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Mutations in the DMD gene cause Duchenne/Becker muscular dystrophy (DMD/BMD). Full characteriza-
tion of the mutations, including the analysis of deletion or duplication breakpoints, is diagnostically and therapeu-

tically beneficial. To identify duplication breakpoints, the array comparative genomic hybridization (aCGH)

method was used, covering the whole DMD gene. For the previously identified duplication of exons 5-7, DMD-

aCGH revealed the duplication at a higher resolution, and enabled detection of the breakpoint junction. The 29 kb

duplication from intron 4 to 7, with its precise breakpoint junction sequence, was determined. Additionally we

found a complicated rearrangement, fork stalling and template switching, in the breakpoint.

Key Words: Duchenne muscular dystrophy, duplication mutation, array comparative genomic hybridization,

fork stalling and template switching

Introduction

Mutations in the DMD gene (MIM 310200) cause
DMD/BMD. Deletions of one or more exons are
most frequent, occurring in approximately two-
thirds of all patients. Large duplications have been
reported in approximately 6% of all DMD/BMD
cases”®. Genetic testing of the DMD gene is the in-
itial method for confirming the diagnosis. Multiplex
ligation-dependent probe amplification ( MLPA)
analysis, which is used to examine every exon for
deletion and/or duplication, has contributed to a
marked improvement in the mutation detection
rate”. However, full characterization of the muta-
tional spectrum, including the analysis of deletion
and duplication breakpoints, is desirable for genetic
counseling and eligibility assessment, ultimately
leading to mutation-specific therapy, such as an an-
tisense mediated exon-skipping *®. It is reported
that the length of the flanking introns affects the
dynamics of splicing; therefore, a determination of
the breakpoint junction and the length of an intron
is important in an antisense therapy®. We planned

an antisense mediated exon-skipping assay in the
duplicated DMD gene; therefore, we perform'ed a
breakpoint analysis before the assay. Compared
with the characterization of deletion breakpoints,
duplication breakpoint analysis is more challenging.
It usually requires a technically laborious long-
range PCR to obtain a PCR fragment containing the
duplication breakpoint®. The aCGH method has
been widely used to identify chromosomal copy
number and structural changes, at a high resolu-
tion. To identify the DMD duplication breakpoint,
we chose the CytoSure DMD Array, a commer-
cially available “DMD-aCGH” with comprehensive
coverage of the whole DMD gene, which was used
in a previous study of copy number variations in
DMD gene”. This paper reports the rapid charac-
terization of the duplication breakpoint, utilizing
high-resolution aCGH, customized for the DMD
gene.
Materials and Methods
1. Samples
As the reference normal human genome, TIG-119
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Fig. 1 Copy number changes in the DMD gene detected on the DMD-aCGH platform
(A) Overview of the DMD-aCGH procedure. (B) Each unique 60-mer oligonucleotide probe
(gray dot) is represented by a data point along the X-axis, based on its physical position
at the Xp21.1 DMD locus. In the magnified view of the Xp21.1 locus, probe (gray dot with
black circle) copy number gains are shown at the duplication involving DMD exons 5-7.

fibroblasts were obtained from the Health Science
Research Resource Bank (Osaka, Japan). As the
DMD patient genome, GM 04327 fibroblasts (clini-
cally diagnosed DMD, exons 5—7 duplications identi-
fied by MLPA) were obtained from the Coriell Cell
Repositories (Camden, NJ, USA). DNA was pre-
pared from each of the fibroblast samples using the
Wizard SV Genomic DNA Purification system
(Promega, Fitchburg, WI, USA).

2. DMD-aCGH

The CytoSure DMD Array (Oxford Gene Tech-
nology, Oxford, UK) was used in this study. It com-
prises 44,000 probes of 60mer oligonucleotides that
cover the whole DMD gene on a single array. The
average probe spacing is 10 bp within the exons
and 106 bp within the introns. The restriction diges-
tion of genomic DNA, the labeling of the DNA, the
hybridization of arrays with labeled target and the
scanning of arrays was performed according to the
manufacturer’s instructions. Briefly, patient sam-
ples and normal reference samples were labeled
with Cy5 and Cy3, respectively. After hybridization
on the DMD-aCGH, the scanned fluorescent signal
was analyzed (Fig. 1A). Data analysis was per-
formed using CytoSure Interpret Software ver. 3.4.6

(Oxford Gene Technology).

3. Breakpoint PCR

Two intron 7 forward primers and two intron 4
reverse primers were designed based on the DMD-
aCGH result (primer sequences are available on re-
quest). Each primer pair flanked the duplication
breakpoint junction, and was expected to yield PCR
products within the range of 1-15 kb. PCR was per-
formed using KOD FX (Toyobo, Osaka, Japan), and
the cycling program was set to yield 15 kb products
with a program of 35 cycles of 98°C for 10 sec, 60C
for 30 sec, and 72 for 450 sec. One of the four
primer pairs yielded a 3 kb PCR fragment. Primer
walk sequencing was performed on the fragment
(Operon Biotechnologies, Tokyo, Japan). Human
genome sequence NCBI Build 36.1 was used as the
reference genomic sequence.

Results ~

In the chromosomal overview, high-density
probes were mapped to the Xp21.2 region. Magnifi-
cation of the region indicated an at least 24 kb gain
aberration from intron 4 to intron 7, consistent with
the result of MLPA analysis (Fig. 1B). We selected
four representative probes near the breakpoint
junction. Probes 1 and 2 were from intron 4, and
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Fig. 2 Detection of breakpoint junction in the exons 5-7 duplication

(A) Each probe (black dot) is displayed horizontally along with its genomic position and
vertically by the signal. Probes 1-4 (gray vertical bar) were speculated to be positioned
near the breakpoint junction. (B) In a tandem duplication model, probes 1-4 were mapped
twice (1-4p: primary, 1-4s: secondary). Probe 4p and ls (gray dashed vertical bar) were
speculated to be in the region missing from the genome. Breakpoint detection primers:
an intron 7 forward primer (i7 fwd) and an intron 4 reverse primer (i4 rev) were designed
between probes 3p and 4p, and 1s and 2s, respectively. (C) The rearranged concatenation
from intron 7 to intron 4 was 15 kb. The duplication size was 29 kb. (D) Bases written in
upper case with a gray background are the sequence of the breakpoint junction. “TTAAA”
(solid line) is common between introns 7 and 4, and is inserted into the breakpoint.
“TATCTAGTTAAAATCA”" (dashed line) is common between the inserted sequence and
the breakpoint of intron 4.

probes 3 and 4 were from intron 7. From the mean
signal ratio of these probes, we speculated that
probes- 1 and 4 were positioned in the non-
duplicated region and probes 2 and 3 were posi-
tioned in the duplicated region (Fig. 2A). The tan-
dem duplication model was used; the tandem dupli-
cation of introns 7 and 4 was a maximum of 131 kb,
and probes 1-4 were mapped twice (1-4p: primary,
1-4s: secondary). Probes 4p and 1s were speculated

to be in the region missing jrom the tandem intron;
therefore, the 104 kb region between probes 4p and
1s was excluded from design of the breakpoint
primers. We designed an intron 7 forward primer
between probes 3p and 4p, and an intron 4 reverse
primer between probes 1ls and 2s (Fig. 2B). A
primer pair flanking the breakpoint junction
yielded a 3 kb PCR product, which revealed that
the rearranged concatenation from intron 7 to in-
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tron 4 was 15 kb (Fig. 2C). The sequence analysis of
the 3 kb PCR fragment revealed the genotype; arr
Xp21.1 (32,731,239 — 32,760,260) x 2, and the duplica-
tion size was 29 kb. In the breakpoint, we identified
a 19 bp insertion “GTATCTAGTTAAAATCATA".
(Fig. 2D). “TTAAA” is common between intron 4
and 7. The inserted sequence of “TCTAGTTAAA
ATCA” is also found in intron 4. This result sug-
gested that the fork stalling and template switching
(FoSTeS) mechanism had mediated the genomic re-
arrangement in this case.
Discussion

The characteristics of a breakpoint provide an in-
sight into complex chromosomal rearrangements®.
In determining a breakpoint junction, the correct
design of PCR primers covering the breakpoint re-
gions is essential. In this case, if the conventional
long-range PCR approach was chosen, candidate
primer regions would be spread throughout the du-
plicated region, and a trial-and-error approach
would be necessary for successful PCR. The DMD-
aCGH technique narrowed the candidate primer re-
gion from 131 kb to 17 kb, which dramatically accel-
erated the design of primers, quickly achieved suc-
cessful PCR, and provided a definitive sequence of
the breakpoint.

In the DMD gene, the duplications are evenly
spread throughout the gene. An exception is the
duplication of exon 2, which is the most common
single-exon duplication”. In the Leiden Muscular
Dystrophy Database (http//www.dmdnl/), we
found only 17 cases of exons 5—7 duplication,
compared to 113 cases of exon 2 duplication?.
Among the 17 cases, only one case had a reported
breakpoint determined by custom-designed aCGH,
and was genotyped as arr Xp2l.l (32,725,684 —
32,765,708) X 2; the minimum duplication size was
40.0 kb®. Compared with our result, the duplication
size of this case was 11.0 kb longer, and the intron
size was 5.5 kb longer for introns 4 and 7. A study of
11 cases of exon 2 duplication showed that the
breakpoints in intron 1 were relatively scattered,
whereas the 10 breakpoints in intron 2 were

10)

clustered in the first 40 kb region'. The apparent

clustering of breakpoints within intron 2 suggested
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a breakpoint hotspot in that particular intron;
however, analysis of the two cases of exons 5-7
duplication provided no apparent bias in breakpoint
distribution within intron 4 and 7.

The breakpoint analysis suggested that the
FoSTeS mechanism had mediated the genomic
arrangement in this case. FoSTeS is proposed
as a microhomology-mediated replication error
mechanisms and has been found previously in a
DMD gene rearrangement ”?. The revealed
rearrangement was a tandem duplication, but
contained 5 bp of microhomology and 16 bp of
replication from intron 4. A large-scale breakpoint
analysis study demonstrated that microhomology-

mediated processes, including FoSTeS, account for

28% of observed rearrangements®.

Conclusion
The DMD-aCGH platform was used to detect
genomic rearrangements involving the DMD gene.
It revealed a 29 kb duplication from intron 4 to 7
and a complicated FoSTeS rearrangement at the
breakpoint.
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TRER T ER KRN 2

FAby FAY  AYHX  r 4T AIHAIF N 3 FrYy o sHbY
Ak FY-RE BTN ETAA K FR
AP, g Fa gr Y yy4F  kA¥Y < % 3
BE F1-KH - KERAT

DMD #1ZF D% R 13 Duchenne/Becker MF VA hu v 4 — %8| &8 Y. AEEFOLRER OB
(breakpoint) f##TI1Z, FEBICHTABEI T VLY VI HELWNILI VY - Axy ¥V EOERBERN,

HlroTiE, REEBETIREVWT ) &L PCREYDOHE

ML OREZHUTELDICH L, BEEERTIIBMWICEER longrange PCR NER SN S, WA TEHRE
RITBIT W 2 5163 % 72012, DMD EETE&EBRE #N—357 L4 CGH (DMD-aCGH) O& it
HET L. MLPABEICIDHOPLOIZ Y V5T OBEFEERPFAEENY Y IV EAVWTHRIEL-E S
%, DMD-aCGHIZ & D &7/ A LOBEBROER LW ONEBELES ICHNTE TH o 72, BBRWITZI e 4
PO TP TO29kb DERFIR, % 5 CICHIHBESMOME & EEEY % FETE . YR EOBIH»S, K
BB BEHORERME L LT FoSTeS (Fork Stalling and Template Switching) D5 2VRIR & L7z,
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