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ORIGINAL ARTICLE

Genetic diagnosis of Duchenne and Becker muscular
dystrophy using next-generation sequencing
technology: comprehensive mutational search In

a single platform

Byung Chan Lim," Seungbok Lee,>® Jong-Yeon Shin,%* Jong-Il Kim,
Hee Hwang," Ki Joong Kim," Yong Seung Hwang,' Jeong-Sun Seo,

Jong Hee Chae'

ABSTRACT

Background Duchenne muscular dystrophy or Becker
muscular dystrophy might be a suitable candidate
disease for application of next-generation sequencing in
the genetic diagnosis because the complex mutational
spectrum and the large size of the dystrophin gene
require two or more analytical methods and have a high
cost. The authors tested whether large deletions/
duplications or small mutations, such as point mutations
or short insertions/deletions of the dystrophin gene,
could be predicted accurately in a single platform using
next-generation sequencing technology.

Methods A custom solution-based target enrichment kit
was designed to capture whole genomic regions of the
dystrophin gene and other muscular-dystrophy-related
genes. A multiplexing strategy, wherein four differently
bar-coded samples were captured and sequenced
together in a single lane of the lllumina Genome
Analyser, was applied. The study subjects were 25
patients: 16 with deficient dystrophin expression without
a large deletion/duplication and 9 with a known large
deletion/duplication.

Results Nearly 100% of the exonic region of the
dystrophin gene was covered by at least eight reads
with a mean read depth of 107. Pathogenic small
mutations were identified in 15 of the 16 patients
without a large deletion/duplication. Using these 16
patients as the standard, the authors” method accurately
predicted the deleted or duplicated exons in the 9
patients with known mutations. Inclusion of non-coding
regions and paired-end sequence analysis enabled
accurate identification by increasing the read depth and
providing information about the breakpoint junction.
Conclusions The current method has an advantage for
the genetic diagnosis of Duchenne muscular dystrophy
and Becker muscular dystrophy wherein

a comprehensive mutational search may be feasible
using a single platform.

INTRODUCTION

Duchenne muscular dystrophy (DMD; MIM
#310200) and Becker muscular dystrophy (BMD;
MIM #3003376) are the most common forms of
childhood muscular dystrophy affecting from 1 in
3500 to 1 in 6000 male births." ? Genetic testing of
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the dystrophin gene (DAVID; Xp21.2) is now the
initial method for confirming the diagnosis,
although a muscle biopsy might be considered if
rapid and reliable genetic testing is unavailable.®
However, full characterisation of the mutational
spectrum is necessary for genetic counselling,
prenatal diagnosis and selecting the patients eligible
for future mutation-specific treatments. Although
the proportion of mutations differs slightly between
studies, possibly reflecting bias in cohort selection
and application of different molecular diagnostic
methods,*™” the mutational spectrum can be
approximated as follows: a large deletion in about
60% of patients, a large duplication in about 10% of
patients and small mutations confined mostly to
coding exons in about 30% of patients. To date, no
genetic testing has been developed to cover this
whole mutational spectrum in a single platform. In
most laboratories, methods for detecting large dele-
tions/duplications’ ®*° and methods for detecting
small mutations'’ *? are conducted separately. In
addition, the large size of the dystrophin gene
requires considerable effort, cost and time for direct
sequencing using the Sanger method.

Massively parallel or next-generation sequencing
(NGS) technologies have become essential tools for
searching for new human disease genes, most of
which were identified by either whole-exome
sequencing or targeted sequencing of the regions
identified by linkage analyses.’*~'” NGS technology
is also useful for molecular diagnosis of certain
diseases where laborious sequencing efforts are
required because of the large gene size or the pres-
ence of multiple causative genes in single disease
entities. A few proof-of-concept studies have been
published recently in this field,"®*° although
further optimisation and validation are required.
Besides small mutations including point mutations
and short insertions/deletions (indels) spanning
several base pairs, large deletions/duplications can
also be identified by NGS technologies through read
depth  estimation.?! Because NGS provides
a comprehensive mutation search from large dele-
tions/duplications to small mutations in a single
platform, DMD/BMD is a suitable candidate
disease for testing whether NGS can be applied for
molecular diagnosis.
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To demonstrate whether large deletions/duplications and
small mutations of DMD/BMD can be predicted accurately in
a single NGS platform, we analysed the entire dystrophin gene
regions of 25 patients with DMD or BMD using solution
capture with bar-code multiplexing and massively parallel
sequencing. First, the pathogenic mutations were searched in 16
patients with pathologically proven DMD/BMD who were
negative for large deletions/duplications. Next, we showed how
large deletion/duplication mutations could be detected in the
same platform by analysing the sequencing data of nine patients
with DMD/BMD with known deletion/duplication mutations.

METHODS

Patients

The Institutional Review Board of the Seoul National University
Hospital approved the study protocol (H-1104-053-358).
Multiplex ligation-dependent probe amplification (MLPA) was
the first molecular diagnostic method used in Seoul National
University Children’s Hospital since 2006 when DMD/BMD
was suspected from the clinical and laboratory findings. If a large
deletion/duplication is not identified with MLPA, the next step
is to confirm deficient dystrophin staining in the muscle biopsy
specimen. We randomly selected 16 patients who were candi-
dates for small mutations because they were negative for large
deletions/duplications and positive for deficient dystrophin
staining. The additional nine patients harbouring large deletion/
duplication mutations, which were confirmed with MLPA, were
included to validate whether large deletion/duplication muta-
tions could be correctly predicted through NGS sequencing data.
The MLPA, dystrophin immunohistochemistry findings and
clinical phenotypes of the 25 male patients are summarised in
table 1.

Target enrichment of genomic DNA and sequencing

After the patients provided informed consent, genomic DNA
was extracted from peripheral blood leucocytes using a QlAamp
DNA Blood Midi Kit (Qiagen, California, USA) according to the
manufacturer’s instructions. Three micrograms of DNA was
sheared using a Covaris S2 (Covaris, Inc., Massachusetts, USA)
to ~250 nt at a 20% duty cycle, level 5 intensity and 200 cycles
per burst for 180 s. Bar-coded fragment sequencing libraries were
made using an NEB sample preparation kit (New England
Biolabs Inc., Massachusetts, USA) and Illumina multiplexing
adaptor (lllumina, California, USA) according to the manufac-
turers’ instructions. After ligation with the Illumina adaptor, the
libraries were prepared using AMPure bead (Beckman Coulter,
Inc,, California, USA) rather than gel purification. Library
quality was assessed using an Agilent 2100 Analyser and DNA
1000 chips (Agilent Technology, California, USA). An equimolar
four-plex pool was produced for enrichment using a SureSelect
Target Enrichment System Kit (Agilent Technology) and
a modified protocol. Five hundred nanogrammes of pooled DNA
with 5 pl (100 ng) of custom baits were used for enrichment,
with blocking oligonucleotides specific for paired-end sequencing
libraries and 24-h hybridisation. Biotinylated RNA library
hybrids were recovered with streptavidin beads. In addition to
the dystrophin gene, the target regions included 25 genes
involved in congenital muscular dystrophies and limb girdle
muscular dystrophies (supplementary table 1). The dystrophin
gene region to be captured is at genomic position
ChrX:31047266 to 33139594 (NM_004006, hgl8, National
Center for Biotechnology Information (NCBI) build 36), and this
region was uploaded to Agilent’s web-based design tool, eArray.
The parameters selected were bait length (120 bp), bait tiling
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Table 1 Laboratory data and clinical phenotypes of the patients
Patient Dystrophin Age at last follow-up

number  MLPA IHC (WC users) (years) Phenotype*
1 (—) Complete loss  14.6 (9.5) DMD

2 (—) Complete loss  10.3 Undetermined
3 (—) Focal loss 21.8 BMD

4 (—) Complete loss 6.6 Undetermined
5 (—) Complete loss 3.2 Undetermined
6 (—) Focal loss 1.7 Undetermined
7 (—) Complete loss 3.4 Undetermined
8 (—) Complete loss  11.0 Undetermined
9 (—) Complete loss  12.7 (10.9) DMD

10 (-) Complete loss  11.4 (9.4) DMD

" (—) Complete loss  10.2 (10) DMD

12 (—) Complete loss 7.4 Undetermined
13 (-) Complete loss 9.4 Undetermined
14 (—) Complete loss 7.9 Undetermined
15 (—) Complete loss  13.7 (9) DMD

16 (—) Complete loss  10.0 Undetermined
17 del 12—43 Focal loss 10.6 Undetermined
18 del 3—13 Not done 9.6 Undetermined
19 del 8—13 Not done 1.4 Undetermined
20 del 52—53 Not done 14.7 Undetermined
21 del 53—54 Complete loss  14.1 (11.6) DMD

22 del 53 Not done 15.4 (10.1) DMD

23 dup 30—47  Focal loss 23.6 BMD

24 dup 45—52  Focal loss 8.4 Undetermined
25 dup 50—55  Complete loss  13.8 (9.3) DMD

*Phenotype was determined according to the age at which wheelchair dependency began
(DMD: wheelchair dependency before 13 years, BMD: wheelchair dependency after

16 years).

(—), negative for deletion/duplication; BMD, Becker muscular dystrophy; del, deleted exons;
DMD, Duchenne muscular dystrophy; dup, duplicated exons; IHC, immunohistochemistry;
MLPA, multiplex ligation-dependent probe amplification; WC, wheelchair.

frequency (2X), allowed overlap into avoided regions (20 bp) and
avoided standard repeat masked regions, which eliminates
repetitive sequences using the RepeatMasker program align-
ment-based method. The bait region, which was defined as the
region covered by one or more capture probes in the dystrophin
gene, was 1069974 bp (supplementary file 1). The captured
libraries were amplified and sequenced on the Illumina Genome
Analyser IIx by 2X69 cycles. The other experimental procedures
were performed according to the protocol of each manufacturer.

Single nucleotide variant (SNV) and indel detection

The sequencing data were processed using the Genomic Short-
read Nucleotide Alignment Program (GSNAP) alignment tool, % %3
and human genome NCBI build 36 was used as the reference.
Reads aligned to multiple regions of the reference sequence were
removed for further analysis. The variant detection criteria for
SNVs, insertions (<10 bases) and deletions (<31 bases) were as
follows: (1) =50% of the reads indicated variation, (2) =8 reads
were uniquely aligned to each position of variance and (3) the
mean quality score (Q score) was =20. The identified SNVs and
indels were compared with the data from the 1000 Genomes
Project, dbSNP132, data from 68 Korean healthy controls (13
from whole genome sequencing and 55 from whole-exome
sequencing data) and the Leiden DMD Mutation Database.’* The
novel nonsense or frameshift variants were regarded as putative
pathogenic mutations. The functional consequences of the novel
missense variants were predicted using Sorting Intolerant from
Tolerant (SIFT) and Polymorphism Phenotyping (PolyPhen).

Large deletion/duplication prediction
The exonic coverage depth of each dystrophin gene exon was
calculated by dividing the sum of all read depths per base within
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the specific exon by the size of that exon (base pairs) and
corrected by all aligned bases within the bait region except the
dystrophin gene to ensure comparability between experiments.
The reference exonic coverage depth of each dystrophin gene
exon was obtained by averaging the exonic coverage depths of
the 16 patients without deletion/duplication. The exonic
coverage depth of patients 17—25 was compared with the
corresponding reference exonic coverage depth in each of the 79
exons. The threshold ratio for deletion was set at <0.2, and that
for duplication was set at >1.8. After identifying a series of
deleted or duplicated exons, the range of deleted or duplicated
regions was approximated by plotting the read depth spanning
the whole dystrophin gene region. Finally, the breakpoint of the
deleted or duplicated region was estimated with the aid of
aberrant paired-end sequencing calls. In the paired-end
sequencing setting, the GSNAP alignment tool gives a ‘too long’
signal when the distance of a pair of reads is >1000 bp, indi-
cating the possibility of a large deletion between that pair of
reads. The GSNAP reports ‘inversion’ when the orientations are
opposite to those expected and ‘scramble’ when the distance
appears to be negative. These two signals suggest the disruption
of genomic integrity and the possibility of duplication near both
reads of pairs.

MLPA and validation through Sanger sequencing

MLPA analysis was performed using the SALSA MLPA KIT
P034-A2/P035-A2 DMD/Becker (MRC Holland, Amsterdam,
The Netherlands) according to the manufacturer’s instructions.
Direct Sanger sequencing of the selected regions was performed
using primer pairs designed by the authors (available upon
request) to validate the coding or known pathogenic intronic
variations identified through NGS. For breakpoint junction
analysis, PCR primers were designed to cover the deleted or
duplicated regions suggested by the paired-end sequencing
(available upon request).

RESULTS

Sequencing summary and small mutation detection

(patients 1—16)

Analysis of the sequence data revealed uniform coverage and
high read depths in 16 patients (table 2). For estimation of

coverage, only positions having =8 uniquely aligned reads with
a Q score =20 were included. The bait region including all the
dystrophin gene exons was almost completely covered by =8
read depth. The mean read depth of the exons was 107 (range,
86—125). Accordingly, about 68% of the whole dystrophin gene
region was covered adequately to identify SNVs and short
indels. The number of total SNVs and indels and the number of
variants within the coding exons are summarised in supple-
mentary table 2. There were no SNVs or short indels involving
splice sites. All coding SNVs and short indels were presented
specifically and compared with the data from the 1000 Genomes
Project, dbSNP132 and data from 68 Korean healthy controls;
these data are provided in supplementary file 2. All coding
variants were confirmed using Sanger sequencing. We also tested
whether there were false negatives among other bases in the
exons selected for Sanger sequencing; no false-negative variant
was present. Putative small mutations were identified in 15 of 16
patients (table 3); most were either nonsense or frameshift
mutations causing truncation of dystrophin. Intronic variant
in patient 6 (c.4518+5G>A) was demonstrated previously
to cause aberrant splicing in vivo and in vitro.” Novel
nonsense (c.1006G>T, p.Glu336X) and missense (c.1005G>A,
p-Met3351le) variants were found in patient 15. This missense
variant was not considered as a putative pathogenic mutation
because SIFT and PolyPhen predicted that the functional
consequences of this variant are ‘tolerated’ and ‘benign’. The
functional consequences of the novel missense variant in patient
16 (c.450T>G, p.Asn150Lys) were also predicted by SIFT and
PolyPhen as tolerated and benign.

Large deletion/duplication prediction (patients 17—25)

The reference exonic coverage depth of each dystrophin gene
exon was obtained using the methods described above (supple-
mentary file 3). With the predetermined threshold criteria
(deletion <0.2, duplication >1.8), deleted or duplicated exons in
all nine patients were completely consistent with the results
identified using the MLPA method (table 4, supplementary file 4).
The coverage plot of these nine patients reconfirmed these
results (figure 1). The junctions of deleted or duplicated regions,
which were usually located in introns, were also roughly esti-
mated from these coverage plots. To determine the breakpoint

Table 2 Sequencing summary of candidates for small mutations (patients 1—16)

Patient DMD bases* Bait basest Exonic bases Percentage of covered Percentage of covered Percentage of covered Mean coverage Mean coverage
number aligned (=8) aligned (=8) aligned (=8) = DMD bases (=8) bait bases (=8) exonic bases (=8) depth (bait) depth (exons)
1 1431187 1068 822 11058 68.34 99.89 100 1m 119

2 1416230 1068913 11054 67.62 99.90 99.96 105 120

3 1413052 1068 445 11056 67.47 99.86 99.98 106 121

4 1409103 1068916 11057 67.28 99.90 99.99 104 118

5 1421369 1069040 11058 67.87 99.91 100 106 118

6 1423045 1068672 11058 67.95 99.88 100 114 125

7 1408625 1068 542 11058 67.26 99.87 100 90 103

8 14177317 1068931 11057 67.69 99.90 99.99 98 114

9 1409783 1068517 11058 67.31 99.86 100 97 108

10 1424654 1068703 11055 68.02 99.88 99.97 88 97

1 1430832 1068 936 11053 68.32 99.90 99.95 93 103

12 1421946 1068838 11055 67.90 99.89 99.97 80 89

13 1414348 1068907 11057 67.53 99.90 99.99 77 86

14 1422564 1069 040 11058 67.92 99.91 100 95 102

15 1461341 1069029 11045 69.78 99.91 99.88 91 100

16 1443643 1068 980 11058 68.93 99.91 100 86 96

*DMD bases, bases within the DMD genomic region located at genomic position 31 047 266 to 33 139 594 (NM_004006, hg18, NCBI build 36).
1Bait bases, bases within the bait region defined as the region covered by more than one capture probe in the DMD genomic region (1069 947 bp).
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Table 3 Summary of putative pathogenic mutations validated via Sanger sequencing

Mutations identified

Number of reads

Patient number Base change Effect Mutation type Leiden database Variant Wild type Percentage of variant
1 ¢.10033C>T p.Arg3345X Nonsense Reported 132 0 100

2 c.1615C>T p.Arg539X Nonsense Reported 142 2 98.61
3 c.10406delA p.His3469LeufsX11 Frameshift Reported 47 15 75.80
4 €.3964C>T p.GIn1322X Nonsense Unreported 135 0 100

5 €.2527G>T p.Glu43X Nonsense Reported 97 3 97

6 c.4518+5G>A p.Ser1474LysfsX4 Splicing Reported 110 0 100

7 c.6283C>T p.Arg2095X Nonsense Reported 129 3 97.72
8 €.8209C>T p.GIn2737X Nonsense Unreported 174 1 99.42
9 c.10126delC p.Leu3376X Nonsense Reported 79 40 66.38
10 c.1663C>T p.GIn555X Nonsense Reported 109 1 99.09
Il €.3244G>T p.Glu1082X Nonsense Reported 91 0 100
12 c.1615C>T p.Arg539X Nonsense Reported 128 1 99.22
13 c.620T>G p.Leu207X Nonsense Reported 113 2 98.26
14 c.583C>T p.Arg195X Nonsense Reported 159 0 100
15 c.1006G>T p.Glu336X Nonsense Unreported 154 0 100

precisely, we used the raw coverage depth and paired-end
sequencing data around the junctional sequence identified from
the coverage plots. Subsequent Sanger sequencing confirmed the
breakpoints in seven patients (patient 17 and patients 19—24;
table 4). Paired-end data for patient 25 revealed an inversion
between intron 55 of the dystrophin gene and intron 13 of
PHEX, suggesting the presence of complex rearrangement in
addition to duplication of exons 50 to 55 of the dystrophin gene.

DISCUSSION

Although the targeted resequencing by NGS technology has
gained much attention in the field of molecular diagnostics,
several limitations have delayed its application to medical
genetic diagnosis.'? 2° ?° It is difficult to standardise the proce-
dures because of the use of various sequencing platforms and
target enrichment methods, which are updated rapidly. The cut-
off thresholds for accurate variant identification, including the
minimum read depth, range of variant percentage compared
with the wild type and quality score, have not been defined
fully. Variable coverage depth across target regions and
misalignment between homologous sequences or pseudogenes
may also affect the accuracy of sequencing data.

Accepting that some problems are inherent in NGS technol-
ogies regardless of the target regions, we believe that the
dystrophin gene has an advantage over other target regions
located in autosomal chromosomes. Because of hemizygosity
and the absence of reported pseudogenes, a less stringent cut-off
threshold can be applied. This advantage may also make target
enrichment with bar-code multiplexing feasible, thus further
reducing the cost and time, which are other obstacles to the

clinical application. A recent report by Cummings et al,*” which
used multiplexing and target enrichment protocols similar to
those used in the present study, provides a proof-of-concept
example for our study. Even after multiplexing four samples
in one lane, nearly 100% of regions of all the dystrophin
gene exons were covered optimally to identify the SNVs
and indels. Although most research groups suggest that
a minimum of 10—30 read depths is needed for accurate SNV
identification,'” 2% 2739 the cut-off criteria used in the present
study might be acceptable considering the hemizygosity of the
dystrophin gene.

The high proportion of variants compared with the wild type
illustrates the advantage of hemizygosity of the dystrophin gene
when identifying SNVs (table 3). The relatively low proportion
of variants in indels (table 3) may stem from the terminal
location of deleted or inserted bases in part of the aligned reads.
When deleted or inserted bases are located in either end of an
aligned read, they could be erroneously identified as a series of
SNVs rather than indels. Although a separate algorithm for indel
detection may be necessary to improve sensitivity, we applied
the same criteria to both SNVs and indels because the high
coverage depth in this study and the hemizygosity of the target
region should decrease the likelihood of such false negatives.
Because 16 patients in the present study were selected randomly
and their genotypes were unconfirmed, the mutation detection
rate might provide further support for the accuracy of this
method. The pathogenic mutations were identified in 15 of 16
patients, and the mutation detection rate and distribution of
mutation by types (12 nonsense, 2 small deletions causing
frameshift and 1 splicing mutation) were similar to the results of

Table 4 Paired-end sequencing and breakpoint junction analysis of patients with deletion/duplication mutations

Patient number Type Exons Aberrant paired-end call Breakpoint* Size (bp)
17 Deletion 12—43 Undetected ChrX:g.32 155 793—32 548 092 392299
18 Deletion 3—13 Undetected Not determined

19 Deletion 8—13 Too long ChrX:g.32 507 320—32 669677 162 357
20 Deletion 52—53 Too long ChrX:g.31 606 256—31 658 241 51985
21 Deletion 53—54 Too long ChrX:g.31580658—31 640215 59557
22 Deletion 53 Too long ChrX:g.31 599 954—31 657 066 57112
23 Duplication 3047 Scramble ChrX:g.31 807 975—32 356 021 548 046
24 Duplication 45—52 Scramble ChrX:g.31653473—32 040 375 386902
25 Duplication 50—55 Inversion Not determined

*The genomic positions were referenced from hg18, NCBI build 36.
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Figure 1 The coverage plot of nine patients with a large deletion

(patients 17—22) or duplication (patients 23—25) mutation. The data of
patient 1, who lacked a deletion or duplication mutation, are included for
comparison. Red vertical bars indicate 79 DMD exons.

other studies using different methods.% 7 As the SIFT and Poly-
Phen prediction suggested tolerable or benign functional
changes, the novel missense variant found in patient 16
(c.450T>G, p.Asnl150Lys) was not classified as a pathogenic
mutation.

As described above, variable coverage across the target regions
is inherent in the targeted resequencing method. Although the
coverage depth may differ among each of the 79 dystrophin gene
exons in a single patient, this pattern of variation seems to be
reproducible in multiple patients sharing the same target
enrichment and NGS platform (supplementary file 1). This was
demonstrated recently by Walsh et a/*! Because a large deletion/
duplication of the dystrophin gene typically includes several
exons, comparison using the coverage depth per exon (exonic
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coverage depth in the present study) might be justified.
Compared with the target genes located in autosomal chromo-
somes, copy number changes would be more obvious in the
dystrophin gene because of hemizygosity. This difference is
particularly significant when analysing large deletions because
the coverage depth of the deleted region approaches zero.

The non-coding region of the dystrophin gene, except for the
repetitive area, was also captured and sequenced in the present
study. Although intronic variations contribute little to the
whole DMD/BMD mutational spectrum and are difficult to
validate by genomic sequencing alone, inclusion of intronic
regions may have several implications for DMD/BMD molecular
diagnosis. First, targeting only exonic regions may produce an
uneven distribution of coverage within the exon, resulting in the
possible detection of a suboptimally covered region. Cummings
et al noted that the coverage per base is reduced at the flanks and
is increased in the middle of the target regions when discontig-
uous exons are resequenced.”” Sequencing of nearly contiguous
regions encompassing non-coding regions would increase the
mean read depth of all the dystrophin gene exons, which would
appear more evenly distributed when plotted across the whole
dystrophin gene region, as indicated in figure 1. This positively
affects the accuracy of the prediction of both small mutations
and large deletion/duplication mutations.

Second, aberrant paired-end sequencing calls (too long,
scramble and inversion) usually identified in intronic sequences
could provide clues for breakpoint determination in large
duplication/deletion cases. Although breakpoint determination
from paired-end sequencing data may not be an indispensable
step in routine genetic diagnosis, this method may provide
additional information regarding complex rearrangement, as in
the case of patient 25. Contrary to the prediction of in-frame
duplication using the reading frame rule in patient 25 (exons
50—55), the clinical course and expression of dystrophin in
muscle were consistent with DMD. In addition, insertion of
PHEX exons into the dystrophin gene was identified by reverse
transcription PCR experiments (data not shown). As it is
predicted to cause the protein truncation, it could explain the
severity in patient 295.

Compared with previous proof-of-concept studies that
discussed the detailed methodological perspectives in limited
cases, the present study emphasises a more practical approach
by testing a relatively large number of patients and demon-
strating complex mutational spectra from large deletions/
duplications to small mutations in this single platform. This
method would reduce the time necessary to reach the genetic
diagnosis of DMD/BMD compared with the current method—a
combination of MLPA and Sanger sequencing. Moreover, multi-
plexing and inclusion of other related genes might contribute to
reducing the cost, which is one of the main obstacles for clinical
use. We hope that the present study provides practical evidence
to encourage the application of NGS technology to routine
genetic diagnosis of DMD/BMD.
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Supplementary File 1. The complete profile of DMD bait region which was defined by

Genomic position (5")* Genomic position (3")* Size (bp)
chrX 33141082 33136522 4561
chrX 33136370 33135170 1201
chrX 33134840 33134480 361
chrX 33134300 33132860 1441
chrX 33131983 33130543 1441
chrX 33130211 33129731 481
chrX 33129452 33129332 121
chrX 33128537 33128057 481
chrX 33126951 33126351 601
chrX 33125193 33124953 241
chrX 33124743 33124623 121
chrX 33124132 33123892 241
chrX 33123674 33122234 1441
chrX 33121814 33121454 361
chrX 33121071 33119751 1321
chrX 33119373 33119133 241
chrX 33118520 33117080 1441
chrX 33116632 33116392 241
chrX 33116132 33115892 241
chrX 33115737 33114777 961
chrX 33114584 33114104 481
chrX 33113288 33113048 241
chrX 33112634 33111194 1441
chrX 33111043 33110683 361
chrX 33110174 33109814 361
chrX 33109472 33109352 121
chrX 33108612 33108492 121
chrX 33108377 33108257 121
chrX 33107876 33107756 121
chrX 33107355 33106635 721
chrX 33106204 33105964 241
chrX 33104521 33104161 361
chrX 33103480 33102160 1321
chrX 33101982 33100302 1681
chrX 33100059 33099219 841
chrX 33098223 33097983 241
chrX 33097729 33096169 1561
chrX 33095783 33095543 241
chrX 33095410 33095170 241
chrX 33094706 33093026 1681
chrX 33092804 33092324 481
chrX 33092315 33092075 241
chrX 33092002 33091762 241
chrX 33091200 33090360 841
chrX 33089978 33089738 241

chrX 33089020 33088660 361
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chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX

31267629
31265939
31264968
31263870
31262735
31261901
31261447
31260616
31260095
31259752
31257378
31257104
31256531
31255806
31254252
31253082
31250188
31249066
31245554
31245038
31244293
31243961
31242714
31241865
31241572
31239447
31238499
31238233
31237282
31236530
31235801
31234863
31234111
31232571
31231169
31229946
31229345
31228627
31227550
31226361
31223946
31222954
31221849
31219148
31218735
31217926
31217660
31216972

31267149
31265339
31264608
31263510
31262255
31261541
31260847
31260256
31259855
31258312
31257258
31256864
31256411
31254366
31253772
31250562
31249948
31245946
31245314
31244558
31244173
31242881
31242354
31241745
31241212
31238967
31238379
31237513
31237162
31236290
31235081
31234503
31233751
31232091
31230689
31229826
31229225
31227907
31226470
31224321
31223826
31222714
31221489
31218908
31218375
31217806
31217420
31215172

481
601
361
361
481
361
601
361
241
1441
121
241
121
1441
481
2521
241
3121
241
481
121
1081
361
121
361
481
121
721
121
241
721
361
361
481
481
121
121
721
1081
2041
121
241
361
241
361
121
241
1801



chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX

31214595
31212514
31211855
31208272
31207319
31203953
31203108
31201718
31198544
31197782
31197286
31196036
31194884
31194205
31190191
31188069
31187495
31186538
31186226
31185636
31185153
31184577
31183812
31182333
31180770
31178551
31177899
31176699
31172765
31171559
31170653
31170026
31168769
31167315
31166502
31165670
31164082
31163569
31162516
31161889
31159297
31158305
31157739
31155508
31154027
31153647
31152531
31151624

31212915
31212394
31209695
31208152
31206479
31203233
31202028
31199438
31198424
31197662
31196326
31195676
31194284
31190245
31188271
31187589
31186775
31186418
31185986
31185276
31184793
31184097
31183092
31181373
31179330
31178191
31177539
31176459
31171925
31170839
31170413
31169426
31167569
31166835
31166142
31164470
31163722
31163209
31162276
31160929
31158697
31157945
31156419
31154308
31153907
31153167
31151811
31150544

1681
121
2161
121
841
721
1081
2281
121
121
961
361
601
3961
1921
481
721
121
241
361
361
481
721
961
1441
361
361
241
841
721
241
601
1201
481
361
1201
361
361
241
961
601
361
1321
1201
121
481
721
1081



chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX

31147786
31146651
31146339
31142964
31142477
31140581
31140095
31135310
31132660
31130813
31129876
31128995
31128439
31127022
31125708
31124594
31123637
31121477
31120596
31119239
31118024
31117234
31115625
31115051
31114270
31111370
31110522
31108185
31107383
31106957
31105781
31104357
31100984
31098242
31095148
31094107
31091093
31089906
31087806
31087177
31085764
31084593
31083666
31082259
31080224
31079688
31076320
31075502

31147306
31146411
31143339
31142844
31140797
31140341
31136135
31133150
31131340
31130333
31129516
31128635
31127239
31126902
31125588
31123874
31122557
31120757
31119876
31118879
31117664
31116154
31115265
31114691
31114030
31110650
31108242
31107945
31107143
31105877
31104461
31100997
31098344
31095482
31094308
31091587
31090493
31089426
31087326
31086817
31084804
31084113
31082706
31080939
31080104
31078488
31075600
31074062

481
241
3001
121
1681
241
3961
2161
1321
481
361
361
1201
121
121
721
1081
721
721
361
361
1081
361
361
241
721
2281
241
241
1081
1321
3361
2641
2761
841
2521
601
481
481
361
961
481
961
1321
121
1201
721
1441



chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX
chrX

31073706
31071213
31070604
31069703
31068707
31067113
31065589
31064985
31064290
31062386
31061724
31060588
31059297
31058671
31057434
31056142
31055794
31054758
31053974
31050317
31049381
31048908
31047981
31046567

31071546
31070853
31070484
31069343
31067987
31066993
31065349
31064385
31063090
31061906
31060764
31059508
31058817
31057831
31056474
31056022
31054954
31054278
31050494
31049597
31049021
31048068
31047141
31046207

*The genomic p+A38ositions were referenced from hg18, NCBI Build 36

2161
361
121
361
721
121
241
601

1201
481
961

1081
481
841
961
121
841
481

3481
721
361
841
841
361



" the region covered by one or more capture probes
position in DMD
5' upstream(1488bp)-exonl-intronl
intronl
intronl
intronl
intronl
intronl
intronl
intronl
intronl
intronl
intronl
intronl
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intronl
intronl
intronl
intronl
intronl
intronl
intronl
intronl
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intronl
intronl
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intronl
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intronl
intronl
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intronl
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intron2
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intron2
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intron2
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intron2
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intron2
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intron2
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intron2
intron2
intron2
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intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
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intron2
intron2
intron2
intron2
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intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2
intron2—exon3-intron3
intron3
intron3
intron3
intron3—-exon4—intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4
intron4—exon5-intron5
intron5
intron5
intron5
intron5
intron5
intron5
intron5
intron5—exon6-intron6
intron6
intron6
intron6



intron6—exon7—intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7



intron7
intron7
intron7
intron7
intron7
intron7
intron7
intron7—exon8-intron8
intron8—exon9-intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9
intron9—exon10-intron10
intron10—exonll-intronll
intronll
intronll
intronll
intronll
intronll



intronll
intronll
intronll
intronll
intronll
intronll
intronll
intronll
intronl1l-exonl12-intronl2
intron12
intron12
intron12
intron12
intron12
intron12
intron12
intron12
intron12
intron12
intron12
intron12
intron12—exon13-intron13
intron13
intronl13
intron13
intronl13
intron13
intronl13
intron13
intronl13
intron13
intron13
intron13
intron13-exonl4—intronl4—exon15-intronl5
intronl5
intron15
intronl5
intron15
intronl5
intron15-exon16—-intron16
intron16
intronl16
intron16
intronl16
intron16
intronl16
intron16
intronl16



intron16

intronl16

intron16
intron16—exonl7—intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7

intronl7
intron17—exon18-intronl8

intron18

intron18

intron18

intron18

intron18

intron18

intron18

intron18
intron18-exon19-intron19

intron19

intron19

intron19

intron19

intron19

intron19
intron19-exon20-intron20

intron20

intron20

intron20

intron20

intron20
intron20—exon21-intron21

intron21

intron21

intron21

intron21

intron21



intron21

intron21

intron21

intron21

intron21
intron21-exon22—intron22

intron22

intron22

intron22
intron22—exon23-intron23

intron23

intron23

intron23-exon24

intron24—exon25-intron25

intron25

intron25

intron25

intron25

intron25

intron25
intron25-exon26-intron26

intron26

intron26

intron26

intron26

intron26

intron26

intron26—exon27

intron27

intron27

intron27

intron27
intron27—exon28—intron28
intron28—exon29-intron29

intron29

intron29

intron29

intron29

intron29

intron29

intron29

intron29

intron29

intron29

intron29

intron29

intron29

intron29



intron29-exon30-intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30

intron30—exon31-intron31-exon32—intron32

intron32

intron32

intron32
intron32—exon33-intron33

intron33

intron33

intron33

intron33

intron33

intron33
intron33-exon34—intron34

intron34

intron34

intron34

intron34

intron34

intron34

intron34

intron34

intron34

intron34

intron34

intron34
intron34—exon35—intron35
intron35-exon36-intron36

intron36

exon37-intron37
intron37
intron37
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intron37
intron37
intron37
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intron44
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intron44
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intron44
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intron44
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intron44
intron44
intron44
intron44
intron44
intron44
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intron44
intron44
intron44
intron44
intron44
intron44



intron44
intron44
intron44
intron44—exon45-intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45
intron45-exon46—intron46
intron46
intron46
intron46—exon47—intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47



intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
intron47
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intron47
intron47
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intron47
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intron48
intron48
intron48
intron48
intron48
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intron48
intron48
intron48
intron48
intron48
intron48
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intron48
intron48
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intron48
intron48
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intron48
intron48-exon49-intron49
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intron49
intron49
intron49
intron49
intron49
intron49
intron49
intron49—-exon50—intron50
intron50
intron50
intron50
intron50
intron50
intron50
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intron50
intron50
intron50
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intron50
intron50
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intron51
intron51
intron51
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intron51
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intron51-exon52—intron52
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intron52
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intron52
intron52
intron52
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intron52
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intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55



intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55
intron55—exon56—intron56
intron56
intron56
intron56
intron56
intron56
intron56
intron56
intron56—-exon57—intron57
intron57
intron57
intron57
intron57
intron57
intron57
intron57
intron57
intron57
intron57
intron57
intron57
intron57
intron57-exon58-intron58—exon59-intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59



intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59
intron59-exon60—intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60



intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron60
intron66—exon61—intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61



intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61
intron61-exon62—intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62



intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62
intron62—exon63-intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63
intron63-exon64—intron64



intron64

intron64

intron64

intron64

intron64

intron64
intron64—exon65—intron65
intron65—exon66—intron66
intron66—exon67—intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67

intron67
intron67—exon68—intron68
intron68—exon69—intron69

intron69

intron69

intron69-exon70-intron70—exon71-intron71

intron71
intron71-exon72—intron72
intron72—exon73-intron73
intron73-exon74—intron74

intron74

intron74

intron74

intron74

intron74

intron74

intron74

intron74

intron74

intron74

intron74

intron74

intron74

exon75-intron75-exon76-intron76



intron76
intron76
intron76
intron76
intron76
intron76
intron76
intron76
intron76
intron76-exon77—intron77
intron77
intron77
intron77
intron77
intron77
intron77
intron77
intron77-exon78-intron78
intron78
intron78-exon79
exon79
exon79
exon79-3' downstream (124bp)
3' downstream



Supplementary File 3. The correceted exonic coverage depth of 79 DMD exons in 16 pati

Exon No. Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7

1 97.51 95.29 105.15 115.26 95.28 89.62 113.06

2 85.52 76.75 62.21 70.47 77.64 96.28 83.79

3 68.27 61.92 60.13 73.61 66 75.78 71.35

4 73.91 77.01 59.9 70.22 68.84 79.82 80.94

5 100.43 101.06 99.63 93.58 98.74 104.62 92.72

6 113.42 123.9 117.79 115.17 111.01 125.23 111.95

7 123.76 126.88 127.78 137.85 115.01 116.89 103.15

8 157.47 142.6 156.84 132.03 148.56 149.42 148.73

9 73.62 84.15 92.21 83.39 82.32 94.2 77.41
10 117.95 134.09 117.34 122.92 101.77 110.64 130.14
11 131.91 121.23 126.33 108.76 113.97 127.6 131.52
12 128.64 108.93 11411 120.62 107.47 136.04 108.89
13 80.4 99.41 97.5 109.16 91.03 105.26 92.24
14 102.13 100.07 98.04 95.57 102.79 94.07 104.72
15 123.17 112.13 105.9 135.2 108.78 106.95 113.73
16 117.26 117.9 123.49 118.53 125.38 102.8 114.42
17 110.13 122.84 124.66 107.32 111.56 120.2 112.3
18 105.71 94.4 99.17 101.04 90.42 93.83 84.22
19 114.35 128.51 120.77 14451 123.88 112.95 121.48
20 83.08 96.5 85.6 94.42 86.64 108.3 94.12
21 140.02 132.27 128.82 132.92 130.01 111.45 134.24
22 107.09 109.29 119.57 129.55 114.2 102.15 131.62
23 68.38 73.57 68.87 76.23 70.59 55.57 66.05
24 77.84 76.08 914 74.59 80.61 76.77 85.29
25 104.65 106.11 110.38 132.92 93.2 97.83 101.33
26 100.83 99.76 118.57 118.74 94.85 111.85 114.67
27 62.59 56.41 59.37 65.22 58.77 57.59 67.27
28 107.91 89.61 99.43 110.57 102.41 106.46 98.71
29 92.05 105.4 92.88 104.29 116.55 119.65 113.01
30 112.21 1153 113.07 104.72 117.58 92.22 99.87
31 102.84 93.9 102.7 105.46 106.12 91.54 106.65
32 111.79 109 114.3 122.06 119.43 112.71 110.73
33 104.93 115.12 112.95 102.08 100.21 109.68 102.73
34 115.56 129.74 109.65 118.66 1171 118.65 124.52
35 116.09 107.65 124.94 128.24 92.66 103.22 115.03
36 76.55 98.64 87.45 92.36 97.47 94.79 94.23
37 82.72 76.46 75.04 74.84 78.48 81.86 71.45
38 75.47 66.76 66.07 83.54 88.81 75.02 85.88
39 114.39 138.6 125.03 141.74 127.9 152.12 131.63
40 92.09 99.83 90.27 93.14 84.92 112.4 89.65
41 48.63 45.07 47.3 44.9 42.04 44.49 52.76
42 101.92 132.52 96.04 130.71 107.46 108.41 113.93
43 90.52 72.12 94.1 108.39 72.91 86.73 97.36
44 91.14 84.47 87.76 93.76 89.89 97.85 80.72

45 110.28 104.63 129.47 131.49 107.26 123.95 105.55
46 84.97 97.49 92.77 105.08 96.57 118.55 96.12



47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

95.4
66.03
104.06
68.54
91.42
116.86
116.46
76.83
119.98
115.28
56.69
73.47
75.81
100.68
54.55
76.74
108.49
91.16
90.68
87.8
77.69
39.84
112.27
11431
60.41
83.21
107.34
69.64
50.68
75.17
67.86
49.33
81.4

84.06
62.46
92.4
88.66
94.74
102.12
121.7
71.34
113.55
136.19
66.46
76.13
79.71
111.27
53
69.58
116.74
143.75
112.15
93.44
95.08
32.96
93.68
105.55
56.07
92.54
96.38
59.24
55.72
80.72
58.17
49.78
73.69

87.82
63.36
79.14
67.05
101.7
106.62
122.49
85.11
106.94
149.91
48.39
64.73
74.57
96.23
45.56
74.44
134.55
120.03
119.96
110.49
85
39.35
97.49
114.16
47.11
106.04
99.11
42.84
50.7
64.59
57.69
42.94
73.89

83.73
60.72
97.44
72.93
104.03
111.93
131.56
84.79
121.85
132.79
57.96
77.64
58.67
94.91
49.73
56.36
153.72
105.68
118.77
79.13
99.57
27.16
106.17
118.1
54.53
118.81
91.38
62.74
60.38
70.74
53.22
40.96
79.07

100.23
63.49
89.35
87.58
90.33

97.6

117.42
74.57

107.84

138.85
62.31
74.43
76.82
103.7
59.34

70
135.36
110.24

113
92.08
94.62
30.2

100.81

111.98
49.01

105.44
93.38
56.06
57.86
91.36
57.99

37.3
76.43

82.7
70.18
101.23
73.92
93.69
106.11
111.8
91.45
104.72
122.91
58.24
72.53
68.91
94.81
68.71
75.57
122.87
108.72
115.99
88.72
88.55
37.72
96.61
112.72
53.55
113.56
100.38
56.45
49.99
77.91
63.72
4417
74.25

89.09
69.69
83.74
78.24

93

123.67

112.62
95.51

119.79

125.64
57.35
77.53
84.96

128.73
51.27
74.46

101.63

103.07

115.08

105.11
91.23
30.19

108.63

125.26
59.52

106.04
94.84
75.14

44.9
79.74
65.92

454
73.08




lents confirmed without large deletion/duplication mutations

Patient8  Patient9  Patient 10 Patient11 Patient12 Patient13 Patient14 Patient 15

104.47 97.15 95.84 114.67 106.69 104.22 81.71 101.7
65.13 100.49 94.35 74.32 82.02 83.78 91.05 76.71
80.14 68.96 75.22 80.08 75.56 65.14 69.58 66.08
86.44 83.81 57.35 56.88 73.63 74.08 82.19 74.84
95.37 97.96 97.92 83.15 95.52 84.97 96.31 94.12
1129 132.23 108.84 119.78 125.32 125.83 135.75 116.79
116.55 136.27 117.06 121.45 119.33 116.62 124.17 101.12
133.88 131.54 134 145.55 137.75 144.67 144.7 149.56
85.76 78.35 75.63 72.93 101.13 96.44 64.84 81.83
107.22 123.76 115.24 109.84 122.9 133.57 136.02 120.93
111.69 108.02 100 118.83 107.3 135.41 104.02 114.83
117.84 114.48 132.22 88.98 101.26 115.59 103 103.22
76.55 103.15 94.88 96.33 82.08 105.55 83.04 102.89
96.36 114.23 110.34 103.28 123.88 106.22 98.01 108.01
101.49 114.58 111.71 102.95 116.65 122.33 105.81 102.91
105.86 109.76 136.26 123.14 118.87 108.76 112.32 102.94
123.58 114.09 103.91 111.01 122.51 100.8 104.25 104.03
75.52 66.92 94.31 77.84 86.76 101.18 74.48 93.67
132 132.03 103.74 141.19 126.14 124.24 129.32 125.07
101.8 101.38 105.67 87.69 93.37 87.27 80.85 104.43
126.4 118.93 117.88 138.87 104.31 123.24 127.23 116.97
100.91 101.95 99.38 105.96 105.57 112.7 75.86 103.69
59.28 55.67 84.48 71.27 77.22 65.49 72 77.91
75.71 84.15 78.76 90.74 92.21 69.18 79.4 83.47
111.69 112.87 124.82 98.23 98.35 112.2 106.55 111.03
91.99 104 93.93 77.98 104.9 115.35 119.59 104.4
60.4 59.37 51.22 65 68.89 47.75 69.54 55.29
90.8 90.81 91.02 77.23 86.72 109.42 95.83 113.32
86.17 108.98 94.56 92.91 96.34 92.38 95.9 118.02
116.55 108.66 96.91 110.11 96.77 94.54 98 95.44
100.5 95.66 93.65 100.65 97.61 84.22 99.08 111.7
117.62 104.62 118.69 97.85 92.99 117.06 110.31 100.37
99.5 98.05 109 104.59 97.82 103.76 91.58 95.77
110.78 108.88 140.88 115.14 114 117.66 118.22 105.63
107.17 109.34 100.41 112.43 110.86 115.31 84.17 112.67
79.69 90.72 89.36 111.23 78.45 97.4 88.84 98.15
69.39 62.71 63.05 69.27 67.93 70.1 61.25 63.66
73.27 92.21 89.98 76.49 7174 72.64 105.6 70.17
95.78 122.4 121.71 116.06 147.13 135.85 119.66 126.89
89.57 80.48 89.2 94.02 90.87 120.48 99.29 106.81
44.8 33.73 57.81 48.77 49.05 35.32 37.97 55.16
114.24 105.14 118.14 107.09 115.23 117.63 109.12 116.63
93.37 95.18 78.32 96.5 86.95 85.71 78.98 71.99
71.14 101.74 74.53 74.89 94.78 90.19 117.02 100.83
121.98 95.78 132.29 128.41 105.19 106.29 105.1 79.91
98.17 86.71 92.52 82.04 95.52 91.73 89.96 92.77



87.2
61.48
91.85
84.64
98.92
89.31

133.36
92.97
116.88
123.62
68.99
90.02
75.48
104.92
56.62
71.04
96.7
124.47
104.26
108.26
90.96
42.83
111.57
138.59
56.41
111.29
100.17
54.66
50.65
75.13
69.44
46.86
73.29

87.82
59.45
100.16
92.44
84.13
102.58
109.13
74.18
118.3
129.39
61.33
69.68
75.86
109.75
56.31
64.32
123.25
99.59
124.69
101.74
105.89
26.61
94.96
94.59
46.17
71.11
90.14
63.15
40.13
82.94
57.06
49.79
75.08

80.23
72.47
101.76
83.83
104.29
110.85
116.05
85.85
107.81
143.21
65.25
85.13
79.76
103.99
50.93
81.65
91.17
102.16
99.71
107.75
109.69
35.11
87.92
96.79
55.76
108.42
100.71
57.33
33.64
73.9
78.16
48.92
84.85

85.19
67.27
88.64
67.99
83.79
80.61
110.7
78.81
102.24
125.55
69.01
77.64
73.29
114.7
49.29
70.23
117.31
94.81
96.64
93.46
86.64
41.87
105.99
118.46
59.95
106.24
92.19
59.17
55.3
76.99
70.01
4421
80.09

84.01
68.51
88.27
80.9
104.15
108.99
118.31
92.13
115.63
125
56.31
76.8
76
97.74
66.14
78.17
114.78
117.45
112.26
93.48
93.01
33.91
96.93
108.02
56.62
89.71
95.78
63.91
51.55
69.8
54.25
44.22
78.14

66.29
62.8
94.66
72.48
93.93
105.06
123.72
84.71
101.5
147.41
62.1
94.04
84.32
117.57
46.93
67.15
101.73
97.54
97.13
107.69
101.57
26.77
101.78
93.02
40.57
104.42
83.6
63.06
36.39
85.21
68.86
36.92
77.18

92.06
67.54
90.04
62.9
90.82
120.45
157.29
62.31
121.93
142.29
46.25
81.12
63.91
106.37
73.31
56.53
113.28
108.56
121.59
103.03
83.47
30.28
107.04
93.06
42.32
97.94
105.56
70.69
56.66
60.81
50.57
45.84
75.49

106.34
64.67
95.08
84.81

101.24
9251

119.04
87.02

118.02

12551
62.06

57.7
78.46

106.53
55.86
74.43

102.37
114.2
99.61

107.98
73.55

36.2
87.35

120.26
50.72

133.62

124.24
63.42
52.67
71.01
66.78
55.93
76.13




Patient 16 Mean Max Min SD

88.24 100.37 115.26 81.71 9.61
92.02 82.03 100.49 62.21 11.08
71.02 70.55 80.14 60.13 5.94
68.93 73.05 86.44 56.88 9.06
103.37 96.22 104.62 83.15 5.83
121.72 119.85 135.75 108.84 7.78
105.76 119.35 137.85 101.12 10.42
138.49 143.49 157.47 131.54 8.25
82.86 82.94 101.13 64.84 9.51
120.6 120.31 136.02 101.77 9.98
116.29 117.36 135.41 100 10.75
121.38 113.92 136.04 88.98 12.3
132.71 97.01 132.71 76.55 13.71
106.98 104.04 123.88 94.07 7.71
96.35 111.29 135.2 96.35 9.74
96.62 114.64 136.26 96.62 10.09
107.84 112.56 124.66 100.8 7.95
91.42 89.43 105.71 66.92 11
127.53 125.48 144.51 103.74 10.06
102.43 94.6 108.3 80.85 8.71
106.88 124.4 140.02 104.31 10.82
110.1 108.1 131.62 75.86 12.86
79.45 70.13 84.48 55.57 8.32
82.78 81.19 92.21 69.18 6.5
109.42 108.22 132.92 93.2 10.16
96.81 104.26 119.59 77.98 11.73
64.64 60.58 69.54 47.75 6.16
91.39 97.6 113.32 77.23 10.14
93.65 101.42 119.65 86.17 10.84
102.73 104.67 117.58 92.22 8.68
113 100.33 113 84.22 7.55
108.4 110.5 122.06 92.99 8.19
108.83 103.54 115.12 91.58 6.42
117.45 117.66 140.88 105.63 8.53
107.7 109.24 128.24 84.17 10.88
118.58 93.37 118.58 76.55 10.99
87.16 72.21 87.16 61.25 7.77
78.25 79.49 105.6 66.07 10.71
166.27 130.2 166.27 95.78 16.79
95.88 95.56 120.48 80.48 10.28
47.44 45.95 57.81 33.73 6.57
125.36 113.72 132.52 96.04 9.94
85.42 87.16 108.39 71.99 10.37
104.08 90.92 117.02 71.14 12.15
112.72 112.52 132.29 79.91 14.48

105.08 95.38 118.55 82.04 8.81



97.33
64.45
112.62
77.19
85.09
131.97
114.65
79.61
98.57
124.75
57.2
88.74
81.22
105.97
71.46
68.48
101.42
124.6
126.07
99.01
82.45
36.03
95.04
109.73
54.69
102.24
112.39
58.27
49.59
85.65
73.03
39.21
78.95

88.09
65.29
94.4
77.76
94.7
106.7
121.02
82.32
112.22
131.77
59.74
77.33
75.48
106.12
56.81
70.57
114.71
110.38
110.47
98.7
91.19
34.19
100.27
110.91
52.71
103.16
99.22
60.99
49.8
76.35
63.3
4511
76.94

106.34
72.47
112.62
92.44
104.29
131.97
157.29
9551
121.93
149.91
69.01
94.04
84.96
128.73
73.31
81.65
153.72
143.75
126.07
110.49
109.69
42.83
112.27
138.59
60.41
133.62
124.24
75.14
60.38
91.36
78.16
55.93
84.85

66.29
59.45
79.14
62.9
83.79
80.61
109.13
62.31
98.57
115.28
46.25
57.7
58.67
94.81
45.56
56.36
91.17
91.16
90.68
79.13
73.55
26.61
87.35
93.02
40.57
71.11
83.6
42.84
33.64
60.81
50.57
36.92
73.08

9.18
3.71
8.33
8.78
7.07
13.11
11.84
9.01
7.89
10.06
6.41
9.3
6.9
9.01
8.71
7.04
16.49
13.45
11.03
9.22
9.87
531
7.78
12.48
6.12
14.5
9.73
7.47
7.58
7.99
7.91
5.06
3.31




Supplementary File 4. The ratio of exonic coverage depth to the reference coverage depth of 79DM
Exon No. Reference coverage depth Patient 17 Patient 18 Patient 19 Patient 20 Patient 21

1 79.74 1.03 1.27 0.71 1.08 0.96

2 65.18 0.89 1.05 0.65 1.12 0.85

3 56.10 1.12 0.00 1.00 0.95 1.04

4 58.47 0.82 0.00 1.03 111 0.74

5 76.78 0.88 0.03 0.85 1.04 1.06

6 95.45 0.99 0.00 0.88 1.00 1.03

7 95.26 1.08 0.00 1.01 1.05 1.13

8 114.15 1.00 0.01 0.00 1.14 0.91

9 65.98 1.13 0.00 0.00 1.21 0.88
10 95.79 1.03 0.00 0.00 111 0.85
11 93.40 1.06 0.00 0.00 1.08 0.86
12 90.92 0.00 0.00 0.00 0.92 1.08
13 77.12 0.00 0.00 0.00 0.83 0.88
14 82.53 0.00 0.78 0.87 0.96 0.98
15 88.61 0.00 0.86 0.67 1.04 0.86
16 91.08 0.01 0.87 0.87 1.05 0.89
17 89.84 0.00 0.96 1.12 1.08 0.96
18 71.08 0.00 0.77 0.80 0.97 1.25
19 99.99 0.00 0.90 0.90 1.07 0.74
20 75.33 0.00 1.07 0.85 1.03 0.69
21 99.15 0.01 0.98 0.91 1.13 0.87
22 86.05 0.00 0.91 0.92 1.04 0.91
23 55.57 0.01 0.82 0.69 1.12 1.01
24 64.49 0.00 0.90 0.77 1.17 1.01
25 86.24 0.01 1.18 1.03 1.20 1.18
26 83.21 0.00 0.98 0.71 1.12 0.97
27 48.29 0.00 0.90 0.94 1.22 1.00
28 77.76 0.00 0.99 0.82 1.12 0.82
29 80.76 0.01 1.08 0.89 1.09 0.92
30 83.56 0.00 1.03 0.94 1.03 0.82
31 79.88 0.01 1.05 1.04 1.17 0.97
32 88.16 0.00 1.16 0.90 1.18 0.91
33 82.45 0.01 0.85 0.83 1.00 0.77
34 93.59 0.01 1.10 0.86 1.12 0.98
35 86.94 0.01 1.25 1.00 1.21 0.96
36 74.10 0.00 1.12 0.87 1.26 0.79
37 57.60 0.00 1.17 1.24 1.40 0.76
38 63.31 0.00 1.26 0.67 1.09 1.03
39 103.48 0.00 1.03 0.73 1.15 0.94
40 75.91 0.00 1.06 0.80 1.25 0.95
41 36.43 0.00 1.13 1.35 1.62 0.99
42 90.56 0.01 1.13 1.07 1.28 1.02
43 69.51 0.00 1.05 0.69 1.01 0.89
44 72.46 0.98 1.06 0.81 1.08 1.01



45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

89.64
76.11
70.18
51.85
75.14
61.95
75.38
85.05
96.60
65.43
89.54
104.83
47.48
61.53
59.92
84.32
45.30
56.00
91.63
88.23
88.27
78.47
72.57
27.21
79.96
88.48
41.95
81.95
78.97
48.48
39.79
60.72
50.17
35.93
61.12

1.02
0.81
1.08
1.14
1.07
1.15
1.03
1.01
0.88
1.02
1.23
1.00
1.05
0.96
1.04
1.15
0.84
0.89
1.19
0.94
1.04
0.93
1.05
0.88
1.06
1.04
0.99
1.10
1.28
1.05
1.07
1.22
1.02
0.98
1.01

0.95
1.11
0.94
1.09
1.17
1.19
1.02
0.93
0.82
1.04
1.04
0.95
1.10
1.19
1.06
1.10
1.09
1.10
1.00
0.97
0.93
1.25
0.98
1.09
1.18
1.11
1.41
0.92
1.10
1.13
0.95
1.00
1.10
0.96
1.19

0.89
0.73
1.16
0.81
1.13
0.90
0.92
0.85
0.90
0.85
1.11
0.96
1.00
0.75
1.15
1.12
1.09
0.93
0.87
1.03
1.19
0.94
0.97
1.32
0.97
1.13
1.13
1.04
1.04
0.95
1.10
1.16
1.01
0.97
0.80

1.16
1.03
1.00
1.00
0.94
0.89
0.99
0.00
0.00
0.88
1.19
1.03
0.92
0.94
1.05
0.85
0.80
0.97
0.96
111
0.92
0.85
0.96
1.32
1.12
1.21
1.10
1.16
1.15
1.03
0.96
0.92
1.08
0.96
1.01

0.86
0.81
0.79
0.96
1.02
1.12
1.05
0.86
0.00
0.00
0.83
0.96
0.89
1.29
1.04
1.08
1.17
1.04
1.18
1.05
0.93
1.16
1.02
1.05
0.85
0.99
1.22
1.35
1.07
0.91
1.00
1.13
1.09
0.94
0.96



D exons in 16 patients with known large delef
Patient 22 Patient 23 Patient 24 Patient 25

0.78 1.03 0.99 0.99
0.87 0.91 111 0.97
0.83 1.06 0.91 111
1.18 1.06 0.82 1.03
0.84 1.06 1.01 0.93
0.89 0.98 0.87 0.85
1.16 1.06 0.86 0.95
0.98 1.05 0.99 0.90
1.22 1.10 1.03 1.13
0.94 0.95 1.00 0.99
0.85 1.03 0.95 1.00
0.93 1.08 0.97 0.90
0.66 0.96 0.91 0.91
0.97 0.93 1.03 1.08
0.83 1.07 1.18 0.89
0.79 1.05 1.16 1.07
1.11 1.12 0.91 0.98
0.85 0.89 1.03 1.16
0.78 1.02 0.95 0.99
0.85 0.91 0.98 0.92
0.95 0.99 1.11 1.07
0.90 0.96 0.93 0.83
0.84 0.91 1.22 1.05
0.95 1.19 1.06 1.01
0.95 0.98 0.96 0.98
0.72 1.13 0.90 0.87
0.96 0.93 1.16 1.02
0.83 1.02 1.06 1.03
0.81 0.88 1.02 0.92
0.95 2.86 0.96 0.87
0.94 3.02 1.04 0.82
0.78 3.21 0.96 1.06
0.80 3.33 1.04 0.92
0.83 3.14 1.06 0.85
0.86 3.02 0.97 1.04
0.86 2.88 1.10 0.94
1.16 2.59 0.92 1.13
0.72 2.56 1.02 1.02
0.69 3.15 0.91 0.91
0.86 2.98 0.97 1.13
131 2.70 1.12 1.10
0.97 3.14 0.99 0.88
0.74 2.72 0.82 0.87

0.77 3.23 0.94 0.96



0.79
0.73
0.99
0.90
1.09
0.95
1.03
0.96
0.00
0.92
1.04
0.99
0.90
1.04
1.07
1.00
0.93
1.00
0.96
0.84
1.18
0.84
0.89
1.38
0.98
1.03
1.10
1.12
0.97
1.00
1.09
111
0.98
111
0.84

3.15
2.92
3.25
1.09
1.08
0.94
1.00
1.12
1.17
0.98
1.10
1.09
0.99
1.05
0.88
1.00
0.77
0.95
1.05
0.95
0.91
0.82
0.93
1.02
0.99
0.83
1.07
1.08
1.21
0.89
1.22
0.85
1.15
0.93
1.00

1.96
1.99
1.84
2.22
1.98
1.90
2.06
2.03
0.98
1.05
0.90
0.95
1.04
1.13
1.05
0.80
0.98
0.95
1.10
0.98
1.09
1.07
1.11
1.15
1.00
0.92
1.20
0.93
1.09
1.02
0.97
0.99
1.09
1.27
1.04

1.02
0.97
1.10
1.02
0.92
1.81
2.02
2.07
1.95
2.09
2.08
0.98
0.97
1.05
0.97
0.95
0.92
0.97
1.05
0.94
0.86
1.01
0.86
0.83
1.04
1.02
0.89
0.99
0.92
1.18
1.00
0.96
0.81
0.98
1.04



Supplementary File2. The complete profile of all coding variants found in the 16 patients whi

Base change Effect Sanger sequencing  SIFT PolyPhen
c.450T>G p.Asn150Lys Confirmed tolerated benign
c.583C>T p.Argl95Xx Confirmed

€.620T>G p.Leu207X Confirmed

€.1005G>A  p.Met335lle Confirmed tolerated benign
€.1006G>T  p.Glu336X Confirmed

c.1615C>T  p.Arg539X Confirmed

€.1663C>T  p.GIn555X Confirmed

€.2527G>T  p.Glu843X Confirmed

C.2645A>G  p.Asp882Gly Confirmed tolerated benign
€.3244G>T  p.Glul082X Confirmed

€.3406A>T  p.Thr1136Ser Confirmed tolerated benign
€.3964C>T  p.GIn1322X Confirmed

€. 5234G>A  p.Argl745His Confirmed tolerated probably damaging
€.6283C>T  p.Arg2095X Confirmed

C.7728T>C  p.Asn2576Asn Confirmed

€.8209C>T  p.GIn2737X Confirmed

C.8729A>T  p.Glu2910Val Confirmed tolerated benign
€.8734A>G  p.Asn2912Asp Confirmed tolerated benign
€.8810G>A  p.Arg2937GIn Confirmed tolerated benign
€.10033C>T p.Arg3345X Confirmed

€.10126delC p.Leu3376X Confirmed

€.10406delA  p.His3469LeufsX3 Confirmed

1, presence of the variant; 0, absence of the variant

* Red colors indicate the pathogenic mutaiton of the patient



o are candidates for small muations

db SNP 132 1000 genc Korean cc Patient 1 Patient 2 Patient 3 Patient 4 Patient5 Patient 6 Patient 7
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0
1 (rs228406) 1 1 0 1 1 1 1 1 1
0 0 0 0 0 0 0 0 0 0
1 (rs3827462) 1 1 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0 0 0
1 (rs1801187) 1 1 1 1 1 1 1 1 0
0 0 0 0 0 0 0 0 0 1
1 (rs1801188) 1 1 0 0 1 1 0 0 0
0 0 0 0 0 0 0 0 0 0
1 (rs41305353) 1 1 0 0 0 0 0 1 0
1 (rs1800278) 1 1 0 0 0 0 0 1 0
1 (rs1800280) 1 1 1 0 1 1 1 1 1
0 0 0 1* 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0




Patient 8 Patient 9 Patient 10 Patient 11 Patient 12 Patient 13 Patient 14 Patient 15 Patient 16




Supplementary Table 1. The 25 congenital muscular dystrophies and limb-girdle muscular

dystrophies related genes captured with the dystrophin gene.

Genes RefSeq Bait region size (bp)
FKRP NM_001039885 4,449
FKTN NM_001198963 30,756

POMT1 NM 001136113 14,151

POMT2 NM_013382 25,452

POMGNT1 NM_017739 7,030

LARGE NM_004737 258,477

COL6A1 NM_001848 20,863
COL6A2 NM_001849 20,469
COL6A3 NM_004369 67,909

LAMA?2 NM_000426 340,084
ITGA7 NM 001144997 16,030

SEPN1 NM_020451 10,055
EMD NM_000117 2,085
SGCA NM_000023 6,658
SGCB NM_000232 7,918
SGCG NM_000231 52,226
SGCD NM_000337 190,503

CAPN3 NM_000070 24,521
DYSF NM_001130979 124,599
TCAP NM_003673 1,209

TRIM32 NM_012210 10,194
TTN NM_133378 244,725
TTID (MYOT) NM_006790 11,442

LMNA NM_170707 14,261

CAV3 NM_001234 6,712




Supplementary Table 2. Summary of single nucleotide variants and short insertions/deletions

SNV Indels
Patient Exons .
number Total SNVs Synonymous Non-synonymous Total indels Exons
(nonsense)
1 1008 0 3(1) 97 0
2 927 0 3(1) 98 0
3 963 1 3 110 1
4 1082 1 4(1) 101 0
5 1008 0 5(1) 104 0
6 1075 0 5) 115 0
7 1123 0 3(1) 116 0
8 1054 0 6 (1) 119 0
9 1159 1 3 82 1
10 984 1 4(1) 105 0
11 1028 1 4(1) 109 0
12 1030 0 4(1) 96 0
13 956 1 4 (1) 81 0
14 922 0 4(1) 95 0
15 923 0 5(1) 91 0
16 934 0 3 99 0

SNV, single nucleotide variant; Indels, insertions/deletions



