. [50] Am J
Hum Genet 57,22
31 Exo 61 c9148C>T p.Q3050* Hemi De novo Tuffery-Giraud et al.
[44] Neuromuscul
Disord 14,650
32 Exo 66 c9568C>T p.R3190* Hemi Mother Normal No abnormal phe- Tuffery et al. [51]
notype Hum Genet 102,334
33 Exo 38-50 Duplication Het Uncertain Novel
34,42 Exo 44 Deletion Hemi Mother Chen etal. [52] PLoS
One 9:¢108038
353845 Ex045 Deletion Hemi Uncertain Chenetal.[52] PLoS
One 9:¢108038
36 Exo 55-60 Deletion Hemi Uncertain Chen et al. [53]
Electrophoresis
34,2503
37 Exo 52 Deletion Hemi Mother Hrdlicka et al. [54]
Folia Biol (Praha)
4781
39 Exo 22-44 Duplication Hemi Mother Normal No abnormal phe-  Zimowski et al. [55]
notype Med Wieku Rozwoj
13,140
40 Exo 45-52 Deletion Hemi Mother Moizard et al. [56]
Am J Med Genet
80,32
41 Exo 46-55 Deletion Hemi Mother Moizard et al. [56]
Am J Med Genet
80,32
43 Exo 48-52 Duplication Hemi Uncertain Moizard et al. [56]
Am J Med Genet
80,32
44 Exo 46-48 Deletion Hemi Uncertain Sinha et al. [57] Clin
Genet 50,327
46 Exo 3-4 Duplication Hemi Mother Hu et al. [58] Am J
Hum Genet 46,682
47 Exo 42-43 Deletion Hemi Mother Janssen et al. [59]
Neurogenetics 6,29
48 Exo 45-55 Deletion Hemi Uncertain Lalic et al. [60] Eur J
Hum Genet 13,1231
49 Exo 45-48 Deletion Hemi Mother Normal No abnormal phe- Beggs etal. [61] Am
notype JHum Genet 49,54
Exo exon; Int intron; Het heterozygous; Hemi hemizygous
Five fetuses (62.5% [5/8]) did not carry the corresponding  Discussion

variant and two fetuses (25.0% [2/8]) had heterozygous
variants. While all the babies born were healthy, one fetus
(12.5% [1/8]) was subject to a hemizygous variant, and
the pregnancy was terminated (Table 2).

The diagnoses of DMD/BMD can be divided into clinical,
pathological, and genetic diagnosis. The clinical criteria
for diagnoses include muscle strength, electromyography,
and biochemistry. The relevant testing items are easy to
implement, but the motor development of infants with
DMD/BMD is immature and lacks typical clinical mani-
festations, such as muscle weakness and atrophy. Some
patients only showed elevated serum CK/CK-MB levels,
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which may be due to the young age at first diagnosis, lack
of movement disorders, and insignificant DMD/BMD-
related symptoms. In this study, nine patients showed no
evidence of movement disorders, only elevated CK and
CK-MB levels. Three of these patients had been misdiag-
nosed with “myocarditis” in other hospitals. The family
members of the 42 patients with motor retardation could

detect the abnormalities and therefore, the patients were
diagnosed promptly. However, for infants only with “CK/
CK-MB increase’, the diagnosis can be easily missed.
Therefore, attention needs to be paid to clinical features,
and genetic testing should be performed as soon as pos-
sible to make a clear diagnosis. Female DMD carriers
are usually asymptomatic, but some may still experience
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Fig. 3 The results of MLPA for exons 38-50 heterozygous duplication of No.33 female patient

symptoms due to X-chromosome inactivation [12]. In
female DMD carriers, the prevalence of elevated CK was
approximately 53%, skeletal muscle injury was approxi-
mately 2.5-19%, and dilated cardiomyopathy was approx-
imately 7.3-16.7% [13]. In this study, the case (No.33)
was a female carrier with heterozygous duplications of
exons 38-50, clinically characterized by an increase in
CK and CK-MB and left ventricular enlargement.
Pathological diagnosis aims to detect necrosis of mus-
cle cells, fiber size, and the degree of fibrosis through a
muscle biopsy and immunohistochemical staining. A
Muscle biopsy is an invasive test that is hardly accepted
by family members and children. In addition, the effi-
cacy of a muscle biopsy is limited by the degree of disease
progression, sampling position, and laboratory technol-
ogy, therefore test results are generally inaccurate [14].
Consequently, with the rapid development of molecu-
lar biology techniques, gene detection has become the

primary method for the diagnosis of DMD/BMD. Tech-
nologies such as MLPA, Sanger sequencing, mPCR, and
ES are commonly used. MLPA can detect large deletions/
duplications in the exon regions of the DMD gene, but
not minor variants. The MLPA test result is negative,
which can prolong the testing time and even lead to a
missed diagnosis. In our study, patients who had previ-
ously tested negative for MLPA took 1 to 18 years to
receive a definitive genetic diagnosis of the DMD gene,
and some patients even died before the test results were
available. Sanger sequencing is generally only used to
validate known variant sites. Exon sequencing technol-
ogy is limited by its relatively high economic cost and its
failure to comprehensively cover the entire genetic region
of DMD. In other studies, capture-based NGS detec-
tion can only detect exon and flanking intron regions
(<30 bp) due to the incomplete capture region of the
probe [15]. For example, for case No. 23, the pathogenic



Tang et al. BMC Medical Genomics (2023) 16:121

variant was located in intron 47 (c.6913-4037), which
is a variant in the deep-intronic region. Therefore, if ES
and the other capture-based NGS had been performed,
the variant might not have been detected. According to
De Palma FDE et al. [16], the authors compared capture-
based NGS with traditional methods (MLPA/mPCR/
Sanger sequencing) and concluded that capture-based
NGS overcomes the limitations of MLPA and Sanger
sequences. The capture-based NGS is easy to apply in
clinical practice and should be the main strategy for the
diagnosis of DMD. In this study, whole-genome capture
of the DMD gene and NGS can detect both large frag-
ment deletions/duplications, and minor variants, espe-
cially for deep intronic regions, so whole-genome capture
of the DMD gene and NGS is recommended as the main
strategy for diagnosis of DMD, which not only improves
the detection rate but also shortens the time to diagnosis.

Worldwide, DMD variants are mainly exon deletions or
duplications, accounting for 70-83.1%, with minor vari-
ations accounting for only 16.9-30% [17-19]. In studies
in China, exon deletions or duplications accounted for
65.5-79.2%, with minor variations accounting for only
14.4-23.3% [20-22]. Our results differ from other stud-
ies, exon deletions or duplications and minor variations
of 34.7% and 65.3%, respectively. MLPA is relatively fast
and low cost, which is a reasonable choice for designing
a testing algorithm for DMD/BMD patients when new
technologies are not available. Southwest China is eco-
nomically backward and some patients prefer cheaper
techniques (e.g., MLPA), while most genetic laborato-
ries can only offer MLPA testing due to limitations in
technology, equipment, and talent shortage. The genetic
counsellor may consider financial or other issues first
and test the patient for MLPA first. If no abnormality was
detected by MLPA, then the patient underwent whole-
genome capture of the DMD gene and NGS. Therefore,
compared with other studies, relatively few cases had
CNVs in the DMD gene. As found in this study, the DMD
exon deletion was commonly located in the exon 45-52
region, namely the central structural region, and these
results were similar to those obtained in previous studies
[20, 23]. In addition, the distribution of minor variations
in the DMD gene region did not have hotspots; these
results were also consistent with previous studies [21].
No definite pathogenic or possible pathogenic variations
were detected in two patients (nos. 50/51) with DMD.
Their clinical manifestations were consistent with the
DMD phenotype, which was confirmed by muscle biopsy.
This may be caused by complex variations in the DMD
gene, such as rearrangements, non-DMD gene sequence
insertions, translocation variants, and inversions. This
can alter the normal sequence of the DMD gene and
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prevent the production of full transcripts, resulting in
truncated dystrophin [24].

Patients with DMD/BMD are subject to high mor-
tality and poor prognosis, and there is currently no
effective way to cure DMD/BMD. Additionally, DMD
patients cause huge economic and psychological bur-
dens to families and society [25]. At present, DMD/
BMD is still mainly treated with neurological-based
multidisciplinary comprehensive treatment. However,
gene therapy is currently a research hotspot. In approx-
imately 10-15% of DMD/BMD patients with nonsense
variants, early stop codon readthrough can be induced
to continue the translation of dystrophin [26, 27]. The
drug PTC124 (3-5-(2-fluorophenyl)-1,2,40xadiazol-
3-yl-benzoic acid; C;;H4FN,O;) is currently being eval-
uated in clinical trials for the treatment of nonsense
variants [28]. In addition, antisense oligonucleotide-
mediated exon skipping produces efficient target exon
skipping by regulating the splicing of mRNA precur-
sors. Thus, the transcription reading frame is restored
while a shortened but partially functional anti-atrophy
protein is produced [29]. In other studies, adeno-asso-
ciated viral vectors have been used to deliver specific
gRNA/Cas9 into MDX skeletal and cardiac muscles,
which can remove one or more exons from genomic
DNA so that truncated, but partially functional anti-
muscular dystrophy proteins can be produced [30-32].
Nevertheless, the above-mentioned gene therapy plans
for DMD/BMD still need to clarify the location and
type of gene variant. Therefore, prenatal diagnosis is
the only effective way to reduce the number of children
with DMD/BMD, and a clear genetic diagnosis is the
premise of prenatal diagnosis.

Our study showed that the de novo variant rate of
DMD was 14.6% (6/41), and 85.4% (35/41) of the DMD
gene variants were inherited. The probability of inher-
itance is related to the type of DMD gene variant. The
total inheritance probability (60.0-86.5%) was similar
to that in other studies [18, 33—35]. If the DMD variant
in a patient was a de novo variant, the possibility of ger-
mline mosaicism cannot be ruled out. As shown in some
studies, for women who have previously given birth to
children with DMD/BMD, if DMD genetic variation con-
sistent with the children is not detected in their periph-
eral blood, the risk of having another child with DMD/
BMD is due to different types of DMD genetic variation,
with the total genetic risk being approximately 4.3% [36].
For families of DMD patients with unknown variants, if
female members wish to become pregnant, third-gener-
ation sequencing may help to detect the DMD gene vari-
ant sites of patients or the sex chromosome of the fetus
could be determined for gender selection. For families
with children with DMD/BMD, healthy carriers in the
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family should be identified. Appropriate genetic coun-
seling should be provided to high-risk couples to ensure
access to pre-implantation and/or prenatal diagnosis. In
this study, eight patients (15.7% [8/51]) had a family his-
tory. In the family of Patient No. 40, the mother’s first
child died in early childhood, and the second and third
children had DMD. However, the family members did
not have enough knowledge of the disease and did not
receive genetic counseling or prenatal diagnosis during
pregnancy, which is why another DMD/BMD-affected
child was born. Therefore, child health care and pre-
pregnancy consultation should be strengthened, and
timely prenatal diagnosis should be used when necessary
to avoid the birth of children with this genetic disease.

Conclusions

In this study, we analyzed the DMD gene using whole-
genome capture of the DMD gene and NGS from 51
DMD/BMD patients in southwestern China. Pathogenic
or likely pathogenic variants were detected in 49 patients
(96.1% [49/51]), of which DMD variants in 6 patients
(12.2% [6/48]) had not been previously reported. This
study not only confirmed the value of whole-genome
capture of the DMD gene and NGS but also expanded
the gene variant spectrum of DMD, which may improve
genetic counseling and prenatal diagnosis.
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