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Abstract: Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) are caused by mutations in
the DMD gene. The aim of this study is to identify pathogenic DMD variants in probands and reduce the risk of re-
currence of the disease in affected families. Variations in 100 unrelated DMD/BMD patients were detected by multiplex
ligation-dependent probe amplification (MLPA) and next-generation sequencing (NGS). Pathogenic variants in DMD
were successfully identified in all cases, and 11 of them were novel. The most common mutations were intragenic
deletions (69%), with two hotspots located in the 5' end (exons 2—19) and the central of the DMD gene (exons 45-55),
while point mutations were observed in 22% patients. Further, c.1149+1G>A and ¢.1150-2A>G were confirmed by
hybrid minigene splicing assay (HMSA). This two splice site mutations would lead to two aberrant DMD isoforms which
give rise to severely truncated protein. Therefore, the clinical use of MLPA, NGS, and HMSA is an effective strategy to
identify variants. Importantly, eight embryos were terminated pregnancies according to prenatal diagnosis and a
healthy boy was successfully delivered by preimplantation genetic diagnosis (PGD). Early and accurate genetic di-
agnosis is essential for prenatal diagnosis/PGD to reduce the risk of recurrence of DMD in affected families.
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1 Introduction types: Duchenne muscular dystrophy (DMD, OMIM:

310200) and Becker muscular dystrophy (BMD,

Dystrophinopathies are common neuromuscular
disorders in childhood. There are two main pheno-
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OMIM: 300376). DMD, with an approximate inci-
dence of 1/3500 in live male births, is characterized
by early-onset, rapidly progressive muscle weakness
and being wheel-chair-dependent before age 13, while
BMD presents milder clinical features, later-onset
and slower progression (Jefferies et al., 2005). Both
DMD and BMD are X-linked recessive neuromus-
cular diseases due to DMD gene (OMIM: 300377)
mutations. This is the largest gene in the human ge-
nome (Muntoni et al., 2003). The DMD gene spans
more than 2.5 million base pairs (bp) of genomic
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DNA on chromosome X p21.2-21.1 and consists of
79 exons. It encodes a 14 kilobases (kb) mRNA
transcript and a 427 kDa full-length dystrophin pro-
tein comprising four domains (amino terminal do-
main, central rod domain, cysteine-rich domain, and
carboxy terminal domain) (Muntoni et al., 2003).
The dystrophin protein interacts with integral mem-
brane proteins and they assemble into a dystrophin—
glycoprotein complex, which plays an important role
in stabilizing the sarcolemma and protecting muscle
fibers from damage and necrosis (Rando, 2001).

Mutations of DMD include intragenic large
deletions/duplications and point mutations. Intragenic
deletions and duplications refer to one or more exons
(Fairclough et al., 2013), whereas point mutations
include nonsense mutations, small frame-shift dele-
tions or insertions, missense, and splice site mutations
(Roberts et al., 1994). Multiplex polymerase chain
reaction (PCR) is used to be a standard diagnostic
method. It could identify 98% of deletions in male
patients, but neither duplication and point mutation
nor female carriers are detectable (Beggs et al., 1990).
Multiplex ligation-dependent probe amplification
(MLPA) is currently the most widely used to detect
exonic deletions and duplications of DMD both in
male patients and female carriers (Schouten et al., 2002;
Zimowski et al., 2014). Recently, with the dramati-
cally reduced cost of sequencing, next-generation
sequencing (NGS) has become clinically available for
the detection of large deletions/duplications and point
mutations (nonsense mutation, missense mutation,
small insertions/deletions (indels) spanning several
base pairs, and splice site mutation) throughout all the
exons and flanking introns of DMD (Haas et al.,
2011). Splicing regulation has been attracting much
more attention since exon-skipping therapy began to
appear (Echevarria et al., 2018). So far, a splicing
pattern is essential for therapy and diagnosis of dis-
ease. Hybrid minigene splicing assay (HMSA) has
allowed a relatively fast functional test to build con-
nections between splicing and disease. Though the
detection technologies develop rapidly, 1% to 2% of
DMD cases remain undiagnosed (Bovolenta et al.,
2008).

Identification of pathogenic DMD variants can
confirm the diagnosis of DMD/BMD patients and
determine the carrier status of their family members.
Once the familial mutation is determined, prenatal

diagnosis or preimplantation genetic diagnosis (PGD)
could be adopted for the family members to prevent
the recurrence of the disease. Here, we combined
MLPA, NGS, and Sanger sequencing to identify
causative mutations in 100 unrelated DMD patients.
Eleven novel mutations were detected and two splice
site mutations were verified by HMSA. Prenatal di-
agnosis or PGD was performed on 50 families with
known mutations.

2 Materials and methods
2.1 Patients

A total of 100 unrelated DMD/BMD families
referred to the Department of Reproductive Genetics,
Women’s Hospital, School of Medicine, Zhejiang
University (Hangzhou, China) were recruited. All
subjects were Han Chinese. The diagnosis of
DMD/BMD was based on serum creatine kinase (CK)
measurements, muscle biopsy, electromyography,
electrocardiogram, progression of the disease, and
family history. There were 100 DMD/BMD probands
and 100 mothers of probands in our study. This study
was approved by the Ethical Committee of the
Women’s Hospital, School of Medicine, Zhejiang
University. Informed consents were obtained from all
participants.

2.2 Genomic DNA extraction

DNA was isolated from peripheral blood lympho-
cytes and amniocytes according to the manufacturer’s
standard protocol (QlAamp DNA Blood Mini Kit,
Hilden, Germany). Amniotic fluids were obtained by
an obstetrician through amniocentesis and then am-
niocytes were cultured for eleven days before DNA
extraction.

2.3 MLPA

MLPA was used to screen all exons of DMD for
all patients. The assay was performed with two in-
dependent MLPA kits SALSA P034 and P035 (MRC-
Holland, Amsterdam, the Netherlands) according to
the manufacturer’s instruction and the PCR products
were separated by ABI PRISM®™ 3100 Genetic Ana-
lyzer (Applied Biosystems, CA, USA). Then, the
statistical and quantitative analyses were calculated
by Coffalyser Net software (http://www.coffalyser.net).
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2.4 NGS and Sanger sequencing

NGS was performed as previously described
(Wei et al., 2013; Li et al., 2017). All primers were
designed by Primer 5.0 (Premier Biosoft International,
CA, USA) (Table S1). The sequencing data and the
standard DMD reference sequence (GenBank acces-
sion number NM_004006.2) were aligned by Muta-
tion Surveyor software (Soft Genetics, State College,
PA, USA) to determine nucleotide variations. All
mutations identified in this study were checked on the
Human Gene Mutation Database (HGMD, http://
www.hgmd.cf.ac.uk), the Leiden Open Variation
Database (LOVD, http://www.dmd.nl), and the Uni-
versal Mutation Database (UMD, http://www.umd.be).
Novel mutations were evaluated according to the
American College of Medical Genetics and Genomics
(ACMG) guidelines (Richards et al., 2015). Missense
mutations were evaluated by Sorts Intolerant from
Tolerant (SIFT, http://sift.jcvi.org) and PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2). Splicing im-
pact was scored using the Human Splicing Finder
(HSF, http://www.umd.be/HSF3).

2.5 HMSA

To investigate the effects of the splice site mu-
tations, HMSA including minigene construct, trans-
fection, and reverse transcription PCR (RT-PCR)
was performed as previously described (Xia et al.,
2018). Human genomic DNA fragments covering
from exon 10 to exon 11 were amplified using for-
ward primer DMD-1149/50-F (5'-GATCCTCGAG
ctcectattgtctgtatetge-3') and reverse primer DMD-
1149/50-R (5'-GATCGGATCCtacacaatctcctgtgeatge-
3"). The vector primers were as follows: SD6
(5'-TTGTCTACCCATGGACCCAGA-3") and SA2
(5'-CCCCCTGAACCTGAAACATAAAAT-3"). The
PCR products were analyzed on 2% (0.02 g/mL)
agarose gel and sequencing was performed.

2.6 PGD

In vitro fertilization (IVF) procedure was per-
formed as previously described (Ye et al., 2014). Two
or five trophocytes were aspirated from each blasto-
cyst on Day 5 and transferred to PCR tube for whole
genome amplification (WGA). One or two non-
affected embryos were selected to be transferred.
Clinical pregnancy was confirmed by serum B-human

chorionic gonadotrophin (B-hCG) and sonography.
Amniocentesis was performed at 20 weeks of gesta-
tion. Multiple displacement amplification (MDA) was
performed according to the manufacturer’s instruc-
tions (REPLI-g Single Cell Kit for WGA, QIAGEN,
Germany). The MDA products were used for PCR
immediately or stored at —20 °C. Preimplantation
genetic haplotyping (PGH) was performed by NGS-
based single nucleotide polymorphism (SNP) haplo-
typing. SNP markers located 1 Mb upstream and
downstream of the DMD gene in the genomes from
the 1000 Genomes Project and known mutation in
DMD gene were used for NGS-based SNP haplotyping.
The detailed procedure of NGS was performed ac-
cording to the protocol as previously described (Chen
et al.,, 2016). The data from NGS was further con-
firmed by standard PCR and Sanger sequencing. Sex
determining region Y (SRY) gene was amplified by
primers (SRY-F: AGTAAAGGCAACGTCCAGGAT;
SRY-R: TTCCGACGAGGTCGATACTTA) and then
the amplified products were analyzed by 1.5%
(0.015 g/mL) agarose gel and Sanger sequencing.

3 Results
3.1 Deletion and duplication detection

In total, 69 deletions and 9 duplications were
identified in this study (Tables S2 and S3). Notably,
two deletion hotspots (exons 4555 and exons 2—19)
were observed (Fig. 1). The number of deleted or
duplicated exons ranged widely from 1 to 47. Two or
more continuous exon deletions could be easily and
reliably determined by MLPA. For the cases with
only one exon deletion, the results should be further
confirmed by standard PCR and Sanger sequencing.
Three-exon deletion/duplication was the most fre-
quent (21.79%, 17/78), followed by single-exon
(15.38%, 12/78), five-exon (10.26%, 8/78), and
two-exon (8.97%, 7/78). As for the 12 single-exon
deletion/duplication mutations, exon 51 was the
commonest affected exon (41.67%, 5/12), followed
by exon 50 (16.67%, 2/12). Among the 78 affected
patients due to deletions/duplications, 47 of them
(60.25%, 47/78) inherited the mutation from their
mothers, while 31 (39.74%, 31/78) were de novo
mutations.
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Fig. 1 Spectrum of DMD mutations identified in this study
Deletions and duplications are located above the schematic representation of exon and dystrophin structural domains of DMD.
Black and red lines represent deletion and duplication, respectively. The length of line corresponds to the coverage of deleted
and duplicated exons. Point mutations are all located below the schematic representation of exon and dystrophin structural
domains of DMD. The types of mutations are distinguished by different symbols (Note: for interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article)

3.2 Point mutation detection

Because of the negative MLPA results of the rest
probands, NGS and Sanger sequencing were provided
for these subjects. Mutations were found in all 22
probands (Table S4), including 13 nonsense (59.10%,
13/22), 6 indels (27.27%, 6/22), 2 splice site (9.10%,
2/22), and 1 missense (4.55%, 1/22) mutations. Of
note, unlike two hotspots observed in deletions, point
mutations were scattered throughout the whole DMD
gene (Fig. 1). Among them, only three were de novo
(13.64%, 3/22). Importantly, two splice site mutations
were identified in this study: a novel mutation

c.1149+1G>A and a previously reported mutation
¢.1150—2A>G, which were both inherited from their
mothers (Fig. 2). The variation ¢.1149+1G>A might
lead to 5' motif change from GAGgtaaac to GAGataaac,
with the wild-type score being 83.90 in comparison
with the mutant score of 57.07 as predicted by splic-
ing prediction software HSF. As for ¢.1150-2A>G,
HSF showed the wild-type score was 90.99, while the
mutant score was 62.05. Meanwhile, the variation
was predicted to break the exonic splicing enhancer
(ESE) element and exonic splicing silencer (ESS)
element. Therefore, it was suspected that these splice
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site mutations could break the original splice site. A
reported missense mutation ¢.497G>T was found in a
patient. This mutation was predicted to be deleterious
by SIFT (affecting protein function with a score of
0.00) and PolyPhen-2 (probably damaging with a
score of 1.00).

(a)

c.1149+1G>A

AT GAGATAAACTAAA

i \
I TN W AN
A\ “ IRVAVALY. /\{1 VIV A A
L7 | AV FAVD
VAR J /\ X v 4 WA / \1 TR

c.1150-2A>G

(b)

TTGTCGGGGGTACAT

Fig. 2 Splice site mutations of DMD gene in the P99 (a)
and P100 (b) families

Black boxes indicate affected males; dotted circles indicate
female carriers; clear boxes indicate unaffected males. Par-
tial sequencing chromatograms of genomic DNA from pa-
tients are shown. The arrows denote the positions of iden-
tified mutations

3.3 Splicing study by HMSA

HMSA was performed to investigate the effect
of the two splice site mutations. The wide-type
minigene construct was 1507 bp, across from partial
intron 9 (152 bp), exon 10 (189 bp), intron 10 (650 bp),
exon 11 (182 bp) to partial intron 11 (334 bp). A full
length of 371 bp RT-PCR product (exclusive SD6 and
SA2) was detected, which included exon 10 and exon
11 as expected. There was no product of normal size
obtained for the mutant ¢.1149+1G>A minigene, but
instead two abnormal larger fragments of 686 bp and
914 bp were detected resulting from two activations
of cryptic donor splice sites in intron 10. Sequencing
revealed that the two products contained 50 bp and
278 bp of intron 10, respectively (Fig. 3). They resulted
from the activation of a cryptic splice site at different
positions in the beginning of intron 10. Theoretically,
both mutant isoforms would induce a premature ter-
mination codon (PTC) at amino acid 386. The motifs
of two cryptic 5' splice sites (5'ss) activated were

ATGgcaagt and ATGgtattg, with the score 67.46 and
71.24 calculated by HSF, respectively.

Another minigene construct containing the ¢.1150—
2A>G mutation yielded two shortened transcripts:
a primary 454 bp transcript and a 614 bp transcript
(Fig. 4). The 454 bp transcript was caused by com-
plete skipping of exon 11 that led to the deletion of
182 bp. Thus, it included exon 10 (189 bp) and 265 bp
fragment of exogenous pSPL3 vector by SD6 and
SA2 primers. The skipping of exon 11 would cause
frameshift that introduced stop codon 9 nucleotides
downstream of the junction of exons 10 and 12. The
614 bp transcript resulted from the lack of a part of
exon 11 (22 bp), which would cause frameshift that
consequently introduced stop codon 46 nucleotides
downstream of exon 11. The motif of cryptic 3' splice
site (3'ss) activated was ggatttgacagCC, and the score
of this cryptic 3'ss was 79.18 calculated by HSF.

3.4 Prenatal diagnosis and PGD

Prenatal diagnosis was performed on 50 mothers
of probands (34 carriers and 16 non-carriers). Thirty
normal females, 12 normal males, 5 female carriers,
and 8 affected males were diagnosed (Table 1). The
female carrier of exons 48—50 deletion (P30 family)
and female carrier of ¢.1886C>G (P80 family) un-
derwent PGD by haplotyping and gender determina-
tion. For the P30 family, biopsies were undertaken for
four embryos: 1 and 4 were male, while embryos 2
and 3 were female. PGH identified 110 SNPs and §
informative SNPs were selected. PGH and specific
detection of deletions showed that all 4 embryos were
normal (Fig. 5). Pregnancy was achieved after three
cycles of embryo transfer. Amniocyte diagnosis con-
firmed the PGD results and then a healthy boy was
delivered. In the P80 family, embryo biopsies were
performed on 5 embryos. PGH identified 91 SNPs
and 7 informative SNPs were selected (Fig. 5). Em-
bryos 1, 2, and 4 demonstrated an affected haplotype
inherited from the mother, whereas embryos 3 and 5
demonstrated an unaffected haplotype. PGH results
were consistent with mutation and sex identification.
Results indicated that embryos 1, 2, and 4 were fe-
male carriers, while embryos 3 and 5 were normal
female and male, respectively. Finally, one embryo
was transferred, resulting in a biochemical pregnancy.
At 20 weeks of gestation, amniocyte diagnosis was
performed and confirmed the PGD results.
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Fig. 3 Pathogenic analysis of DMD: ¢.1149+1G>A by HMSA
(a) Electrophoretogram of RT-PCR products. The mutant plasmid showed two types of splicing fragments of 686 bp («++) and
914 bp (++), while the wild-type plasmid showed a normal splicing fragment of 636 bp (+). The empty plasmid including SD6
and SA2 showed 265 bp. (b) Splicing models schematic representation. (c) Sequencing result of the mutated (aberrantly
spliced) cDNA showing 278 bp retention of intron 10. (d) Sequencing result of the mutated (aberrantly spliced) cDNA showing

50 bp retention of intron 10

4 Discussion

In this study, all pathogenic variants in DMD
were successfully identified in all 100 cases, and 11
variants were novel (Tables 2 and 3). Nonsense, indels
and splice site mutations at +1/+2 were pathogenic, as
evaluated according to ACMG guidelines (Richards,

et al., 2015). Our findings expanded the spectrum of
the Human Mutation Database. MLPA was used as
the first-line screening method and our results showed
that the percentage of deletion and duplication detec-
tion by MLPA is 78%, which was similar to other
studies (70%) (Lalic et al., 2005; Takeshima et al.,
2010). As for the cases with negative MLPA results,
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Fig. 4 Pathogenic analysis of DMD: ¢.1150—2A>G by HMSA
(a) Electrophoretogram of RT-PCR products. The mutant plasmid showed two types of splicing fragments of 454 bp (x«+) and
614 bp (++), while the wild-type plasmid showed a normal splicing fragment of 636 bp (+). The empty plasmid including SD6
and SA2 showed 265 bp. (b) Splicing models schematic representation. (¢) Sequencing result of the mutated (aberrantly
spliced) cDNA showing 22 bp lack of exon. (d) Sequencing result of the mutated (aberrantly spliced) cDNA showing skipping of

exon 11

we further used NGS to detect possible point muta-
tions (Flanigan et al., 2003). In total, 22 point muta-
tions out of 100 cases (22%) were identified. Point
mutations were dominated by nonsense mutation,
which was consistent with previous studies (Tuffery-
Giraud et al., 2009; Takeshima et al., 2010).

We identified a potential pathogenic missense
mutation ¢.497G>T (p.Glyl66Val) which was re-
ported previously (Juan-Mateu et al., 2013). This
mutation was located at highly conserved residues
and was predicted to be pathogenic. In pedigree 81,
there were three affected males who had hemizygote
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Table 1 Prenatal diagnosis performed on 50 mothers of probands

Family No. Carrier status of mother  Prenatal diagnosis | Family No. Carrier status of mother  Prenatal diagnosis
P4 Yes NF P86 Yes Patient
P91 No dNF P92 Yes Patient
P27 No NF P94 Yes NF
P35 No NF P95 Yes NM
P36 No NF P96 Yes NF
P48 No NM P97 Yes Patient'/Carrier®
P51 No NF P31 Yes NM
P52 No NF P39 Yes dNF
P74 No NM P73 Yes NF
P56 No NF P43 Yes Patient
P57 No NF P49 Yes Carrier
P60 No NF P50 Yes Patient
P62 Yes NF P58 Yes NF
P63 Yes NM P77 Yes NM
P65 Yes Carrier P30 Yes NM
P67 Yes Carrier P80 Yes NF
P68 Yes NF P18 Yes NF
P11 Yes NM P34 Yes NF
P7 No NF P8 Yes NM
P40 No NF P15 No NM
P84 Yes Patient P33 Yes Patient'/NM?
P46 No NF'/NM? P12 Yes NF
P69 No NF P32 Yes NF
P16 Yes Patient P76 Yes NF
P20 Yes NF P82 Yes Carrier

12; number of pregnance; NF: normal female fetuses; NM: normal male fetuses; d: double fetuses

Table 2 Characteristics of the detected mutations
Mutation type Pathogenic Known Novel De novo Hereditary
Deletion 69 67 2 29 40
Duplication 9 8 1 2 7
Nonsense 13 9 4 3 10
Splicing 2 1 1 0 2
Missense 1 1 0 0 1
Indels 6 3 3 0 6
Total 100 89 1 34 66
Table 3 Eleven novel variants detected in this study
Patient No. Variant Inheritance

P4 EX5-6 deletion Maternal

P43 EX12-33 deletion Maternal

P77 EX56-70 duplication Maternal

P79 ¢.3487C>T, p.(GIn1163Ter) De novo

P82 ¢.8086_8087insC, p.(Leu2696ProfsX14) Maternal

P85 ¢.9689delA, p.(Asp3230AlafsX53) Maternal

P88 c.9669C>T, p.(Arg3223Ter) Maternal

P89 ¢.2664 C>T, p.(GIn888Ter) De novo

P92 c.7899G>A, p.(Trp2633Ter) Maternal

P94 c.4131delA, p.(Lys1377AsnfsX5) Maternal

P99 c.1149+1G>A Maternal
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Fig. 5 PGD results of P30 and P80 families
(a) Haplotype analysis of P30 family. Diagram shows that all embryos have normal haplotype. (b) Direct mutation detection by
amplification of exons 47, 50, and 51 of DMD for P30 family. All embryos had no deletion of exon 50. (¢) Haplotype analysis
of P80 family. E1, E2, and E4 demonstrated an affected haplotype pattern (red-line allele) inherited from mother, whereas E3
and E5 demonstrated an unaffected haplotype pattern (black-line allele). (d) Direct detection ¢.1886C/C in exon 16 of DMD for
P80 family. E3 had wild homozygote c.1886C/C, whereas E5 had hemizygote. However, E1, E2, and E4 had heterozygous
¢.1886C>G (p.Ser629X). P: proband; M: proband’s mother; E1-E5: embryos 1-5; —: negative control. Black boxes indicate
affected males; dotted circles indicate female carriers; clear boxes and circles indicate unaffected males and females, respec-
tively (Note: for interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article)

¢.497G>T. The first affected male had severe muscle
weakness and died from respiratory failure at 20 years
of age. The second one was early-onset and lost am-
bulation as disease progressed at 15 years of age,
while the third one was 7-year-old now and suffered
from progressive muscle weakness from 4 years of
age. Juan-Mateu et al. (2013) had reported that mu-
tation ¢.497G>T was found in an intermediate mus-
cular dystrophy patient (loss of ambulation between
13 and 16 years of age), which was almost consistent
with the patient’s clinical phenotype in this study.

In DMD patients, prediction of splicing out-
comes is essential for determining the phenotype. As

for novel mutation ¢.1149+1G>A, the HMSA results
revealed that two abnormal transcripts of 50 bp and
278 bp retention partial intron 10 resulted from the
activation of cryptic donor splice sites in intron 10
and both of them were out of frame. This was con-
sistent with the patient’s DMD phenotype (early-
onset and wheel-chair-dependent at 8 years of age).
The mutation ¢.1150—-2A>G was previously reported
once in a DMD case (Ma et al., 2018). However, no
experimental evidence was available for this mutation.
In our study, we not only verified that the mutation
was maternal but the splicing outcome that arose from
the mutation was conducted by HMSA. It revealed
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that two abnormal transcripts of complete skipping of
exon 11 and lack of 22 bp of exon 11. These two
abnormal splicing outcomes were out of frame, which
was consistent with the patient’s DMD phenotype
(early-onset and wheel-chair-dependent at 9 years of
age).

Mutations involving GT and AG dinucleotide at
the 5' (donor) and 3' (acceptor) splice sites would lead
to disease (Pico et al., 2014). The major consequences
of mutation at splice sites were exon skipping and
cryptic splice site activation (Baralle and Baralle,
2005). The decision between two patterns of splicing
outcomes was rather a matter of exon and intron
length, exon flanking sequence, RNA secondary
structure, open reading frame conservation, and DNA
sequence environment (Roca et al., 2003; Buratti and
Baralle, 2004; Zhang et al., 2005; Buratti et al., 2006;
Hertel, 2008; Pico et al., 2014). Exon skipping was
more common than cryptic donor splice site activa-
tion in the dystrophin gene mutations in cases of in-
tron +1G>A, while cryptic splice site activation was
likely only seen in strong exons (>170 bp) (Habara
et al., 2009). As for the ¢.1149+1G>A case, it was
suspected that cryptic splice site activation was in-
fluenced by the long length of exon 10 (189 bp).
Minigene assay identified two cryptic 5'ss, and the
scores calculated by HSF were lower than that of
wild-type 5'ss, but higher than that of the mutant one.
Actually, several potential 5'ss predicted by HSF were
between the mutated authentic splice site and cryptic
5'ss. These potential 5'ss were completely silent and
likely to be pseudo 5'ss. Roca et al. (2003) observed
that the cryptic 5'ss activated were usually located
close to the authentic 5'ss, whereas a few of cryptic
S'ss located further away were also activated. We
suggested that the distance to the mutated splice site
played an important role, but not the decisive factor
for cryptic 5'ss activation. However, we observed the
difference in splicing efficiency between these two
cryptic 5'ss, which might be associated with proxim-
ity to the mutated splice site. It was interesting to note
that one of cryptic splice sites activated at 50 bp
downstream of exon 10 was activated, though the
following nucleotides are “GC.” The GT/AG splice
sites were present in the majority of eukaryotic introns.
In a database (SpliceDB, http://www.softberry.com/
spldb/SpliceDB.html) of known mammalian splice
sites, Burset et al. (2001) observed that non-canonical

GC sequence at 5'ss accounted for 0.56% and GC 5'ss
possess a strong consensus sequence. Parada et al.
(2014) uncovered that the GC/AG splice sites com-
prise about 0.889% of the total splice sites in humans.
Although the percentage of non-canonical GC 5'ss
was low, the GC 5'ss existed in various species, and
were not aberrant splice sites. Also, a GC/AG splice
sites pair existed at intron 30 of DMD. The factors
promoting such weak site efficient selection are still
poorly understood. Kralovicova et al. (2011) showed
high density of GAA/CAA with splicing enhancers in
exon making a contribution for efficient selection of
GC 5'ss. In the absence of an alternative splice site,
exon skipping was the preferred outcome at both
donor and acceptor splice sites (Krawczak et al.,
2007). As for c.1150-2A>G, exon 11 skipping was
the major splicing outcome, and in contrast to the
cryptic splice site was activated slightly. The sub-
optimal, neighboring 3'ss activated was tggatttgacag/
CC and the score calculated by HSF was lower for
this cryptic 3'ss with respect to wild-type 3'ss. The
variation c.1150-2A>G was predicted to break ESE
and ESS, which regulate premature mRNA splicing.
These regulatory elements may play important roles
in the pre-mRNA splicing process and have an impact
on transcriptional efficiency. It was supposed that
skipping of the adjacent exon was the preferred out-
come when cryptic splice site was of low efficiency or
not sufficient. So far, it is still a challenge to establish
a rule to predict splicing outcomes. Though HMSA is
an effective validation technique in the molecular
laboratory, the appropriate RNA analysis ideally
comes from affected tissue because of the tissue-
specific dystrophin functions (Muntoni et al., 2003).
So it is important to keep in mind that the splicing
outcome would be different in artificial minigenes as
compared to endogenous transcripts.

Early diagnosis of DMD and genetic confirma-
tion of the causative mutation in patients are im-
portant. Once a mutation is identified, carrier analysis
of female relatives can be performed. In our study,
DMD gene mutation was inherited from the mother in
66% (66/100) of cases, whereas the remaining 34%
(34/100) were de novo, which was consistent with a
previous report (30%) (Sakthivel Murugan et al.,
2013). However, it should be noted that a mother
without any mutation in her peripheral blood
lymphocytes is still at risk due to the possibility of
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germinal mosaicism (Bakker et al., 1989; van Essen
etal., 1992).

Prenatal diagnosis and PGD are valid tools to
reduce the risk of having affected children. In 50
families with confirmed mutations, prenatal diagno-
ses were successfully performed by MLPA or Sanger
sequencing. Eight fetuses were verified as affected
boy, approximately theoretical value 25%, and five
fetuses were carriers in 34 mother carriers. On the
other hand, all fetuses were identified as unaffected in
16 mothers without mutation in their peripheral blood
lymphocytes. In P30 family with deletion of exons
48-50, PGD was performed and a healthy boy was
successfully delivered. Therefore, it is obvious that
PGD is an alternative to prenatal diagnosis for a
family at high risk of transmitting an inherited disease
to offspring and avoiding the possible termination of
pregnancy. Specific mutation detection (Girardet
et al., 2003) and haplotype analysis (Lee et al., 1998)
with gender determination have been universally used
for PGD of DMD.

In conclusion, it is a great challenge to perform
comprehensive analyses of causative mutations in
DMD because of its large size and the variety of
mutation types (Stockley et al., 2006). Our study
provided a comprehensive combination of MLPA,
NGS, and HMSA, which is an effective strategy to
identify DMD pathogenic variants. Early and accurate
genetic diagnosis and confirmation of variants are
essential for therapy and prenatal diagnosis/PGD to
reduce the risk of recurrence of DMD in affected
families.
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