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Genetic diagnosis of Duchenne and Becker muscular
dystrophy using next-generation sequencing
technology: comprehensive mutational search in
a single platform
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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 Illumina 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.1 2 Genetic testing of

the dystrophin gene (DMD; 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.3

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,4e7 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/duplications5 8e10 and methods for detecting
small mutations11 12 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.13e17 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,18e20 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.21 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 QIAamp
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 w250 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 (Illumina, 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 µl (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:31 047 266 to 33 139 594 (NM_004006, hg18, 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

frequency (23), 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 1 069 974 bp (supplementary file 1). The captured
libraries were amplified and sequenced on the Illumina Genome
Analyser IIx by 2369 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,22 23

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 DMDMutation Database.24 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

Table 1 Laboratory data and clinical phenotypes of the patients

Patient
number MLPA

Dystrophin
IHC

Age at last follow-up
(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 7.7 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

11 (�) 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 12e43 Focal loss 10.6 Undetermined

18 del 3e13 Not done 9.6 Undetermined

19 del 8e13 Not done 7.4 Undetermined

20 del 52e53 Not done 14.7 Undetermined

21 del 53e54 Complete loss 14.1 (11.6) DMD

22 del 53 Not done 15.4 (10.1) DMD

23 dup 30e47 Focal loss 23.6 BMD

24 dup 45e52 Focal loss 8.4 Undetermined

25 dup 50e55 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.
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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 17e25 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 1e16)
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,
86e125). 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.25 Novel
nonsense (c.1006G>T, p.Glu336X) and missense (c.1005G>A,
p.Met335Ile) 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 17e25)
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 1e16)

Patient
number

DMD bases*
aligned (‡8)

Bait basesy
aligned (‡8)

Exonic bases
aligned (‡8)

Percentage of covered
DMD bases (‡8)

Percentage of covered
bait bases (‡8)

Percentage of covered
exonic bases (‡8)

Mean coverage
depth (bait)

Mean coverage
depth (exons)

1 1 431 187 1 068 822 11 058 68.34 99.89 100 111 119

2 1 416 230 1 068 913 11 054 67.62 99.90 99.96 105 120

3 1 413 052 1 068 445 11 056 67.47 99.86 99.98 106 121

4 1 409 103 1 068 916 11 057 67.28 99.90 99.99 104 118

5 1 421 369 1 069 040 11 058 67.87 99.91 100 106 118

6 1 423 045 1 068 672 11 058 67.95 99.88 100 114 125

7 1 408 625 1 068 542 11 058 67.26 99.87 100 90 103

8 1 417 737 1 068 931 11 057 67.69 99.90 99.99 98 114

9 1 409 783 1 068 517 11 058 67.31 99.86 100 97 108

10 1 424 654 1 068 703 11 055 68.02 99.88 99.97 88 97

11 1 430 832 1 068 936 11 053 68.32 99.90 99.95 93 103

12 1 421 946 1 068 838 11 055 67.90 99.89 99.97 80 89

13 1 414 348 1 068 907 11 057 67.53 99.90 99.99 77 86

14 1 422 564 1 069 040 11 058 67.92 99.91 100 95 102

15 1 461 341 1 069 029 11 045 69.78 99.91 99.88 91 100

16 1 443 643 1 068 980 11 058 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).
yBait bases, bases within the bait region defined as the region covered by more than one capture probe in the DMD genomic region (1 069 947 bp).
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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 19e24;
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.19 20 26 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,27 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 10e30 read depths is needed for accurate SNV
identification,19 20 28e30 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 3 Summary of putative pathogenic mutations validated via Sanger sequencing

Patient number

Mutations identified Number of reads

Base change Effect Mutation type Leiden database Variant Wild type Percentage of variant

1 c.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 c.3964C>T p.Gln1322X Nonsense Unreported 135 0 100

5 c.2527G>T p.Glu843X 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 c.8209C>T p.Gln2737X Nonsense Unreported 174 1 99.42

9 c.10126delC p.Leu3376X Nonsense Reported 79 40 66.38

10 c.1663C>T p.Gln555X Nonsense Reported 109 1 99.09

11 c.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

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 12e43 Undetected ChrX:g.32 155 793e32 548 092 392 299

18 Deletion 3e13 Undetected Not determined

19 Deletion 8e13 Too long ChrX:g.32 507 320e32 669 677 162 357

20 Deletion 52e53 Too long ChrX:g.31 606 256e31 658 241 51 985

21 Deletion 53e54 Too long ChrX:g.31 580 658e31 640 215 59 557

22 Deletion 53 Too long ChrX:g.31 599 954e31 657 066 57 112

23 Duplication 30e47 Scramble ChrX:g.31 807 975e32 356 021 548 046

24 Duplication 45e52 Scramble ChrX:g.31 653 473e32 040 375 386 902

25 Duplication 50e55 Inversion Not determined

*The genomic positions were referenced from hg18, NCBI build 36.
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other studies using different methods.6 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.Asn150Lys) 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 al21 Because a large deletion/
duplication of the dystrophin gene typically includes several
exons, comparison using the coverage depth per exon (exonic

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.27 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
50e55), 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 25.
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 methodda
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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RP, State MW, Günel M. Whole-exome sequencing identifies recessive WDR62
mutations in severe brain malformations. Nature 2010;467:207e10.

16. Vermeer S, Hoischen A, Meijer RP, Gilissen C, Neveling K, Wieskamp N, de Brouwer
A, Koenig M, Anheim M, Assoum M, Drouot N, Todorovic S, Milic-Rasic V,
Lochmüller H, Stevanin G, Goizet C, David A, Durr A, Brice A, Kremer B, van de
Warrenburg BP, Schijvenaars MM, Heister A, Kwint M, Arts P, van der Wijst J,
Veltman J, Kamsteeg EJ, Scheffer H, Knoers N. Targeted next-generation
sequencing of a 12.5 Mb homozygous region reveals ANO10 mutations in patients
with autosomal-recessive cerebellar ataxia. Am J Hum Genet 2010;87:813e19.

17. Nikopoulos K, Gilissen C, Hoischen A, van Nouhuys CE, Boonstra FN, Blokland EA,
Arts P, Wieskamp N, Strom TM, Ayuso C, Tilanus MA, Bouwhuis S, Mukhopadhyay
A, Scheffer H, Hoefsloot LH, Veltman JA, Cremers FP, Collin RW. Next-generation
sequencing of a 40 Mb linkage interval reveals TSPAN12 mutations in patients with
familial exudative vitreoretinopathy. Am J Hum Genet 2010;86:240e7.

18. Amstutz U, Andrey-Zurcher G, Suciu D, Jaggi R, Haberle J, Largiader CR. Sequence
capture and next-generation resequencing of multiple tagged nucleic acid samples
for mutation screening of urea cycle disorders. Clin Chem 2010;57:102e11.

19. Benaglio P, Rivolta C. Ultra high throughput sequencing in human DNA variation
detection: a comparative study on the NDUFA3-PRPF31 region. PLoS One 2010;5:
e13071.

20. Chou LS, Liu CS, Boese B, Zhang X, Mao R. DNA sequence capture and enrichment
by microarray followed by next-generation sequencing for targeted resequencing:
neurofibromatosis type 1 gene as a model. Clin Chem 2010;56:62e72.

21. Walsh T, Lee MK, Casadei S, Thornton AM, Stray SM, Pennil C, Nord AS, Mandell
JB, Swisher EM, King MC. Detection of inherited mutations for breast and ovarian
cancer using genomic capture and massively parallel sequencing. Proc Natl Acad Sci
U S A 2010;107:12629e33.

22. Kim JI, Ju YS, Park H, Kim S, Lee S, Yi JH, Mudge J, Miller NA, Hong D, Bell CJ,
Kim HS, Chung IS, Lee WC, Lee JS, Seo SH, Yun JY, Woo HN, Lee H, Suh D, Lee S,
Kim HJ, Yavartanoo M, Kwak M, Zheng Y, Lee MK, Park H, Kim JY, Gokcumen O,
Mills RE, Zaranek AW, Thakuria J, Wu X, Kim RW, Huntley JJ, Luo S, Schroth GP,
Wu TD, Kim H, Yang KS, Park WY, Kim H, Church GM, Lee C, Kingsmore SF, Seo JS.
A highly annotated whole-genome sequence of a Korean individual. Nature
2009;460:1011e15.

23. Wu TD, Nacu S. Fast and SNP-tolerant detection of complex variants and splicing in
short reads. Bioinformatics 2010;26:873e81.

24. Aartsma-Rus A, Van Deutekom JC, Fokkema IF, Van Ommen GJ, Den Dunnen JT.
Entries in the Leiden Duchenne muscular dystrophy mutation database: an overview
of mutation types and paradoxical cases that confirm the reading-frame rule. Muscle
Nerve 2006;34:135e44.

25. Thi Tran HT, Takeshima Y, Surono A, Yagi M, Wada H, Matsuo M. A G-to-A
transition at the fifth position of intron-32 of the dystrophin gene inactivates a splice-
donor site both in vivo and in vitro. Mol Genet Metab 2005;85:213e19.

26. Voelkerding KV, Dames S, Durtschi JD. Next generation sequencing for clinical
diagnostics-principles and application to targeted resequencing for hypertrophic
cardiomyopathy: a paper from the 2009 William Beaumont Hospital Symposium on
Molecular Pathology. J Mol Diagn 2010;12:539e51.

27. Cummings N, King R, Rickers A, Kaspi A, Lunke S, Haviv I, Jowett JB. Combining
target enrichment with barcode multiplexing for high throughput SNP discovery. BMC
Genomics 2010;11:641.

28. Smith DR, Quinlan AR, Peckham HE, Makowsky K, Tao W, Woolf B, Shen L,
Donahue WF, Tusneem N, Stromberg MP, Stewart DA, Zhang L, Ranade SS, Warner
JB, Lee CC, Coleman BE, Zhang Z, McLaughlin SF, Malek JA, Sorenson JM,
Blanchard AP, Chapman J, Hillman D, Chen F, Rokhsar DS, McKernan KJ, Jeffries
TW, Marth GT, Richardson PM. Rapid whole-genome mutational profiling using next-
generation sequencing technologies. Genome Res 2008;18:1638e42.

29. Harismendy O, Ng PC, Strausberg RL, Wang X, Stockwell TB, Beeson KY, Schork
NJ, Murray SS, Topol EJ, Levy S, Frazer KA. Evaluation of next generation
sequencing platforms for population targeted sequencing studies. Genome Biol
2009;10:R32.

30. Li R, Li Y, Fang X, Yang H, Wang J, Kristiansen K. SNP detection for massively
parallel whole-genome resequencing. Genome Res 2009;19:1124e32.

PAGE fraction trail=5.75

736 J Med Genet 2011;48:731e736. doi:10.1136/jmedgenet-2011-100133

Methods

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

edgenet-2011-100133 on 3 O
ctober 2011. D

ow
nloaded from

 

http://jmg.bmj.com/


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

Supplementary File 1.  The complete profile of DMD bait region which was defined by



chrX 33087326 33086006 1321

chrX 33084786 33084066 721

chrX 33083365 33082405 961

chrX 33082163 33081683 481

chrX 33081078 33080598 481

chrX 33080110 33079870 241

chrX 33079565 33078965 601

chrX 33078187 33078067 121

chrX 33076819 33075979 841

chrX 33075869 33075149 721

chrX 33073807 33073687 121

chrX 33073093 33072613 481

chrX 33072113 33071633 481

chrX 33071112 33070512 601

chrX 33070052 33069332 721

chrX 33068986 33068746 241

chrX 33068524 33067924 601

chrX 33066976 33066496 481

chrX 33065987 33065747 241

chrX 33065626 33065146 481

chrX 33063117 33062877 241

chrX 33062492 33061052 1441

chrX 33060672 33059592 1081

chrX 33058494 33057534 961

chrX 33057377 33055697 1681

chrX 33055555 33055075 481

chrX 33054891 33054651 241

chrX 33053869 33053509 361

chrX 33053286 33053166 121

chrX 33051445 33051325 121

chrX 33051007 33050407 601

chrX 33049895 33049655 241

chrX 33049270 33049030 241

chrX 33048640 33048520 121

chrX 33048078 33047958 121

chrX 33047267 33046547 721

chrX 33046074 33045834 241

chrX 33045115 33044515 601

chrX 33043957 33043837 121

chrX 33043458 33042858 601

chrX 33042651 33042531 121

chrX 33042072 33041472 601

chrX 33040750 33040510 241

chrX 33039561 33039081 481

chrX 33038311 33038191 121

chrX 33037924 33037084 841

chrX 33036236 33035876 361

chrX 33035684 33035444 241



chrX 33035070 33034470 601

chrX 33033051 33032811 241

chrX 33032348 33031748 601

chrX 33030816 33030456 361

chrX 33030249 33029889 361

chrX 33029178 33028818 361

chrX 33028392 33027552 841

chrX 33026644 33026044 601

chrX 33025664 33024824 841

chrX 33024545 33024305 241

chrX 33023917 33022957 961

chrX 33022268 33021908 361

chrX 33021801 33021561 241

chrX 33020488 33019408 1081

chrX 33019403 33019043 361

chrX 33018792 33018552 241

chrX 33018268 33017668 601

chrX 33017012 33016892 121

chrX 33016614 33016374 241

chrX 33016021 33015901 121

chrX 33015543 33014943 601

chrX 33014712 33013032 1681

chrX 33002024 33001904 121

chrX 33001320 33000480 841

chrX 33000106 32999626 481

chrX 32998976 32998856 121

chrX 32998596 32996796 1801

chrX 32996621 32996501 121

chrX 32996124 32996004 121

chrX 32995606 32994526 1081

chrX 32994124 32993044 1081

chrX 32992660 32991820 841

chrX 32991628 32990908 721

chrX 32990418 32989098 1321

chrX 32987997 32987517 481

chrX 32987409 32987169 241

chrX 32985557 32984837 721

chrX 32984401 32984161 241

chrX 32983671 32983551 121

chrX 32982569 32982449 121

chrX 32981907 32981667 241

chrX 32980435 32980075 361

chrX 32979249 32977809 1441

chrX 32977678 32976838 841

chrX 32976373 32975293 1081

chrX 32975032 32974672 361

chrX 32974433 32973473 961

chrX 32973179 32972459 721



chrX 32972107 32971987 121

chrX 32971638 32970198 1441

chrX 32969996 32969156 841

chrX 32967589 32967469 121

chrX 32967396 32967036 361

chrX 32966658 32964978 1681

chrX 32964450 32964330 121

chrX 32964143 32963063 1081

chrX 32962425 32962185 241

chrX 32961978 32961858 121

chrX 32961385 32960545 841

chrX 32960044 32959924 121

chrX 32959085 32958245 841

chrX 32957905 32957185 721

chrX 32956820 32956580 241

chrX 32956426 32956306 121

chrX 32956057 32955937 121

chrX 32955798 32955558 241

chrX 32954832 32954472 361

chrX 32953604 32953244 361

chrX 32952814 32951734 1081

chrX 32951717 32950997 721

chrX 32950833 32950713 121

chrX 32950580 32949500 1081

chrX 32949395 32949155 241

chrX 32948910 32948790 121

chrX 32948367 32945727 2641

chrX 32945654 32944574 1081

chrX 32943943 32943703 241

chrX 32942956 32941996 961

chrX 32941744 32941024 721

chrX 32940530 32939810 721

chrX 32939251 32939131 121

chrX 32938892 32938652 241

chrX 32936841 32935641 1201

chrX 32934799 32934679 121

chrX 32932209 32931369 841

chrX 32930179 32929099 1081

chrX 32928404 32927924 481

chrX 32927562 32927442 121

chrX 32927144 32926784 361

chrX 32924343 32923143 1201

chrX 32922374 32922254 121

chrX 32921177 32921057 121

chrX 32920558 32919718 841

chrX 32919353 32916113 3241

chrX 32916015 32914215 1801

chrX 32914042 32912722 1321



chrX 32912239 32911879 361

chrX 32910484 32908444 2041

chrX 32907841 32906881 961

chrX 32906511 32905791 721

chrX 32905717 32905357 361

chrX 32903617 32903497 121

chrX 32903305 32902585 721

chrX 32902064 32901824 241

chrX 32901363 32901123 241

chrX 32900117 32899397 721

chrX 32898919 32898799 121

chrX 32898283 32898043 241

chrX 32897633 32897513 121

chrX 32896519 32896279 241

chrX 32895954 32895714 241

chrX 32895163 32893843 1321

chrX 32891888 32891288 601

chrX 32891039 32890559 481

chrX 32890373 32889653 721

chrX 32889563 32888963 601

chrX 32886989 32885549 1441

chrX 32885363 32885123 241

chrX 32882503 32882023 481

chrX 32881911 32881191 721

chrX 32880799 32880559 241

chrX 32880162 32879802 361

chrX 32879784 32878944 841

chrX 32878133 32877533 601

chrX 32877216 32876256 961

chrX 32876054 32875094 961

chrX 32874756 32874396 361

chrX 32873356 32873236 121

chrX 32870944 32870704 241

chrX 32870216 32869976 241

chrX 32867235 32866155 1081

chrX 32865934 32865814 121

chrX 32865708 32865468 241

chrX 32865118 32864518 601

chrX 32864170 32863570 601

chrX 32862249 32860089 2161

chrX 32859819 32859219 601

chrX 32858627 32858507 121

chrX 32857599 32857479 121

chrX 32857476 32857236 241

chrX 32856934 32856814 121

chrX 32855935 32855575 361

chrX 32853886 32853286 601

chrX 32853184 32852584 601



chrX 32852193 32851713 481

chrX 32851238 32850878 361

chrX 32850382 32850022 361

chrX 32849769 32849649 121

chrX 32849350 32848990 361

chrX 32848513 32847073 1441

chrX 32846869 32846749 121

chrX 32846412 32846292 121

chrX 32846211 32845491 721

chrX 32844771 32844531 241

chrX 32844331 32843971 361

chrX 32843750 32843510 241

chrX 32843314 32843074 241

chrX 32842546 32842186 361

chrX 32841738 32841138 601

chrX 32841040 32840800 241

chrX 32839561 32838841 721

chrX 32838376 32837296 1081

chrX 32837097 32834937 2161

chrX 32833503 32832903 601

chrX 32832545 32832425 121

chrX 32831830 32831710 121

chrX 32831423 32831303 121

chrX 32830814 32830334 481

chrX 32830104 32829264 841

chrX 32829074 32828834 241

chrX 32828220 32827740 481

chrX 32827448 32827208 241

chrX 32826323 32825483 841

chrX 32825345 32823905 1441

chrX 32823882 32823282 601

chrX 32822190 32821590 601

chrX 32821280 32820800 481

chrX 32820327 32819727 601

chrX 32819517 32819277 241

chrX 32818762 32817922 841

chrX 32817415 32817055 361

chrX 32815036 32814796 241

chrX 32814363 32813883 481

chrX 32813880 32812680 1201

chrX 32812348 32811988 361

chrX 32811589 32811349 241

chrX 32811264 32810544 721

chrX 32809701 32809101 601

chrX 32808618 32808498 121

chrX 32808223 32807143 1081

chrX 32806777 32806417 361

chrX 32805606 32804406 1201



chrX 32803492 32803252 241

chrX 32801887 32801767 121

chrX 32801430 32800950 481

chrX 32800642 32800402 241

chrX 32800285 32799085 1201

chrX 32795879 32795159 721

chrX 32794709 32794589 121

chrX 32793813 32793693 121

chrX 32793457 32792377 1081

chrX 32791949 32791709 241

chrX 32790699 32789979 721

chrX 32788610 32787650 961

chrX 32786844 32786724 121

chrX 32786301 32785341 961

chrX 32779417 32779057 361

chrX 32778629 32778029 601

chrX 32777953 32777113 841

chrX 32776951 32776111 841

chrX 32775858 32775138 721

chrX 32774675 32774435 241

chrX 32773663 32772583 1081

chrX 32772073 32771233 841

chrX 32768382 32768142 241

chrX 32767778 32767058 721

chrX 32766303 32765703 601

chrX 32765318 32764358 961

chrX 32763993 32762313 1681

chrX 32762025 32761665 361

chrX 32761184 32760584 601

chrX 32760467 32759747 721

chrX 32759596 32758876 721

chrX 32758555 32757955 601

chrX 32756962 32756722 241

chrX 32756496 32756376 121

chrX 32755390 32755270 121

chrX 32753464 32753224 241

chrX 32752040 32750840 1201

chrX 32750417 32749937 481

chrX 32749352 32748872 481

chrX 32748732 32748492 241

chrX 32748112 32747992 121

chrX 32747811 32747211 601

chrX 32746623 32745663 961

chrX 32745481 32745241 241

chrX 32745094 32744014 1081

chrX 32743551 32741871 1681

chrX 32741113 32740873 241

chrX 32740317 32739717 601



chrX 32737753 32735473 2281

chrX 32728528 32726968 1561

chrX 32726586 32725386 1201

chrX 32725089 32724849 241

chrX 32717463 32716143 1321

chrX 32715174 32715054 121

chrX 32714725 32714245 481

chrX 32714133 32711853 2281

chrX 32711535 32711415 121

chrX 32710389 32709309 1081

chrX 32708768 32708048 721

chrX 32707570 32706970 601

chrX 32706193 32704873 1321

chrX 32702229 32701749 481

chrX 32700961 32700721 241

chrX 32700521 32699561 961

chrX 32699441 32699201 241

chrX 32698708 32697628 1081

chrX 32697194 32695754 1441

chrX 32695656 32694936 721

chrX 32692335 32690895 1441

chrX 32689817 32688737 1081

chrX 32688461 32687981 481

chrX 32687889 32686809 1081

chrX 32686647 32686527 121

chrX 32685017 32682497 2521

chrX 32681968 32681728 241

chrX 32681406 32681166 241

chrX 32678611 32678131 481

chrX 32677966 32676646 1321

chrX 32674380 32672940 1441

chrX 32671894 32671534 361

chrX 32670701 32670101 601

chrX 32669689 32669089 601

chrX 32668607 32668367 241

chrX 32667793 32667313 481

chrX 32667022 32666662 361

chrX 32666377 32665057 1321

chrX 32658847 32658487 361

chrX 32658020 32657420 601

chrX 32656867 32655907 961

chrX 32655664 32654944 721

chrX 32653319 32652119 1201

chrX 32648638 32648158 481

chrX 32647931 32646851 1081

chrX 32642884 32642644 241

chrX 32641746 32641626 121

chrX 32641237 32640637 601



chrX 32639802 32638362 1441

chrX 32638168 32638048 121

chrX 32637487 32636767 721

chrX 32636385 32635305 1081

chrX 32634859 32634619 241

chrX 32633503 32629303 4201

chrX 32629086 32628726 361

chrX 32628286 32627086 1201

chrX 32626911 32623911 3001

chrX 32623702 32623582 121

chrX 32622687 32622567 121

chrX 32621971 32621851 121
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chrX 31709071 31707871 1201



chrX 31707734 31706894 841

chrX 31706514 31705914 601

chrX 31705476 31705116 361

chrX 31704606 31704486 121

chrX 31704166 31703326 841

chrX 31702979 31702619 361

chrX 31702609 31701769 841

chrX 31701689 31701089 601

chrX 31700624 31700504 121

chrX 31700191 31699831 361

chrX 31699325 31698965 361

chrX 31698136 31698016 121

chrX 31697542 31696582 961

chrX 31696263 31695303 961

chrX 31695136 31695016 121

chrX 31694813 31694693 121

chrX 31694213 31692293 1921

chrX 31691823 31691703 121

chrX 31691252 31690892 361

chrX 31690113 31689993 121

chrX 31689934 31689214 721

chrX 31687933 31687813 121

chrX 31687599 31687239 361

chrX 31686980 31686140 841

chrX 31685306 31684826 481

chrX 31684503 31683063 1441

chrX 31683013 31682533 481

chrX 31682395 31682275 121

chrX 31682060 31680380 1681

chrX 31679814 31679334 481

chrX 31676736 31674576 2161

chrX 31674383 31672583 1801

chrX 31668419 31667939 481

chrX 31667472 31667352 121

chrX 31666198 31665838 361

chrX 31665478 31665238 241

chrX 31664530 31664170 361

chrX 31663853 31663493 361

chrX 31662000 31660920 1081

chrX 31660638 31659678 961

chrX 31659627 31658547 1081

chrX 31658506 31656586 1921

chrX 31656011 31655771 241

chrX 31655342 31653782 1561

chrX 31653521 31653281 241

chrX 31653155 31652915 241

chrX 31652665 31652185 481

chrX 31651675 31651075 601



chrX 31649172 31648212 961

chrX 31647785 31647065 721

chrX 31646474 31645154 1321

chrX 31644868 31644628 241

chrX 31644314 31643594 721

chrX 31643300 31642340 961

chrX 31642221 31641981 241

chrX 31641243 31640643 601

chrX 31640477 31639997 481

chrX 31639732 31639612 121

chrX 31639422 31638222 1201

chrX 31637973 31637733 241

chrX 31637522 31637402 121

chrX 31636894 31636654 241

chrX 31636125 31635765 361

chrX 31635322 31634002 1321

chrX 31633735 31633495 241

chrX 31632991 31632271 721

chrX 31632094 31631374 721

chrX 31629399 31628319 1081

chrX 31627506 31627386 121

chrX 31626992 31626032 961

chrX 31625875 31624675 1201

chrX 31614737 31614377 361

chrX 31613663 31612943 721

chrX 31612460 31612340 121

chrX 31611195 31610115 1081

chrX 31609855 31609735 121

chrX 31609271 31608791 481

chrX 31607839 31607359 481

chrX 31606912 31606312 601

chrX 31605825 31604985 841

chrX 31604609 31603889 721

chrX 31603413 31601853 1561

chrX 31595018 31594538 481

chrX 31594123 31593283 841

chrX 31591026 31590786 241

chrX 31590654 31590414 241

chrX 31589999 31589879 121

chrX 31589649 31589049 601

chrX 31588636 31587796 841

chrX 31587243 31585443 1801

chrX 31585207 31584247 961

chrX 31583371 31583251 121

chrX 31582490 31581530 961

chrX 31581365 31581125 241

chrX 31578932 31578692 241

chrX 31578401 31578281 121



chrX 31577906 31577786 121

chrX 31577520 31576800 721

chrX 31576586 31575386 1201

chrX 31574097 31573737 361

chrX 31573691 31572491 1201

chrX 31572299 31572059 241

chrX 31571822 31570742 1081

chrX 31570636 31569556 1081

chrX 31569199 31567999 1201

chrX 31567125 31566765 361

chrX 31566233 31565873 361

chrX 31565663 31564703 961

chrX 31563754 31562674 1081

chrX 31562522 31562042 481

chrX 31561783 31559863 1921

chrX 31559010 31557930 1081

chrX 31557808 31556968 841

chrX 31556646 31554846 1801

chrX 31554722 31554482 241

chrX 31554029 31553549 481

chrX 31553511 31551591 1921

chrX 31551303 31550943 361

chrX 31548978 31548738 241

chrX 31548461 31548101 361

chrX 31547921 31547681 241

chrX 31547571 31547451 121

chrX 31546640 31546280 361

chrX 31545304 31544704 601

chrX 31544510 31544270 241

chrX 31543876 31542916 961

chrX 31542719 31541759 961

chrX 31541180 31540340 841

chrX 31539103 31538263 841

chrX 31538001 31537641 361

chrX 31537550 31536950 601

chrX 31536740 31534340 2401

chrX 31533985 31532425 1561

chrX 31532273 31531433 841

chrX 31530984 31529064 1921

chrX 31528467 31528347 121

chrX 31527972 31527492 481

chrX 31527405 31526445 961

chrX 31526048 31525448 601

chrX 31524801 31524681 121

chrX 31524455 31522415 2041

chrX 31522030 31521550 481

chrX 31521126 31520526 601

chrX 31519876 31519396 481



chrX 31518941 31518221 721

chrX 31517715 31517235 481

chrX 31516950 31516710 241

chrX 31515072 31514232 841

chrX 31513782 31513542 241

chrX 31513019 31512779 241

chrX 31511186 31511066 121

chrX 31510337 31510217 121

chrX 31510077 31508997 1081

chrX 31508849 31508609 241

chrX 31507615 31506535 1081

chrX 31506252 31505052 1201

chrX 31504724 31504364 361

chrX 31503985 31502545 1441

chrX 31501839 31501119 721

chrX 31500374 31500254 121

chrX 31500039 31499919 121

chrX 31499296 31498576 721

chrX 31497599 31497359 241

chrX 31492893 31492773 121

chrX 31491767 31491527 241

chrX 31490226 31490106 121

chrX 31490090 31489730 361

chrX 31489618 31489138 481

chrX 31488633 31488393 241

chrX 31488133 31487893 241

chrX 31487305 31486825 481

chrX 31486673 31486553 121

chrX 31486400 31485680 721

chrX 31485563 31484843 721

chrX 31484752 31484512 241

chrX 31484019 31483419 601

chrX 31483087 31482847 241

chrX 31482637 31482397 241

chrX 31482202 31481602 601

chrX 31480691 31480571 121

chrX 31480124 31479524 601

chrX 31478592 31476792 1801

chrX 31475981 31475021 961

chrX 31474844 31474364 481

chrX 31474225 31473985 241

chrX 31473769 31472929 841

chrX 31472491 31472371 121

chrX 31472108 31471628 481

chrX 31470949 31470589 361

chrX 31470224 31470104 121

chrX 31469142 31467942 1201

chrX 31467740 31467500 241



chrX 31466766 31466646 121

chrX 31464584 31463864 721

chrX 31458359 31457519 841

chrX 31456609 31455529 1081

chrX 31455361 31455241 121

chrX 31454785 31451305 3481

chrX 31450974 31450494 481

chrX 31450370 31450250 121

chrX 31450067 31449587 481

chrX 31448162 31446962 1201

chrX 31446679 31446079 601

chrX 31445441 31445321 121

chrX 31445127 31444407 721

chrX 31444117 31442797 1321

chrX 31442455 31442095 361

chrX 31441798 31441438 361

chrX 31439180 31438940 241

chrX 31438090 31434250 3841

chrX 31433434 31432114 1321

chrX 31431999 31431519 481

chrX 31431256 31430296 961

chrX 31429835 31429475 361

chrX 31428652 31428412 241

chrX 31428158 31427918 241

chrX 31427438 31426838 601

chrX 31426002 31424682 1321

chrX 31423343 31422983 361

chrX 31422772 31422532 241

chrX 31422333 31422213 121

chrX 31421414 31421174 241

chrX 31420517 31418717 1801

chrX 31418321 31417721 601

chrX 31416410 31415810 601

chrX 31415255 31414295 961

chrX 31414267 31414147 121

chrX 31413860 31413620 241

chrX 31412831 31411991 841

chrX 31411833 31411473 361

chrX 31410803 31410323 481

chrX 31408488 31405968 2521

chrX 31405743 31404903 841

chrX 31404669 31404549 121

chrX 31404158 31404038 121

chrX 31403776 31403536 241

chrX 31403345 31402865 481

chrX 31402487 31401767 721

chrX 31401041 31399721 1321

chrX 31393244 31391684 1561



chrX 31391568 31390848 721

chrX 31389809 31389569 241

chrX 31389126 31389006 121

chrX 31388651 31388291 361

chrX 31388208 31386648 1561

chrX 31386570 31385490 1081

chrX 31385391 31384911 481

chrX 31384799 31384199 601

chrX 31383960 31383480 481

chrX 31382183 31381823 361

chrX 31381795 31381675 121

chrX 31380845 31380725 121

chrX 31380279 31379679 601

chrX 31379177 31379057 121

chrX 31378714 31377874 841

chrX 31377226 31376146 1081

chrX 31375659 31375419 241

chrX 31375306 31374466 841

chrX 31374257 31373537 721

chrX 31372783 31372303 481

chrX 31371853 31371733 121

chrX 31371256 31370536 721

chrX 31370251 31369531 721

chrX 31369132 31368772 361

chrX 31368097 31367497 601

chrX 31367370 31366530 841

chrX 31366234 31366114 121

chrX 31365436 31363276 2161

chrX 31362943 31362823 121

chrX 31360902 31360782 121

chrX 31360590 31360230 361

chrX 31359847 31359727 121

chrX 31359333 31359213 121

chrX 31358835 31358235 601

chrX 31356035 31355435 601

chrX 31355299 31354339 961

chrX 31354260 31354140 121

chrX 31353457 31350697 2761

chrX 31350694 31350334 361

chrX 31349754 31347474 2281

chrX 31346909 31346549 361

chrX 31345228 31344028 1201

chrX 31343791 31342351 1441

chrX 31339675 31339435 241

chrX 31339318 31339198 121

chrX 31338749 31338149 601

chrX 31337758 31337278 481

chrX 31336333 31336093 241



chrX 31335123 31334883 241

chrX 31334211 31332171 2041

chrX 31332046 31330606 1441

chrX 31330360 31330240 121

chrX 31327988 31327748 241

chrX 31326517 31326277 241

chrX 31326002 31324682 1321

chrX 31324590 31324470 121

chrX 31324084 31323724 361

chrX 31323584 31322984 601

chrX 31322959 31322839 121

chrX 31322567 31322087 481

chrX 31321249 31320409 841

chrX 31318149 31317789 361

chrX 31317663 31317543 121

chrX 31317274 31317154 121

chrX 31315304 31314704 601

chrX 31313586 31312386 1201

chrX 31305237 31303917 1321

chrX 31300446 31300326 121

chrX 31299871 31299271 601

chrX 31297325 31296965 361

chrX 31296699 31295739 961

chrX 31295656 31294576 1081

chrX 31294431 31293231 1201

chrX 31292771 31292651 121

chrX 31291333 31291093 241

chrX 31290228 31290108 121

chrX 31289714 31289234 481

chrX 31288846 31288606 241

chrX 31288185 31287945 241

chrX 31287258 31286178 1081

chrX 31286034 31285074 961

chrX 31284969 31284009 961

chrX 31283808 31282968 841

chrX 31282669 31282549 121

chrX 31282107 31281867 241

chrX 31281628 31280188 1441

chrX 31278173 31277453 721

chrX 31277080 31276360 721

chrX 31274613 31274493 121

chrX 31274116 31273156 961

chrX 31271922 31271802 121

chrX 31271521 31271401 121

chrX 31271230 31271110 121

chrX 31270748 31270268 481

chrX 31269198 31268958 241

chrX 31268352 31267992 361



chrX 31267629 31267149 481

chrX 31265939 31265339 601

chrX 31264968 31264608 361

chrX 31263870 31263510 361

chrX 31262735 31262255 481

chrX 31261901 31261541 361

chrX 31261447 31260847 601

chrX 31260616 31260256 361

chrX 31260095 31259855 241

chrX 31259752 31258312 1441

chrX 31257378 31257258 121

chrX 31257104 31256864 241

chrX 31256531 31256411 121

chrX 31255806 31254366 1441

chrX 31254252 31253772 481

chrX 31253082 31250562 2521

chrX 31250188 31249948 241

chrX 31249066 31245946 3121

chrX 31245554 31245314 241

chrX 31245038 31244558 481

chrX 31244293 31244173 121

chrX 31243961 31242881 1081

chrX 31242714 31242354 361

chrX 31241865 31241745 121

chrX 31241572 31241212 361

chrX 31239447 31238967 481

chrX 31238499 31238379 121

chrX 31238233 31237513 721

chrX 31237282 31237162 121

chrX 31236530 31236290 241

chrX 31235801 31235081 721

chrX 31234863 31234503 361

chrX 31234111 31233751 361

chrX 31232571 31232091 481

chrX 31231169 31230689 481

chrX 31229946 31229826 121

chrX 31229345 31229225 121

chrX 31228627 31227907 721

chrX 31227550 31226470 1081

chrX 31226361 31224321 2041

chrX 31223946 31223826 121

chrX 31222954 31222714 241

chrX 31221849 31221489 361

chrX 31219148 31218908 241

chrX 31218735 31218375 361

chrX 31217926 31217806 121

chrX 31217660 31217420 241

chrX 31216972 31215172 1801



chrX 31214595 31212915 1681

chrX 31212514 31212394 121

chrX 31211855 31209695 2161

chrX 31208272 31208152 121

chrX 31207319 31206479 841

chrX 31203953 31203233 721

chrX 31203108 31202028 1081

chrX 31201718 31199438 2281

chrX 31198544 31198424 121

chrX 31197782 31197662 121

chrX 31197286 31196326 961

chrX 31196036 31195676 361

chrX 31194884 31194284 601

chrX 31194205 31190245 3961

chrX 31190191 31188271 1921

chrX 31188069 31187589 481

chrX 31187495 31186775 721

chrX 31186538 31186418 121

chrX 31186226 31185986 241

chrX 31185636 31185276 361

chrX 31185153 31184793 361

chrX 31184577 31184097 481

chrX 31183812 31183092 721

chrX 31182333 31181373 961

chrX 31180770 31179330 1441

chrX 31178551 31178191 361

chrX 31177899 31177539 361

chrX 31176699 31176459 241

chrX 31172765 31171925 841

chrX 31171559 31170839 721

chrX 31170653 31170413 241

chrX 31170026 31169426 601

chrX 31168769 31167569 1201

chrX 31167315 31166835 481

chrX 31166502 31166142 361

chrX 31165670 31164470 1201

chrX 31164082 31163722 361

chrX 31163569 31163209 361

chrX 31162516 31162276 241

chrX 31161889 31160929 961

chrX 31159297 31158697 601

chrX 31158305 31157945 361

chrX 31157739 31156419 1321

chrX 31155508 31154308 1201

chrX 31154027 31153907 121

chrX 31153647 31153167 481

chrX 31152531 31151811 721

chrX 31151624 31150544 1081



chrX 31147786 31147306 481

chrX 31146651 31146411 241

chrX 31146339 31143339 3001

chrX 31142964 31142844 121

chrX 31142477 31140797 1681

chrX 31140581 31140341 241

chrX 31140095 31136135 3961

chrX 31135310 31133150 2161

chrX 31132660 31131340 1321

chrX 31130813 31130333 481

chrX 31129876 31129516 361

chrX 31128995 31128635 361

chrX 31128439 31127239 1201

chrX 31127022 31126902 121

chrX 31125708 31125588 121

chrX 31124594 31123874 721

chrX 31123637 31122557 1081

chrX 31121477 31120757 721

chrX 31120596 31119876 721

chrX 31119239 31118879 361

chrX 31118024 31117664 361

chrX 31117234 31116154 1081

chrX 31115625 31115265 361

chrX 31115051 31114691 361

chrX 31114270 31114030 241

chrX 31111370 31110650 721

chrX 31110522 31108242 2281

chrX 31108185 31107945 241

chrX 31107383 31107143 241

chrX 31106957 31105877 1081

chrX 31105781 31104461 1321

chrX 31104357 31100997 3361

chrX 31100984 31098344 2641

chrX 31098242 31095482 2761

chrX 31095148 31094308 841

chrX 31094107 31091587 2521

chrX 31091093 31090493 601

chrX 31089906 31089426 481

chrX 31087806 31087326 481

chrX 31087177 31086817 361

chrX 31085764 31084804 961

chrX 31084593 31084113 481

chrX 31083666 31082706 961

chrX 31082259 31080939 1321

chrX 31080224 31080104 121

chrX 31079688 31078488 1201

chrX 31076320 31075600 721

chrX 31075502 31074062 1441



chrX 31073706 31071546 2161

chrX 31071213 31070853 361

chrX 31070604 31070484 121

chrX 31069703 31069343 361

chrX 31068707 31067987 721

chrX 31067113 31066993 121

chrX 31065589 31065349 241

chrX 31064985 31064385 601

chrX 31064290 31063090 1201

chrX 31062386 31061906 481

chrX 31061724 31060764 961

chrX 31060588 31059508 1081

chrX 31059297 31058817 481

chrX 31058671 31057831 841

chrX 31057434 31056474 961

chrX 31056142 31056022 121

chrX 31055794 31054954 841

chrX 31054758 31054278 481

chrX 31053974 31050494 3481

chrX 31050317 31049597 721

chrX 31049381 31049021 361

chrX 31048908 31048068 841

chrX 31047981 31047141 841

chrX 31046567 31046207 361

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

12 128.64 108.93 114.11 120.62 107.47 136.04 108.89

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

19 114.35 128.51 120.77 144.51 123.88 112.95 121.48

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 91.4 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

30 112.21 115.3 113.07 104.72 117.58 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

34 115.56 129.74 109.65 118.66 117.1 118.65 124.52

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
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47 95.4 84.06 87.82 83.73 100.23 82.7 89.09

48 66.03 62.46 63.36 60.72 63.49 70.18 69.69

49 104.06 92.4 79.14 97.44 89.35 101.23 83.74

50 68.54 88.66 67.05 72.93 87.58 73.92 78.24

51 91.42 94.74 101.7 104.03 90.33 93.69 93

52 116.86 102.12 106.62 111.93 97.6 106.11 123.67

53 116.46 121.7 122.49 131.56 117.42 111.8 112.62

54 76.83 71.34 85.11 84.79 74.57 91.45 95.51

55 119.98 113.55 106.94 121.85 107.84 104.72 119.79

56 115.28 136.19 149.91 132.79 138.85 122.91 125.64

57 56.69 66.46 48.39 57.96 62.31 58.24 57.35

58 73.47 76.13 64.73 77.64 74.43 72.53 77.53

59 75.81 79.71 74.57 58.67 76.82 68.91 84.96

60 100.68 111.27 96.23 94.91 103.7 94.81 128.73

61 54.55 53 45.56 49.73 59.34 68.71 51.27

62 76.74 69.58 74.44 56.36 70 75.57 74.46

63 108.49 116.74 134.55 153.72 135.36 122.87 101.63

64 91.16 143.75 120.03 105.68 110.24 108.72 103.07

65 90.68 112.15 119.96 118.77 113 115.99 115.08

66 87.8 93.44 110.49 79.13 92.08 88.72 105.11

67 77.69 95.08 85 99.57 94.62 88.55 91.23

68 39.84 32.96 39.35 27.16 30.2 37.72 30.19

69 112.27 93.68 97.49 106.17 100.81 96.61 108.63

70 114.31 105.55 114.16 118.1 111.98 112.72 125.26

71 60.41 56.07 47.11 54.53 49.01 53.55 59.52

72 83.21 92.54 106.04 118.81 105.44 113.56 106.04

73 107.34 96.38 99.11 91.38 93.38 100.38 94.84

74 69.64 59.24 42.84 62.74 56.06 56.45 75.14

75 50.68 55.72 50.7 60.38 57.86 49.99 44.9

76 75.17 80.72 64.59 70.74 91.36 77.91 79.74

77 67.86 58.17 57.69 53.22 57.99 63.72 65.92

78 49.33 49.78 42.94 40.96 37.3 44.17 45.4

79 81.4 73.69 73.89 79.07 76.43 74.25 73.08



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

112.9 132.23 108.84 119.78 125.32 125.83 135.75 116.79

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 71.74 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

ients confirmed without large deletion/duplication mutations



87.2 87.82 80.23 85.19 84.01 66.29 92.06 106.34

61.48 59.45 72.47 67.27 68.51 62.8 67.54 64.67

91.85 100.16 101.76 88.64 88.27 94.66 90.04 95.08

84.64 92.44 83.83 67.99 80.9 72.48 62.9 84.81

98.92 84.13 104.29 83.79 104.15 93.93 90.82 101.24

89.31 102.58 110.85 80.61 108.99 105.06 120.45 92.51

133.36 109.13 116.05 110.7 118.31 123.72 157.29 119.04

92.97 74.18 85.85 78.81 92.13 84.71 62.31 87.02

116.88 118.3 107.81 102.24 115.63 101.5 121.93 118.02

123.62 129.39 143.21 125.55 125 147.41 142.29 125.51

68.99 61.33 65.25 69.01 56.31 62.1 46.25 62.06

90.02 69.68 85.13 77.64 76.8 94.04 81.12 57.7

75.48 75.86 79.76 73.29 76 84.32 63.91 78.46

104.92 109.75 103.99 114.7 97.74 117.57 106.37 106.53

56.62 56.31 50.93 49.29 66.14 46.93 73.31 55.86

71.04 64.32 81.65 70.23 78.17 67.15 56.53 74.43

96.7 123.25 91.17 117.31 114.78 101.73 113.28 102.37

124.47 99.59 102.16 94.81 117.45 97.54 108.56 114.2

104.26 124.69 99.71 96.64 112.26 97.13 121.59 99.61

108.26 101.74 107.75 93.46 93.48 107.69 103.03 107.98

90.96 105.89 109.69 86.64 93.01 101.57 83.47 73.55

42.83 26.61 35.11 41.87 33.91 26.77 30.28 36.2

111.57 94.96 87.92 105.99 96.93 101.78 107.04 87.35

138.59 94.59 96.79 118.46 108.02 93.02 93.06 120.26

56.41 46.17 55.76 59.95 56.62 40.57 42.32 50.72

111.29 71.11 108.42 106.24 89.71 104.42 97.94 133.62

100.17 90.14 100.71 92.19 95.78 83.6 105.56 124.24

54.66 63.15 57.33 59.17 63.91 63.06 70.69 63.42

50.65 40.13 33.64 55.3 51.55 36.39 56.66 52.67

75.13 82.94 73.9 76.99 69.8 85.21 60.81 71.01

69.44 57.06 78.16 70.01 54.25 68.86 50.57 66.78

46.86 49.79 48.92 44.21 44.22 36.92 45.84 55.93

73.29 75.08 84.85 80.09 78.14 77.18 75.49 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 88.09 106.34 66.29 9.18

64.45 65.29 72.47 59.45 3.71

112.62 94.4 112.62 79.14 8.33

77.19 77.76 92.44 62.9 8.78

85.09 94.7 104.29 83.79 7.07

131.97 106.7 131.97 80.61 13.11

114.65 121.02 157.29 109.13 11.84

79.61 82.32 95.51 62.31 9.01

98.57 112.22 121.93 98.57 7.89

124.75 131.77 149.91 115.28 10.06

57.2 59.74 69.01 46.25 6.41

88.74 77.33 94.04 57.7 9.3

81.22 75.48 84.96 58.67 6.9

105.97 106.12 128.73 94.81 9.01

71.46 56.81 73.31 45.56 8.71

68.48 70.57 81.65 56.36 7.04

101.42 114.71 153.72 91.17 16.49

124.6 110.38 143.75 91.16 13.45

126.07 110.47 126.07 90.68 11.03

99.01 98.7 110.49 79.13 9.22

82.45 91.19 109.69 73.55 9.87

36.03 34.19 42.83 26.61 5.31

95.04 100.27 112.27 87.35 7.78

109.73 110.91 138.59 93.02 12.48

54.69 52.71 60.41 40.57 6.12

102.24 103.16 133.62 71.11 14.5

112.39 99.22 124.24 83.6 9.73

58.27 60.99 75.14 42.84 7.47

49.59 49.8 60.38 33.64 7.58

85.65 76.35 91.36 60.81 7.99

73.03 63.3 78.16 50.57 7.91

39.21 45.11 55.93 36.92 5.06

78.95 76.94 84.85 73.08 3.31



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 1.11 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 1.11 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

Supplementary File 4. The ratio of exonic coverage depth to the reference coverage depth of 79 DMD



45 89.64 1.02 0.95 0.89 1.16 0.86
46 76.11 0.81 1.11 0.73 1.03 0.81
47 70.18 1.08 0.94 1.16 1.00 0.79
48 51.85 1.14 1.09 0.81 1.00 0.96
49 75.14 1.07 1.17 1.13 0.94 1.02
50 61.95 1.15 1.19 0.90 0.89 1.12
51 75.38 1.03 1.02 0.92 0.99 1.05
52 85.05 1.01 0.93 0.85 0.00 0.86
53 96.60 0.88 0.82 0.90 0.00 0.00
54 65.43 1.02 1.04 0.85 0.88 0.00
55 89.54 1.23 1.04 1.11 1.19 0.83
56 104.83 1.00 0.95 0.96 1.03 0.96
57 47.48 1.05 1.10 1.00 0.92 0.89
58 61.53 0.96 1.19 0.75 0.94 1.29
59 59.92 1.04 1.06 1.15 1.05 1.04
60 84.32 1.15 1.10 1.12 0.85 1.08
61 45.30 0.84 1.09 1.09 0.80 1.17
62 56.00 0.89 1.10 0.93 0.97 1.04
63 91.63 1.19 1.00 0.87 0.96 1.18
64 88.23 0.94 0.97 1.03 1.11 1.05
65 88.27 1.04 0.93 1.19 0.92 0.93
66 78.47 0.93 1.25 0.94 0.85 1.16
67 72.57 1.05 0.98 0.97 0.96 1.02
68 27.21 0.88 1.09 1.32 1.32 1.05
69 79.96 1.06 1.18 0.97 1.12 0.85
70 88.48 1.04 1.11 1.13 1.21 0.99
71 41.95 0.99 1.41 1.13 1.10 1.22
72 81.95 1.10 0.92 1.04 1.16 1.35
73 78.97 1.28 1.10 1.04 1.15 1.07
74 48.48 1.05 1.13 0.95 1.03 0.91
75 39.79 1.07 0.95 1.10 0.96 1.00
76 60.72 1.22 1.00 1.16 0.92 1.13
77 50.17 1.02 1.10 1.01 1.08 1.09
78 35.93 0.98 0.96 0.97 0.96 0.94
79 61.12 1.01 1.19 0.80 1.01 0.96



Patient 22 Patient 23 Patient 24 Patient 25
0.78 1.03 0.99 0.99
0.87 0.91 1.11 0.97
0.83 1.06 0.91 1.11
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
1.31 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

MD  exons in 16 patients with known large delet



0.79 3.15 1.96 1.02
0.73 2.92 1.99 0.97
0.99 3.25 1.84 1.10
0.90 1.09 2.22 1.02
1.09 1.08 1.98 0.92
0.95 0.94 1.90 1.81
1.03 1.00 2.06 2.02
0.96 1.12 2.03 2.07
0.00 1.17 0.98 1.95
0.92 0.98 1.05 2.09
1.04 1.10 0.90 2.08
0.99 1.09 0.95 0.98
0.90 0.99 1.04 0.97
1.04 1.05 1.13 1.05
1.07 0.88 1.05 0.97
1.00 1.00 0.80 0.95
0.93 0.77 0.98 0.92
1.00 0.95 0.95 0.97
0.96 1.05 1.10 1.05
0.84 0.95 0.98 0.94
1.18 0.91 1.09 0.86
0.84 0.82 1.07 1.01
0.89 0.93 1.11 0.86
1.38 1.02 1.15 0.83
0.98 0.99 1.00 1.04
1.03 0.83 0.92 1.02
1.10 1.07 1.20 0.89
1.12 1.08 0.93 0.99
0.97 1.21 1.09 0.92
1.00 0.89 1.02 1.18
1.09 1.22 0.97 1.00
1.11 0.85 0.99 0.96
0.98 1.15 1.09 0.81
1.11 0.93 1.27 0.98
0.84 1.00 1.04 1.04



Base change Effect Sanger sequencing SIFT PolyPhen

c.450T>G p.Asn150Lys Confirmed tolerated benign

c.583C>T p.Arg195X Confirmed

c.620T>G p.Leu207X Confirmed

c.1005G>A p.Met335Ile Confirmed tolerated benign

c.1006G>T p.Glu336X Confirmed

c.1615C>T p.Arg539X Confirmed

c.1663C>T p.Gln555X Confirmed

c.2527G>T p.Glu843X Confirmed

c.2645A>G p.Asp882Gly Confirmed tolerated benign

c.3244G>T p.Glu1082X Confirmed

c.3406A>T p.Thr1136Ser Confirmed tolerated benign

c.3964C>T p.Gln1322X Confirmed

c. 5234G>A p.Arg1745His Confirmed tolerated probably damaging

c.6283C>T p.Arg2095X Confirmed

c.7728T>C p.Asn2576Asn Confirmed

c.8209C>T p.Gln2737X Confirmed

c.8729A>T p.Glu2910Val Confirmed tolerated benign

c.8734A>G p.Asn2912Asp Confirmed tolerated benign

c.8810G>A p.Arg2937Gln Confirmed tolerated benign

c.10033C>T p.Arg3345X Confirmed

c.10126delC p.Leu3376X Confirmed

c.10406delA p.His3469LeufsX3 Confirmed

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

1, presence of the variant; 0, absence of the variant
* Red colors indicate the pathogenic mutaiton of the patient



db SNP 132 1000 genoKorean co Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 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

o are candidates for small muations



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

0 0 0 0 0 0 0 0 1

0 0 0 0 0 0 1 0 0

0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 1 0

0 0 0 0 1 0 0 0 0

0 0 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 1

0 0 0 1 0 0 0 0 0

0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 0

0 0 0 0 0 0 0 0 0

0 1 1 1 0 1 0 0 0

1 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0

1 1 1 1 0 1 1 1 1

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



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 

LAMA2 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 

Exons  
Patient 
number 

Total SNVs 
Synonymous 

Non-synonymous 
(nonsense) 

 
Total indels Exons 

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 


