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Abstract Over 60% of Duchenne and Becker muscular
dystrophies are caused by deletions spanning tens or hun-
dreds of kilobases in the dystrophin gene. The molecular
mechanisms underlying the loss of DNA at this genomic
locus are not yet understood. By studying the distribution
of deletion breakpoints at the genomic level, we have pre-
viously shown that intron 49 exhibits a higher relative
density of breakpoints than most dystrophin introns. To
determine whether the mechanisms leading to deletionsin
this intron preferentially involve specific sequence ele-
ments, we sublocalized 22 deletion endpoints along its
length by a polymerase-chain-reaction-based approach
and, in particular, analyzed the nucleotide sequences of
five deletion junctions. Deletion breakpoints were homo-
geneoudly distributed throughout the intron length, and no
extensive homology was observed between the sequences
adjacent to each breakpoint. However, a short sequence
able to curve the DNA molecule was found at or near
three breakpoint junctions.
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Introduction

Mutations causing Duchenne and Becker muscular dys-
trophies (DM D and BMD) occur in the dystrophin (DMD)
gene, which is composed of 79 exons (Roberts et al. 1992)
scattered over 2250 kb DNA (Nobile et al. 1997) at Xp21.
The overall mutation rate in this gene is considerably
higher than that in most X-linked and autosomal disease
genes (Emery 1988). More than 60% of DMD and BMD
mutations are deletions of variable sizes, affecting dys-
trophin exons with different frequencies. Higher deletion
frequencies have been reported for two groups of contigu-
ous exons in the 5 and central portions of the gene
(Koenig et al. 1989; den Dunnen et al. 1989); these are re-
ferred to as the “minor” and “mgjor” deletion hot spots,
respectively. More recently, by analyzing the intragenic
distribution of deletion breakpoints at the genomic level,
we have shown that the increased breakpoint frequency
near the 5° end of the gene directly correlates with the
large sizes of some introns, whereas in the central intra-
genic region, the highest density of deletion breakpoints
(number of breakpoints per intron length) occurs between
exons 45 and 51 (Nobile et al. 1997). Precise mapping of
deletion breakpoints along the lengths of introns 44
(Blonden et al. 1991) and 7 (McNaughton et al. 1998) has
revealed no clustering of breakpoints, leading to the con-
clusion that deletion mechanisms operating in these in-
trons are not mediated by specific sequences. Moreover,
sequence analysis of nine deletion junctions in intron 7
have shown no extensive homology between the se-
quences adjacent to each breakpoint, ruling out unequal
nonhomologous recombination as a major deletion mech-
anism in this intron (McNaughton et al. 1998). Both in-
trons 7 and 44, however, lie outside the most mutable re-
gion of the dystrophin gene (Nobile et a. 1997). One of
the smaller introns from this latter region, intron 49, ex-
hibits a breakpoint density 4-5 times higher than those of
introns 7 and 44 (see Koenig et a. 1989; http://www.
dmd.nl/cdnagene.html). To check whether additional
deletion mechanisms preferentially involving specific se-
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Table1 Intron-49 primer se-

quences (5'-3') STS? Forward primer Reverse primer
A CGATAAGTTAGCATCAAGCATTTG CCTCAGAGCAGTTAATATGGTGAC
B TTTTGAGCCTCTAGGTGTTTCAG TTTGGAGAAAAATCAACATATCAAG
C AAGAAGTTGACGAATGAAGGAAAG ATTAAAGACACATCAGGGAGCAA
D TATAATCTTCCAGGCATCATTTCC TGTTGGCAGTAGAACAAACTCATT
E AGCATCACATCTCTTGAGGTTATTT TCTCTAAAATGCTTCCCTAATTTCA
F GACTACAGTTTTTGATTTGGCTGTT CAGCTTAATTGGAATGATGAGAGA
G TGGGTATGTATGTGAAAGAAATGG CTTTTGGGTTCAAGACTGATTTT
H TCTTTTCCCCCAACTTGACTT ATAAAATGATTGCACGCCTGG
| GCTGCAAGAATGCAATTTATTAAG TGTATCTCTGCACCCTTCTGATAA
aSTS Sequence tagged sites J TCCTATTGTGTTAAGCCACTGAAA AACCCGACATCAATCAAGTTATTT

guences and/or unequal crossing over account for the in-
creased propensity to DNA breakage in intron 49, we
sublocalized 22 DMD/BMD deletion breakpoints along
this intron and analyzed the sequence of several deletion
junctions.

Materials and methods

Genomic DNA (100 ng) from DMD or BMD patients was ana-
lyzed by the polymerase chain reaction (PCR) for 33 cycles (94°C
for 1 min, 58°C for 1 min, and 72°C for 1 min). PCR products
were fractionated by electrophoresis on a 2% agarose gel. Primer
sequences specific for exons 49 and 50 have been reported previ-
ously (Beggs et al. 1990); intronic primer sequences are shown in
Table 1.

Three breakpoints of deletions involving exons 48-49 were
amplified by long-range PCR for 40 cycles (94°C for 15 s, 60°C
for 1-8 min) by using rTth DNA Polymerase XL (PE Applied

Biosystems). PCR products were resolved on a 1% agarose gel,
purified, cloned into pCRII-TOPO vector (Invitrogen) and se-
guenced by using BigDye terminator chemistry (Perkin-Elmer/Ap-
plied Biosystems). Breakpoint junction sequences of deletions ex-
tending from intron 49 toward the 3’ end of the gene were cloned
by using the PCR-based Human GenomeWalker Kit (Clontech),
following the manufacturer’ s instructions. Analysis of inverted re-
peats was performed by using Palindrome (http://www2.no.emb-

Fig.1 Repetitive sequences and deletion breakpoint distribution
inintron 49 of the human dystrophin gene. Variously shaded boxes
Various classes of interspersed or simple repeat sequences, as in-
dicated. Arrows Positions of the deletion junctions that were se-
quenced, numbers above arrows del etion junctions shown in Fig. 2.
The positions of the intronic STSs used to localize deletion break-
points are indicated by letters A—J. Square brackets Intronic inter-
vals to which the indicated number of breakpoints were mapped.
The missing exons of each deletion analyzed are indicated in
parentheses
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Fig.2 DNA sequences spanning the five deletion breakpoints an-
alyzed in detail, with the corresponding normal intron sequences,
where available. Only the 5'—3' strands are shown. Line The se-
quence 5'-TTTAAA-3', where present

net.org/Programs/SAL/EMBOSS/). Possible matrix attachment
regions (MAR) sites in intron 49 were identified by using
MAR-WIZ (http://www.futuresoft.org/MAR-WiZz/).

Gene symbols used in this article follow the recommendations
of the HUGO Gene Nomenclature Committee (Povey et al. 2001).

Results

The sequence of the dystrophin intron 49 was derived
from genomic sequences released in public databases (ac-
cession nos. AC093193, AC021166, and ACO079864),
which allowed the assembly of a consensus sequence of
16,633 bp for this intron (accession no. AJ271220).
Analysis of this intronic sequence performed by Re-
peatmasker (http://www.hgmp.mrc.ac.uk/GenomeWeb/ Split/
RepeatMasker) revealed a number of interspersed repeats,
as schematically shown in Fig. 1. Based on sequence infor-
mation, we designed PCR primers (A-J) for 10 sequence
tagged sites (STSs; Table 1), dividing intron 49 into
11 contiguous intervals of roughly similar sizes (Fig.1).
The DNASs from 22 DMD or BMD patients, known to
carry deletions with a breakpoint between exons 49 and
50, were tested for the presence or absence of each of
these STSs to determine the intronic interval at which

each deletion had its endpoint. A summary of the results
of thisanalysisisshownin Fig. 1. In spite of the relatively
small number of breakpoints analyzed, a uniform distrib-
ution of breakpoints is observed along the intron, with no
particular intervals showing breakpoint clustering.

To PCR-amplify and analyze in more detail as many
deletion junctions as possible, we employed two different
approaches. Eight of the 22 deletions analyzed involved
only exons 48 and 49 and therefore had the other (5')
breakpoint in intron 47, which is about 55 kb long
(http://www.dmd.nl/cdnagene.html). We were able ap-
proximately to sublocalize the 5'-breakpoints of these
deletions in intron 47 by using the same STS-based ap-
proach described above (data not shown). Once a suffi-
ciently small interval was defined to contain a given
5'-breakpoint, we attempted long-range PCR between the
closest opposite primers flanking the deletion junction. In
three cases, this strategy was successful, and the resulting
PCR products were cloned and sequenced (sequences
shown in Fig.2; GenBank/DDBJEMBL accession nos.
AJA30775, AJ30776, and AJA30777).

To PCR-amplify the breakpoint junctions of five dele-
tions extending from intron 49 toward the 3'-end of the
gene (see Fig. 1), we used avectorette-like method. In two
cases, we obtained PCR products across deletion junc-
tions; these products were subsequently sequenced (re-
sults shown in Fig.2; accession nos. AJ430778 and
AJ430779). One of these junctions (no. 5) contains, on the
3'-side, a sequence from intron 52, whereas the other
junction (no. 4), contains a 3'-sequence from intron 51



Table2 Sequence types at five deletion junctions

Deletion 5" breakpoint 3’ breakpoint
junction
Intron Sequence Intron Sequence

type type
1 a7 Unique 49 Alu
2 47 Unique 49 LTR
3 47 Unique 49 Unique
4 49 Unique 51 Unique
5 49 Alu 52 Unique

showing no homology with sequences currently released
in genomic databases. As intron 51 has not completely
been sequenced as yet, this latter sequence very likely de-
rives from the intron-51 portion that is still unknown.

The positions of the five deletion breakpoints analyzed
in detail with respect to the repetitive sequences present in
intron 49 are shown in Fig. 1. Table 2 shows the types of
sequence found at each side of these deletion junctions,
and Fig. 2 shows the corresponding sequences, 50 bp on
each side of the breakpoints. There is no extensive simi-
larity between the DNA sequences adjacent to each break-
point, and only a few basepairs of common DNA se-
quence are observed across the breakpoint junctions 1 and
4. Sequence features that might facilitate DNA breakage
through exposure of single-stranded DNA, such as in-
verted repeated (palindromic) sequences, are not present
at or near the breakpoints sequenced. The sequence
TTTAAA, which is known to be able to curve the DNA
molecule (Singh et a. 1997), is present at or in close prox-
imity to junctions 2, 3, and 4. Junction 3, however, has
more complex features. the sequence motif TCAGC-
ACATA(TC), asingle copy of which is present only inin-
tron 49, just next to the breakpoint, is triplicated in the
junction sequence, resulting in 27 bp extra DNA inter-
posed between the joined intronic sequences. Finally, a
search for MARs in intron 49 revealed that junction 1 oc-
curs within aMAR.

Discussion

In this paper, we have shown that the remarkable increase
of breakpoint density observed in dystrophin intron 49,
with respect to introns 7 and 44, is not mediated by spe-
cific sequences particularly prone to DNA breakage, as
indicated by the diffuse distribution of breakpoints along
the intron. In addition, the lack of extensive homology be-
tween the sequences adjacent to the five breakpoints ana-
lyzed in detail does not support unequal nonhomologous
recombination as a major mechanism for deletions in dys-
trophin intron 49, in agreement with previous studies
performed on other, less mutable, regions of the dystro-
phin gene (McNaughton et al. 1998; Love et al. 1991; Brown
et a. 1996). However, the sequence TTTAAA has been
found at or in the vicinity of three breakpoints (Fig.2);
this sequence is known to be able to induce a curvature in
the DNA molecule, which may predispose DNA to re-
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combination and/or other nuclear processes (Singh et a
1997). Given the expected frequency of the sequence
TTTAAA (1/1420 bp) in the human genome (Drmanac et
al. 1986), the probability that three such sequences oc-
curred by chance at or near the breakpoints is extremely
low (3.49x10719), suggesting that curved DNA may bein-
volved in one of the mechanisms leading to dystrophin
deletions.
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