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Summary

Eighty unrelated individuals with Duchenne muscular dystrophy (DMD) or Becker muscular dystrophy
(BMD) were found to have deletions in the major deletion-rich region of the DMD locus. This region in-
cludes the last five exons detected by cDNA5b-7, all exons detected by cDNA8, and the first two exons

detected by cDNA9. These 80 individuals account for approximately 75% of 109 deletions of the gene,
detected among 181 patients analyzed with the entire dystrophin cDNA. Endpoints for many of these dele-
tions were further characterized using two genomic probes, p20 (DXS269; Wapenaar et al.) and GMGX11
(DXS239; present paper). Clinical findings are presented for all 80 patients allowing a correlation of
phenotypic severity with the genotype. Thirty-eight independent patients were old enough to be classified
as DMD, BMD, or intermediate phenotype and had deletions of exons with sequenced intron/exon bound-
aries. Of these, eight BMD patients and one intermediate patient had gene deletions predicted to leave the
reading frame intact, while 21 DMD patients, 7 intermediate patients, and 1 BMD patient had gene dele-
tions predicted to disrupt the reading frame. Thus, with two exceptions, frameshift deletions of the gene
resulted in more severe phenotype than did in-frame deletions. This is in agreement with recent findings by
Baumbach et al. and Koenig et al. but is in contrast to findings, by Malhotra et al., at the 5' end of the
gene.

Introduction

Deletions of theDMD gene in 6%-10% of individuals
with Duchenne muscular dystrophy (DMD) or Becker
muscular dystrophy (BMD) were first detected with the
DNA probes pERT87 (DXS164; Kunkel et al. 1985)
and XJ (DXS206; Ray et al. 1985) (Monaco et al. 1985;
Kunkel et al. 1986; Hart et al. 1986; Thomas et al.
1986). The use of genomic probes JBir (DXS270) and
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J66-H1 (DXS268; Monaco et al. 1987) increased the
number of detectable gene deletions to 17% by South-
ern analysis and to more than 50% by field-inversion
gel electrophoresis (den Dunnen et al. 1987). The lat-
ter results indicated that a deletion hot spot existed in
the 950 kb between probes JBir and J66H1. The posi-
tion of the hot spot was further defined by genomic
clone p20 (DXS269) within this region, which revealed
deletions oftheDMD gene (not detected with pERT87
or XJ) in 16% of DMD/BMD individuals (Wapenaar
et al. 1988).

Koenig et al. (1987) found the overall deletion fre-
quency for theDMD gene to be 50%, by using a series
of "-'1-kb dystrophin cDNA subclones on HindIII digests
of DNA samples from 104 patients. Deletions of the
gene were found to occur most frequently in two regions
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of the 14-kb cDNA. The first of these (cDNAlb) cor-
responded to the pERT87/XJ region and accounted
for 28% of deletions, while the second (cDNA8)
mapped between JBir and J66H1 and accounted for
51% of deletions. Similar findings were reported by
Darras et al. (1988), who found an overall deletion fre-
quency of 66% (21/33 patients) for the DMD gene.
Of these 21 patients, 57% had deletions of exons de-
tected by cDNA8 and 29% had deletions of exons de-
tected by cDNA1-3. Deletions of the DMD gene were
also detected in PstI digests of DNA samples from 59
of 107BMD/DMD patients by using two cDNA clones,
Cf23a and Cf56a (Forrest et al. 1987a, 1987b, 1988).
These two clones correspond approximately to cDNA7
and cDNA8 of Koenig et al. (1987). In conjunction with
two 5' cDNA clones, gene deletions were detected in
70% ofDMD/BMD individuals (Forrest et al. 1987a).
Thus, partial deletions of the dystrophin gene account
for 50%-70% of mutations at the DMD locus.
Accompanying the heterogeneity in the size and lo-

cation of deletions at the molecular level is a consider-
able variation in the severity and progression of the dis-
order among affected individuals. An understanding
of the relationship between a given deletion of theDMD
gene and the resulting phenotype would be of consid-
erable value for clinical prognosis and would provide
further insights into the role of dystrophin in the dis-
ease. To date, studies have revealed no apparent corre-
lation between the size of DMD deletions and the
severity and progression of the disorder (Hart et al.
1987; Darras et al. 1988; Lindlof et al. 1988).
On the basis of a study of threeBMD and threeDMD

patients with deletions in the DXS164 locus, it was pro-
posed that the milder BMD phenotype resulted from
DMD gene deletions that maintained the translational
reading frame, while the more severe DMD phenotype
resulted fromDMD gene deletions that shifted the trans-
lational reading frame (Monaco et al. 1988). In our
own laboratory, 29 patients with deletions confined to
the first 10 exons of the gene were studied. Six patients
with mild (BMD) and eight with intermediate pheno-
types were found to have a gene deletion that is predicted
to shift the reading frame (Malhotra et al. 1988), indi-
cating that serious exceptions to the frameshift hypoth-
esis exist.

Recently intron sizes and intron/exon boundaries
have been described for eight exons of the major
deletion-rich region (Chamberlain et al. 1988; Baum-
bach et al. 1989), thus enabling us to examine the
reading-frame hypothesis for patients who have dele-
tions of the DMD gene within this region. In the pres-

ent report we determine the relationship between dele-
tions within the major deletion-prone region (hot spot)
of theDMD locus and their associated phenotypes, and
we examine the feasibility of predicting the severity of
the disease from DNA studies of individuals with gene
deletions in this region.

Material and Methods

Clinical Evaluation

In the present study patients were classified as DMD
if they were wheelchair bound before age 12 years and
as BMD if they were still ambulant at age 16. Patients
were classified as intermediate if they became wheel-
chair bound between the ages of 12 and 16 years. Those
patients too young to allow a definitive diagnosis were
grouped separately. Phenotypic severity was also as-
sessed on a numerical scale from 1 to 5 (most severe
to least severe) by one of us (E.G.M.), on the basis of
all the available clinical data for each patient, as sum-
marized in the Appendix. Patients younger than 12 years
were also scored for severity by comparison with mem-
bers of each class when they were of a similar age. This
assessment was performed blind (i.e., without referring
to deletion data). To a first approximation, these cate-
gories represent the following phenotypes: 1 = severe
DMD; 2 = mild DMD to severe intermediate; 3 =
intermediate; 4 = severe BMD; 5 = mild BMD. Fam-
ily history was considered positive (denoted by a plus
sign [+ ] in the Appendix) if there were affected individ-
uals in more than one generation or in more than one
branch of the family. The majority of patients were di-
agnosed at The Hospital for Sick Children, Toronto,
although 13 of the 80 patients in the study were re-
ferred from other genetic centers in Canada. Patients
are indicated throughout the text by the family number
(in parenthesis), followed by the patient number.

DNA Analysis

DNA was digested with restriction enzymes (Boeh-
ringer Mannheim) under the manufacturer's recom-
mended conditions. Samples were subjected to elec-
trophoresis in 0.6%-0.7% agarose gels and were
transferred to Hybond-NTm (Amersham) membrane.
Probes were labeled by random hexanucleotide-primed
synthesis (Feinberg and Vogelstein 1983, 1984). Pre-
hybridization (3 x SSC, 0.05 M NaPO4, 1% SDS,
0.5% instant milk powder, 50% formamide, and 0.3
mg sonicated denatured herring sperm DNA/ml) and
hybridization (3 x SSC, 0.05 M NaPO4, 1% SDS,
0.5% instant milk powder, 50% formamide, and 10%
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dextran sulfate) were performed at 420C for 2 h and
at 420C overnight, respectively. Filters were washed suc-

cessively, for 20 min each at 5S-65C, in 2 x SSC/0.1%
SDS, 0.5 x SSC/0.1% SDS, 0.2 x SSC/0.1% SDS,
and 0.1 x SSC/0.1% SDS as appropriate. Films were

exposed with intensification screens for 1-7 d at -700C.
Prior to reprobing, filters were stripped in 0.1 x SSC
at 800C for 10 min.

Sources of DNA Probes

The cosmid clones from the GMGX11 region were

isolated from an XXXXY size-selected (30-60-kb)
Sau3A partial digest library in LoristB (Cross and Lit-

" a,,, tle 1986; Malhotra et al. 1988), by screening with
subclone cDNA8 of the DMD cDNA. Subclones

i, a cDNASb-7, cDNA8, and cDNA9 (Koenig et al. 1987)
were received from American Type Culture Collection.

Ia|,I0 Probe p20 has been described elsewhere (Wapenaar et
al. 1988). GMGX11 was isolated as a 1.2-kb insert from
an EcoRI flow-sorted X-chromosome library in lambda

I: 1 NM1149 during a screen for "single-copy recombinant
I I phage" (Gillard et al. 1987), was subcloned into pUC19,

and was localized to Xp2l-Xp22.3 by hybridization to
somatic cell hybrid DNA samples. It was subsequently

shown, by deletion mapping (data not shown), pulse
l_ Ifield analysis (Burmeister et al. 1988), and analysis of

is,^ ~ translocation breakpoints in females with X;autosome
"aJIM,,,, :,"translocations (Boyd et al. 1988), to lie with the DMD

a ;-1tMO locus.
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Figure I Deletions of the deletion-prone region. Letters a-d
represent genomic fragments detected by probe p20 on HindIII, EcoRI,
and PstI digests as follows: a = 4.4/12-kb HindIII; b = 8.3-kb
HindIl, 3.2-kb EcoRI, and 8.0-kb PstI; c = 2.5/2.9-kb HindIII and
2.5-kb PstI; d = 3.8-kb HindIII and 6.7/6.9-kb EcoRi. The predicted
reading-frame status of each deletion is indicated as frameshift ( V///A),
in frame (tMl), or unknown (E=l). Junction fragments are indicated
at ends marked in black (), and deletions extending outside the
region are open ended ( I). Additional data for families where
numbers are followed by a superscript dagger (t) are as follows: 1-

Two of the three affected males are classed as DMD while the third
is classed as intermediate; 30-The 3.2-kb EcoRI fragment is not

deleted. The 8.0-kb PstI fragment is deleted, and a PstI junction frag-
ment is detected; 40 and 128- also deleted for all exons 5' to the
region indicated, with the exception of the first two exons; 73- also
deleted for all exons 5' to the region indicated, with the exception
of the first 10 exons. A junction fragment is detected by the 10th
exon; 171-also deleted for the rest of cDNA5b-7 and for five HindIll
ECFs of cDNA4-5a (18 kb, 12 kb, 4.7 kb, 5.2 kb, and 20 kb); 118
and 181-also deleted for five HindIII ECFs of cDNA9-14 (2.3 kb,
1.0 kb, 8.8 kb, 6.0 kb, and 3.5 kb); 103-also deleted for the 2.3-kb
HindIII ECF ofcDNA 9-14; 249-also deleted for the rest ofcDNA5b-

Results

Deletion Analysis

Eighty patients are described in the present study and
represent a selected subgroup of the 109 patients with
deletions of theDMD gene who were detected in a sys-

tematic cDNA analysis of 181 BMD/DMD individu-
als. Ten duplications of the DMD gene were also de-
tected in this analysis, two of which were duplicated
for part of the selected region (Hu et al. 1989; X. Hu
and R. G. Worton, personal communication). The
selected group includes patients deleted for any or all
of the last five exons detected by cDNASb-7, all exons
detected by cDNA8, or the first two exons detected by
cDNA9. These partial deletions of the DMD gene are

shown schematically in figure 1. Patients are grouped
according to phenotype and are identified by family

7, for three HindIII ECFs of cDNA4-5a (18 kb, 12 kb, and 4.7 kb)
and for six HindIll ECFs of cDNA9-14 (2.3 kb, 1.0 kb, 8.8 kb, 6.0
kb, 3.5 kb, and 6.6 kb).
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number. The effect ofeach deletion on the translational
reading frame, where known, is indicated by appropri-
ate shading of the deleted region. Further clinical de-
tails can be found in the Appendix.
To determine the extent of the deletions diagrammed

in figure 1, southern blots, containing HindIII and
EcoRI digests of DNA from all 80 patients, were ana-
lyzed following hybridization to each cDNA subclone.
Southern blots containing PstI digests of DNA from
a subset of 50 patients were also analyzed. The order
of exon-containing fragments (ECFs) was deduced for
each enzyme by aligning and ordering the full set of
overlapping deletions. Exons have been defined by ECF
size rather than by exon number, since the number of
exons that precede this region is not yet rigorously
defined. HindIII ECFs are indicated in figure 1. The
1.25-kb and 3.8-kb HindIII ECFs represent a single
exon with a HindIII site in cDNA8. EcoRI and PstI
ECFs corresponding to each HindIll ECF with defined
intron/exon boundaries are indicated in figure 2.
The use of more than one enzyme lessens the likeli-

hood of missing comigrating or small ECFs (Darras et
al. 1988) and also allows a distinction to be made be-
tween junction fragments and RFLPs. This distinction
is important, since a junction fragment suggests the pos-

pQO

sibility of a partial exon deletion. Individuals with junc-
tion fragments visualized by cDNA probes were there-
fore excluded from the frameshift analysis, although
those individuals with junction fragments detected only
by genomic probes p20 or GMGX11 were included.
Putative junction fragments are shaded black in figure 1.
The results ofhybridization with genomic probes p20

and GMGX11 are also included in figure 1. In this study,
29/80 deletion patients have deletions of p20, and
37/80 have deletions of GMGX11. The large number
of deletions with endpoints within p20 made it possi-
ble to order genomic fragments a-d detected by this
probe, again by ordering overlapping deletions. Hybrid-
ization with p20 revealed HindIII and EcoRI RFLPs,
in addition to those previously described with MspI
and EcoRV. The sizes and relative order of these frag-
ments are described in the legend to figure 1.
The clone cDNASb-7 detects comigrating ECFs of

1.5 kb and 12 kb on HindIII and EcoRI digests, respec-
tively. To eliminate any ambiguity this may cause, a
0.5-kb HinclI subclone ofcDNASb-7, which detected
HindIII ECFs of 0.5 kb, 1. B, and 4.1 kb and EcoRI
ECFs of 4.2 kb, 12 kb, and 25 kb was therefore used
to visualize the most 3' ECFs ofcDNA5b-7. This 0.5-kb
subclone revealed a novel EcoRI fragment of approxi-

GMGX1 1

NUMBER OF 5'
BREAKPOINTS

NUMBER OF 3'
BREAKPOINTS

TOTAL BREAKPOINTS

5 30 16 0 9 5 0

1 3 5 12 0 5 5 5 14 10 8 6 2

2 8 35 28 0 14 10 6 20 11 9 6 2

CODONS/EXON [3J [ E
BORDER TYPE 2 3 2 3 3 3 3 1 3

ECFs Hindil(Kb) 4.2 11 4.1 0.5 1.5 10 1.25+3.8 1.6 3.7 3.1 7 7.8 8.3 2.3

25 4.2 12 20 11 7 22 7.5 6

5.1 3.7 0.8 5.6 5.2 6.8 0.7 3.7/10.8 14

Cosemid 14
Cosmid 4

Figure 2 Localization of deletion breakpoints. The position of 5' and 3' deletion breakpoints is indicated with respect to HindIll,
EcoRI, and PstI ECFs. The open boxes represent ECFs. The numbers within the boxes represent the number of codons in that exon, where
known (Baumbach et al. 1989). The lines between boxes represent intronic sequences. Exon boundaries were defined by comparison of
intron/exon boundaries (Baumbach et al. 1989) with the protein sequence (Koenig et al. 1988). The exon border number indicates the relative
position of each intron/exon border with respect to the translational reading frame. A border of "3" means that the intron/exon border
occurs between intact codons in the mRNA (i.e., after codon position 3). A border of "1" or "2" means that the border occurs after the
first or second nucleotide of the codon, respectively (nomenclature from Koenig et al. 1989). The translational reading frame is maintained
if a deletion juxtaposes the 3' exon border of the exon preceding the deletion to a 5' exon border of the same border type. A frameshift
occurs if a deletion juxtaposes differing 3' and S' border types. ECF sizes are indicated in kilobases for HindIII, EcoRI, and PstI restriction
digests. The PstI RFLP is detected by cDNA8 (Darras and Francke 1988).

EcoRI(Kb)

Psi (Kb)
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mately 6.6 kb replacing the 12-kb EcoRI band in DNA
from four patients (families 20, 32, 89, and 218) with
deletions of the 0.5-kb HindIII ECF. The finding of
a similar novel fragment in all four patients raises the
possibility of a common junction fragment for three
of the four (the deletion in family 218 extends further
into the p20 intron). If this is the case, a common mech-
anism of deletion is an interesting possibility for these
patients.

Analysis of Deletion Breakpoints

The location of deletion breakpoints (fig. 1) with re-
spect to ECFs is summarized schematically in figure 2.
Although the region is clearly deletion prone, there is
no single intron that stands out as the major contribu-
tion to 5' or 3' breakpoints. The three introns that con-
tribute most breakpoints are the "p20 intron' the in-
tron adjacent to it on the 3' side, and the "GMGX11"
intron. For two of these introns, genomic clones p20
and GMGX11 allow further delineation of breakpoints
within the intron. Ten of 29 deletions detected by p20
have one breakpoint within p20, and 9 of these 10 de-
letions extend toward the 3' end of the gene. This is
comparable to an earlier study in which 15/49 BMD/
DMD patients with p20 deletions had one breakpoint
within p20 itself (Wapenaar et al. 1988). Clone p20
is a deleted derivative of a cosmid clone, and therefore
these 10 breakpoints must lie within about 40 kb on
the chromosome (Wapenaar et al. 1988). Wapenaar et
al. (1988) placed p20 15 kb 5' to the 0.5-kb HindIII
ECF, and in our study there are four additional break-
points within this 15 kb. All four of these deletions ex-
tend toward the 3' end of the gene.
Ten of the 14 3' breakpoints in the GMGX11 intron

lie on the 3' side of GMGX11, and two others are de-
tected as junction fragments by GMGX11 (fig. 1). A
cosmid clone (cosmid 4; fig. 2) has been isolated that
contains GMGX11 and the 3'-adjacent 3.1-kb HindIll
ECF at opposite ends. Three of the six 5' breakpoints
in the GMGX11 intron also lie within this cosmid, in-
dicating that, in the absence of a cloning artifact, at
least 13 breakpoints lie within the 40 kb covered by
this clone. The 1.6-kb and 3.7-kb HindIlI ECFs have
also been localized within a single cosmid (cosmid 14;
fig. 2), suggesting that, in the absence of a cloning ar-
tifact, the intron between them, containing six break-
points, is no more than 40 kb in size.

Correlation of Genotype Analysis with Phenotype
Eight of the nine BMD patients in our study have

deletions of genomic clone p20, and the deletions in

all nine patients cluster toward the S' end of the dele-
tion hot spot. This is in agreement with earlier findings
with cDNA clones Cf23a and Cf56a, which showed
that the more 5' clone Cf23a preferentially detected de-
letions associated with a BMD phenotype while the
more 3' clone Cf56a preferentially detected deletions
associated with a DMD phenotype (Forrest et al. 1988).
It is notable that all 13 in-frame deletions in this study
commence in the "p20 intron" (fig. 1), with the excep-
tion ofthe most seriously affected patient, (78)703. Half
of allBMD patients in an earlier study (Read et al. 1988)
had deletions with a breakpoint in this intron.

Thirty-eight independent patients are classified as
DMD, BMD, or intermediate and have deletions con-
fined to the eight exons with defined intron/exon bound-
aries (Baumbach et al. 1989). Eight BMD and one in-
termediate patient have in-frame deletions oftheDMD
gene, while 21 DMD, 7 intermediate, and 1 BMD pa-
tient have frameshift deletions of the DMD gene (fig.
1). These data, with two exceptions, are in accordance
with the frameshift hypothesis ofMonaco et al. (1988).
The most notable exception is BMD patient (191)1406
with an apparent frameshift deletion of theDMD gene,
who underwent surgery and bracing at age 14 years and
was wheelchair bound by age 18 years. He represents
the most severe end of the BMD spectrum (severity 4).
The exon deleted in BMD patient (191)1406 was also
detected in a BMD patient (one of three exceptions to
the frameshift hypothesis) in the study of Baumbach
et al. (1989).
Only one apparent in-frame gene deletion is as-

sociated with a more severe (intermediate) phenotype.
It is interesting that this deletion represents the smallest
in-frame deletion of the DMD gene in this group: 62
codons in patient (78)703 (severity 2). The deletion
of the gene in 78(703) is unique among the 80 patients
in our group. The association of his severe phenotype
(severity 2) with the apparent in-frame deletion of a
single exon suggests that the exon within the 1.25/3.8-
kb HindIII ECF might encode a critical part of the pro-
tein. This is unlikely, however, given that this deletion
is included within three other in-frame deletions of the
DMD gene that result in a milder BMD phenotype.
The severity ofphenotype was assessed on a numeri-

cal scale from 1 to 5, independently ofthe deletion data,
by one of us (E.G.M.), as described in Material and
Methods. All patients (including those younger than
age 12 years but not yet wheelchair bound) were graded
in this way, with the exception of the youngest in-
dividual, (249)1760, who is not yet 3 years of age. The
correlation between phenotypic severity and the pre-
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dicted effect on the translational reading frame of the
exon(s) deleted could be examined in 51 independent
families by this classification (fig. 3). Patients with junc-
tion fragments or with deletions that extend outside
the eight exons with defined intron/exon boundaries
were excluded. Among these 51 families there are no

exceptions (other than the two patients already de-
scribed above) to the hypothesis that a severe pheno-
type (severity 1-3) is associated with deletions of the
DMD gene that apparently disrupt the translational
reading frame while a mild phenotype (severity 4 or

5) is associated with deletions of the DMD gene that
apparently maintain the translational reading frame.
The most severely affected group of patients (severity

1) are those deleted for the 4.1-kb HindIII ECF. The
most disparate group, that deleted for the 0.5-kb HindIll
ECF, includes 11 patients with severities ranging from
1 to 4. This group includesBMD patient (191)1406 with
a frameshift deletion of the DMD gene. It is notewor-
thy that a wide spectrum ofphenotypes is also associated
with the deletion of exons 3-7 (Malhotra et al. 1988),
which includes patients who fail to conform to the
frameshift hypothesis.

There is no strong correlation between IQ and dele-
tion type in our patient group (Appendix and figs. 1,
3). Patient (58) 661, with an IQ of 30-50, had a unique
deletion with an as yet undetermined effect on the trans-

lational reading frame. His deletion is completely en-

compassed by two other deletions of the DMD gene,

one of these in a patient with a measured IQ value of
77. Two overlapping deletions with measured IQ values
of 86 and 91 include all the exons deleted in 58(661)
and extend beyond his deletion toward opposite ends
of theDMD gene. This rules out a gene with neurolog-
ical function contained within an intron deleted in the
retarded boy. The mean IQ for the 19 patients with mea-
sured IQ values and frameshift deletions of the DMD
gene is 88.2, which does not differ significantly from
the mean of 86.5 for the group as a whole. This argues

against a neurological function for that portion of the
DMD gene 3' to the deletion hot spot, unless the hot-
spot region of the gene is removed by differential splic-
ing in neurological tissue.

Discussion

Clustering of Deletion Breakpoints

It has been noted that, in proportion to its size in
the genome, deletions of theDMD gene occur at a fre-
quency comparable to those of other X-linked genes,

such as FVIIIc, HPRT, or OTC. (Koenig et al. 1987;

Hindill ECF: 4.1 0.5 1.6 10 1.2 1.6 3.7 3.1

3.8
Exonboundy 2 3 2 3 3 3 3 1 3

FAMo PAT# EV. icbCODONS

34 580
34 690

664
64 677
131 977
32 51X
76 698
2 318
2 306
31 583
31 522
60 670
134 1000
166 1258
74 356
38 330

45 600

68 681

85 720
24 447
36 502
56 651

2D 432
102 760
108 820
218 1616
78 703
2 344
203 1473
155 1159
63 676
75 697
186 1379
99 770
1 335
1 312
113 647
113 648

84 927

37 76
97 764

142 1054
724

115
1 324

723

191 1406
139 1043

167 1193
10 378
10 377

30 511
30 623

146 1070
161 1210
18 135
214 16
214 166

234 168

52 628
114 650

1 7 49113
1 TY 49113
1 10 49113
1 10 401/3
1 7 49113
1 TY 56 23
I .19 82/3

1 10 70113
1 10 70113
I c11 70113
1 TV 70113
1 11 77 213
1 TY 7723
1 TY 13214
1 9 231 2
1 8 290113
1 9 230113
1 TY 290113
1 10 290113
1 10 309113
1 10 309113
1 11 309113

2 10 582/3
2 c13 5823
2 TV 68213

2 10 682/3

2 12 62
2 TY 70113
2 TV 701/3
2 -11 77213
2 11 991/3
2 TY 132113
2 TY 132113
2 11 1951/3
2 11 231 23
2 11 2312/3
2 12 23123
2 12 231 21
2 12 309113

3 14 58 23
3 -13 68 21
3 TY 58213
3 15 68213
3 13 195113
3 13 23123
3 12 290113

4 18 26
4 TY 220

5 158
5 158
5 A(17)158
5 TY IN
5 A(31) 156
5 A(20)158
5 A(16)22
5 A(22)220
5 A(33)220
5 A(35) 220

5 TY 254
5 A(18) 254
5 A(18)254

Figure 3 Correlation of phenotype with number of codons
deleted. Patients are grouped according to the severity of their pheno-
type on a scale from 1 to 5 as described in Material and Methods.
The HindIII ECFs deleted in eachpatient are indicated by hatched (EM;
frameshift) or shaded (MI; in frame) bars. Exon boundaries were

defined by comparison of intron/exon boundaries (Baumbach et al.
1989) with the protein sequence (Koenig et al. 1988). The number
of codons deleted and the age at which each patient became wheel-
chair bound (wcb) are indicated. Further clinical details are given
in the appendix.

Darras et al. 1988). On the basis of the assumption
that deletion breakpoints are uniformly distributed, it
can be argued that the greatest number of breakpoints
should occur in the largest introns (with exon sizes be-
ing negligible in relation to the gene as a whole). In
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our group of 181 patients, 123 deletion breakpoints fall
in the estimated 650 kb between JBir and GMGX11
(Burmeister et al. 1988; Wapenaar et al. 1988), which
corresponds to a minimum breakpoint density of 1.0
breakpoint/million bases (Mb)/patient. Since 60% of
our 181 patients have partial deletions of the 2.4-Mb
DMD gene (0.5 breakpoints/Mb/patient), the break-
point density of the deletion-rich region is double that
for the gene as a whole.
At least 13 breakpoints lie in the 40 kb (cosmid 4)

between GMGX11 and the adjacent 3.1-kb HindIII ECF,
six breakpoints lie in the 40 kb or less (cosmid 14) be-
tween the 1.6- and 3.7-kb HindIII ECFs, 10 breakpoints
lie in the 40 kb of p20 itself, and 4 breakpoints lie in
the 15 kb between p20 and the 0.5-kb HindIII ECF.
The breakpoint densities of these four intervals of the
deletion-rich region are 1.8, 0.8, 1.4, and 1.5 break-
points/Mb/patient, respectively, while the weighted
mean (1.4 breakpoints/Mb/patient) is two- to three-
fold higher than the estimate for the gene as a whole.

For comparison, six deletion breakpoints in intron
7 were detected among the same 181 patients. Intron
7 lies within the "minor deletion hot spot" at the 5'
end of the DMD gene and is 110 kb in size (Burghes
et al. 1987). The breakpoint density for this intron is
0.3 breakpoints/Mb/patient, a little below the average
for the gene as a whole. Relatively few intron sizes are
known, but the mean intron size (35 kb; Koenig et al.
1987) and the estimated breakpoint density for the gene
as a whole suggest that 3.2 breakpoints should occur
per "average" intron in our patient group. There are
very few deletion breakpoints in cDNA10-14, which
suggests that the breakpoint density for this region may
be even lower than that observed for intron 7.

Clustering of breakpoints could be due to either
sequence-specific (homologous) or structure-specific
(nonhomologous) recombination hot spots. Nonho-
mologous recombination mechanisms are attractive for
the relative ease with which they can account for the
diversity of deletions observed in this study. By com-
parison, one might predict that homologous recombi-
nation mechanisms would result in a relatively small
number of endpoints. However, given the high frequency
of deletions and the considerable heterogeneity of de-
letion endpoints, it seems probable that both types of
mechanism contribute to the generation of deletions.

Deletions might occur as a consequence of non-
homologous recombination between widely separated
sequences that are physically close in the nucleus as a
result of anchorage to the nuclear matrix. One model,
involving loss of a complete chromatin loop, predicts

deletions of approximately equal size with different end-
points (Vanin et al. 1983). Anand et al. (1988) pro-
posed that deletions might occur by deletion of newly
replicated DNA loops, the size of the deletion being
dependent on the length ofDNA replicated. One end-
point of such a deletion is defined by the region im-
mediately adjacent to the nuclear-matrix attachment
site, while the second is potentially defined by a DNA-
polymerase pause site. The attachment site itself is not
deleted, so deletions appear to fan out from the attach-
ment site.
The 5' and 3' deletions in our study are not appar-

ently staggered as would be predicted by the model of
Vanin et al. (1983) but appear rather to fan out from
specific regions. This is notable for three introns-
namely, the two introns flanking the 0.5-kb HindIII ECF
and the GMGX11 intron (fig. 2)-with some directional
bias to the deletions commencing in the p20 and
GMGX11 introns. These data would tend to support
the model of Anand et al. (1988). The apparent direc-
tional bias in our study could perhaps be explained by
an asymmetric distribution of DNA-polymerase pause
sites.

The Frameshift Hypothesis

Our data, with two exceptions, support the hypoth-
esis that, for eight exons within the deletion-rich re-
gion, a more severe phenotype results from a frameshift
deletion of the DMD gene than from one that main-
tains the translational reading frame. The most nota-
ble exception in our series is BMD patient (191)1406,
who has an apparent frameshift deletion of one exon
of theDMD gene. The same exon was deleted in a BMD
patient who represents one of three exceptions to the
frameshift hypothesis in the study of Baumbach et al.
(1989). This suggests that there may be unique features
of deletions of this exon that account for its occasional
failure to conform to the frameshift hypothesis.
The low incidence ofBMD patients with frameshift

deletions observed for the eight exons in our study (1
patient in 38) is in contrast to that observed for the
first 10 exons of the gene (6 of 29 patients, Malhotra
et al. 1988). Each ofthe sixBMD patients in their study
had a deletion of exons 3-7, a deletion expected to cre-
ate a frameshift if exon 2 is spliced to exon 8 in the
mRNA. Three mechanisms could account for these un-
expected findings (Malhotra et al. 1988): (1) splicing
of exon 2 to exon 9 or of exon 1 to exon 8, resulting
in an mRNA with an in-frame deletion, (2) reinitiation
of protein synthesis at an in-frame putative translational
start site in exon 8, and (3) transcription from a postu-
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lated promoter in intron 7 that might initiate protein
synthesis from the same putative translational start site.

Altered splicing is the most likely explanation to ac-

count for the two patients in our study who apparently
fail to conform to the frameshift hypothesis. Point mu-
tations that adversely affect mRNA splicing, by either
the generation ofnovel splice sites or utilization ofcryp-
tic splice sites, have been described for the 0-globin gene.

Three point mutations within intron 2 that generate

new donor sites for mRNA splicing result in transcripts
that also utilize a cryptic acceptor site located 5' to each
of the three mutations. Consequently, intron sequence

is included in the processed mRNA, despite the pres-

ence of normal donor and acceptor sites flanking in-
tron 2 (reviews by Kazazian and Antonarakis 1988; Or-
kin 1987).
The reading frame of the deletion in BMD patient

(191)1406 would be restored if alteration of a normal
splice-site consensus resulted in failure to include ei-
ther exon that flanks his deletion. This deletion is un-
likely to disrupt the normal donor site of the preceding
exon, however, as its 5' breakpoint lies within p20. The
reading frame could also be restored by inclusion of
intron sequences in the message, an inclusion resulting
from activation of a cryptic splice site or from genera-

tion of a novel splice site within flanking introns.
The severe phenotype in patient (78)803, who has

an apparent in-frame deletion of the gene, may also
be explained by altered splicing. The translational read-
ing frame in this patient might be disrupted by inclu-
sion of intron sequences within the mRNA, either by
activation of a cryptic splice site or by the generation
of a novel splice site in flanking introns. Both exons

flanking the deletion in (78)703 code for an integral
number of codons, so that alterations to flanking con-

sensus sites to include either of these exons in themRNA
would not disrupt the translational reading frame.

Deletion Analysis for Diagnosis of DMD

Deletion studies such as this reveal a number of prac-
tical tips for the routine diagnostic-service laborato-
ries. All deletions in this study could have been detected
by hybridization of cDNA probes to HindIlI, EcoRI,

or PstI digests, although none of these restriction en-
zymes is ideally suited to such an analysis. The large
(20 kb or more) ECFs detected by EcoRI are difficult
to resolve, while the small (less than 1 kb) ECFs de-
tected by PstI and HindIII are difficult to visualize. Both
the 25-kb EcoRI ECF and the 1.5-kb HindIII ECF hy-
bridize weakly to cDNA5b-7. BglI digests are not a
suitable alternative for screening deletions in this re-
gion, because of the failure of cDNA8 to resolve two
BgIIH ECFs (Darras and Francke 1988).

Further constraints are involved when the entire
cDNA is to be used for deletion analysis, making the
use of multiple blots (with different enzymes and vary-
ing concentrations of agarose and conditions for elec-
trophoresis) almost obligatory. Thus it seems likely that
the multiplex polymerase chain-reaction (PCR) recently
outlined by Chamberlain et al. (1988) will prove the
method of choice for preliminary screening for dele-
tions. Sixty-six of the 80 deletions described here could
have been detected by multiplex PCR using the primer
sets described by Chamberlain et al. (1988), which de-
tect exons 8, 17, and 19 and HindIII ECFs of 4.1 kb,
0.5 kb, and 1.25/3.8 kb. This number can be increased
to 75 of the 80 deletions (94%) by multiplex PCR using
more recent primer sets (which additionally detect exon
4, exon 12, and the 3.1-kb HindIII ECF).
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