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Summary

About 60% of both Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD) is due
to deletions of the dystrophin gene. For cases with a deletion mutation, the "reading frame" hypothesis
predicts that BMD patients produce a semifunctional, internally deleted dystrophin protein, whereas DMD
patients produce a severely truncated protein that would be unstable. To test the validity of this theory, we

analyzed 258 independent deletions at the DMD/BMD locus. The correlation between phenotype and type
of deletion mutation is in agreement with the "reading frame" theory in 92% of cases and is of diagnostic
and prognostic significance. The distribution and frequency of deletions spanning the entire locus suggests
that many "in-frame" deletions of the dystrophin gene are not detected because the individuals bearing
them are either asymptomatic or exhibit non-DMD/non-BMD clinical features.

Introduction

Duchenne muscular dystrophy (DMD) is a severe
X-linked myopathy with an incidence of 1/3,500 male
births (Engel and Banker 1986). DMD is allelic with
Becker muscular dystrophy (BMD), a clinically similar
but less severe form of myopathy affecting 1/30,000
males. The gene that, when defective, results in DMD
or BMD consists of a minimum of 65 exons spread
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over nv2,000 kb (Koenig et al. 1987; van Ommen et
al. 1987; Burmeister et al. 1988). Intragenic deletions
appear to be the most common gene defect leading to
DMD or BMD (Forrest et al. 1987; Koenig et al. 1987).
On the basis of analysis of a limited set of deletions,
Monaco et al. (1988) proposed that DNA deletions
resulting in the clinically less severe BMD bring together
exons that maintain the translational reading frame of
the messenger RNA. Such deletions should allow the
production of an internally deleted dystrophin protein
that may be at least partially functional. Conversely,
deletions resulting in the more severe DMD bring to-
gether exons that disrupt the translational reading
frame, which should result in the production of a se-
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verely truncated molecule. Western blot analysis of the
gene product, dystrophin, supports this hypothesis, as
DMD patients have no detectable protein while most
BMD patients have dystrophin of reduced size (Hoffman
et al. 1988). Recently, however, Malhotra et al. (1988)
described deletions within the first 10 exons of the dys-
trophin gene that apparently contradict the reading-
frame model. Here we present our analysis of deletions
spread over most of the dystrophin gene. We have de-
termined the consequence of these deletions on the dys-
trophin mRNA reading frame and have correlated this
information with the clinical severity of muscle weak-
ness. In addition, the large number of different dele-
tions gathered in this collaborative study allows analy-
sis of the relative importance of dystrophin domains
with respect to the disease.

Material and Methods

Clinical Classification of Patients

We studied only patients older than 8 years because
classification of younger patients is less reliable, espe-
cially if no other individuals in the family are affected.
Patients were classified as DMD or BMD, depending
on the severity of muscle weakness (Engel and Banker
1986). The age when patients became permanently
wheelchair bound was the main clinical parameter used
for classification, but for young patients the progres-
sion of muscle weakness at present age was used. Pa-
tients wheelchair bound by age 13 years, as well as am-
bulatory patients between 8 and 13 years of age and
with severe muscle weakness typical of DMD, were
classified as DMD. BMD patients were those who re-
mained ambulatory past the age of 15 years. Patients
younger than 15 years of age and with a myopathy less
severe than that of typical DMD, as well as patients
who became wheelchair bound between ages 13 and
15 years, were classified as being in an intermediate
group, to indicate clinical uncertainty.

Cloning of Genomic Fragments Containing Exons of the
Dystrophin Gene

Lambda phages or cosmids containing exons 22, 43,
45, and 60 have been previously cloned by genomic
walking or jumping (Monaco et al. 1987; van Ommen
1987; Wapenaar et al. 1988; den Dunnen et al., in press).
Intron sequences flanking exon 41 were obtained from
a partially spliced cDNA clone (Koenig et al. 1988).
Phages containing the other exons (table 1) were iso-
lated from genomic libraries screened with the dystro-

phin cDNA probes 5b, 8, and 9a. The exon-intron
boundaries were determined as described elsewhere
(Koenig et al. 1988). The flanking intron sequences are
freely available on request.

Deletion Analysis

Deletion breakpoints in the dystrophin gene were
mapped relative to exons by Southern blot analysis,
usingcDNA probes spanning the entire 14-kb transcript
(Koenig et al. 1987). Data are presented for deletions
in which all missing exons could be established unam-
biguously. We excluded from the study any deletions
that were incompletely characterized when all data were
pooled, as well as the deletions for which an abnormal
sized fragment ("junction fragment") was detected with
the cDNA probe. Cases with junction fragments were
excluded because it is not always possible to identify
which exon(s) is/are present in the junction fragment
and because the breakpoint in the junction fragment
might occur within an exon or in the flanking splicing
sequence and thus have unpredictable consequences on
the reading frame. However, it is possible that we failed
to detect-and thus to exclude-very small junction
fragments or junction fragments that contain only a
portion of an exon. We assumed that the presence of
an intact genomic fragment indicated that the exon and
its flanking splicing sequences were intact, since the re-
striction sites that define the genomic fragment are lo-
cated at a distance from these sequences. In most cases,
the extent of deletion was established from HindIII
digests of genomic DNA. In some cases, however, the
EcoRI pattern (Burghes et al. 1987) or the BglII pattern
(Darras and Francke 1988b) was concomitantly ana-
lyzed to confirm the results obtained from HindIll
digestion.

Results

The consequence of a deletion on the reading frame
was determined by examining the type of exon-intron
borders of the remaining two exons that flanked the
deletion. The exon borders were classified as one of
three types (1, 2, or 3) depending on their position in
the coding triplets (table 1). A deletion that juxtaposes
two exons with borders of the same type maintains the
reading frame. In contrast, a deletion that juxtaposes
two exons with borders of a different type disrupts the
reading frame, leading to early termination of protein
translation. Figure 1 illustrates the analysis of three de-
letions, one that maintains and two that disrupt the
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Table I

Exon Boundaries of 17 Exons Distributed over the Rod Domain of the Dystrophin Gene

HindIII Genomic Fragment Exon 5' Border Type Starts Ends 3' Border Type

20 ................. 22 1 3012 3157 3
31 3 4442 4552 3

18 ................. 32 3 4553 4726 3
33 3 4727 4882 3

.4 ................. 35 3 5054 5233 3
1.3 ................. 36 3 5234 5362 3
1.5 ................. 37 3 5363 5533 3
6.2 ................. 41 3 5948 6130 3
11 ................. 43 3 6326 6498 2
.5 ................. 45 3 6647 6822 2
10 ................. 47 3 6971 7120 3
1.25 + 3.9 ............. 48 3 7121 7306 3
1.6 ................. 49 3 7307 7408 3
3.7 ................. 50 3 7409 7517 1
3.1 ................. 51 1 7518 7750 3
7.8 + 1.0 .............. 53 1 7869 8080 3
8.3 ................. 54 3 8081 8235 2
2.3 ................. 55 2 8236 8425 3
3.5 ................. 60 3 9146 9292 3

NOTE. - The position of the exon boundaries is given relative to the cDNA nucleotide sequence (Koe-
nig et al. 1988). The exon-intron boarders are classified as 1, 2, or 3 if they are after the first, second,
or third nucleotide of a coding triplet, respectively. The intron-exon borders are thus also classified as
1, 2, or 3 if they are before the second, third, or first nucleotide of a coding triplet, respectively. The
exon-containing HindlIl genomic fragments are designated by their size in kbp. The numbering of the
exons as indicated in table 1 and fig. 1 is still preliminary, since some exons have not been sequenced.
The numbering of these latter exons is based on the repetitive nature of this portion of the dystrophin
gene and on genomic mapping analysis. The exon numbers are used in the text for the sake of clarity.

reading frame. The boundaries of the first 21 exons of
the DMD gene have been described elsewhere (Koenig
et al. 1988; Malhotra et al. 1988; Monaco et al. 1988).
In the present study, we cloned and sequenced 17 addi-
tional exons. The position of the exon borders relative
to the cDNA nucleotide sequence is given in table 1.
Of the 420 independent deletions available (Koenig

et al. 1987; Darras et al. 1988; Liechti-Gallati et al.
1989; Lindlof et al. 1989; Gilgenkrantz et al., in press;

and present study), 273 deletions (fig. 2) fulfilled the

criteria outlined in Material and Methods. For 10 of
the 273 deletions, the consequence of the deletion on

the translational reading frame could not be determined
because the type of one of the two relevant exon borders
was not determined. Deletions in five DMD patients
included the first exon, and therefore no protein is ex-
pected to be produced, because of the lack ofpromoter
and initiation site for translation. For the remaining
258 deletions, we obtained the following data: 60 of
70 BMD and intermediate patients had a deletion that

Figure I Examples of three frequent types of deletion in the dystrophin gene. Panels A-C; Southern blot analysis of HindIII-digested
genomic DNA from DMD and BMD patients. Lane Al, HindIII-digested lambda molecular-weight marker DNA; lanes A2, B1, B2, B3,
B4, Cl, and C2, DMD patients (lanes Bi and B3 and lanes B2 and B4 are from the same patients, respectively); lane A3, BMD patient;
lanes A2 and A3 simultaneous hybridization with probes 7 and 8; lanes B1 and B2, hybridization with probe 7 alone; lanes B3, B4, Cl,
and C2, hybridization with probe 8 alone. Exon deletions in the dystrophin gene can be identified in lanes A3, B1, and C2 with other patients
not exhibiting a deletion in this region. All exons detectable with probe Sb-6 were present in the DNA of patient B1/B3 (data not shown).
The 1.2-kb fragment in panel A was clearly visible on a longer exposure. A diagram of the extent of the deletions shown on panels A-C
is represented below the panels. a, Dystrophin cDNA probes; b, size of HindIII exon-containing fragments detected with dystrophin cDNA
probes; c, exon border type. Interruptions in the black bars represent the extent of the deletions. A, B, and C refer to the deletions shown
on panels A, B, and C, respectively. Deletion A (BMD patient) maintains the reading frame, while deletions B and C (DMD patients) disrupt
the reading frame.
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Deletions in X-linked Muscular Dystrophy

maintained the reading frame (in-frame deletions), and
178 of 188 DMD patients had a deletion that disrupted
the reading frame (out-of-frame or frameshift deletions).
Thus, the correlation between deletion and phenotype
fit the reading-frame model in 238 (92%) of the 258
cases. Twenty cases were in contradiction with the
model. Ten patients with BMD or intermediate muscu-
lar dystrophy had an out-of-frame deletion, seven of
them having deletions of exons 3-7. Interestingly, five
DMD patients had a similar deletion. The other 10 ex-

ceptions were DMD patients who had deletions that
did not disrupt the reading frame. In 3 of these 10 cases

the deletion was especially large (30, 32, and 44 exons),
probably resulting in a protein too small to be func-
tional. For the seven other DMD exceptions, it is un-
likely that the deletions involve domains crucial for the
function of the protein, since larger in-frame deletions
involving the same domains have been found in BMD
patients. It is possible that some of the exceptions to
the reading-frame rule are due to limitations of the
Southern blot technique used in the present study or

that the clinical progression of some patients less than
13 years old may be different from what was predicted
at initial diagnosis.

For the BMD cases due to an in-frame deletion, we
analyzed the age at loss of ambulation with respect to
both the size ofprotein deletion and the domains deleted
(table 2). Of 57 patients with small deletions (1-13
exons), 25 were still ambulatory at age 24 years (some
were still ambulatory beyond age 64 years), and three
became wheelchair bound at ages 16, 18, and 21 years,

respectively. The 29 other patients were less than 23
years old and still ambulatory. On the other hand, three
patients had large in-frame deletions (removing 24-27
exons in the rod domain); two were in wheelchairs by
age 16-17 years, and one was ambulatory at age 26
years. Another large deletion, for which the effect on
the reading frame could not be determined, involved
at least 19 exons and extended slightly beyond the rod
domain; that patient became wheelchair bound at age
14 years. Those four largeBMD deletions were smaller
than the three large in-frame deletions found in DMD
patients (30, 32, and 44 exons deleted, respectively),
indicating that, for the cases with large in-frame dele-
tions, the severity of the disease correlates with the size
of the deletion. The clinical expression of the small de-
letions showed an unexpectedly high variability, even

for deletions of the same exons. For example, 22 pa-

Table 2

Ambulatory Status of BMD and Intermediate Patients with In-frame Deletions

Age When Wheelchair Bound
Exons Deleted (years)

3 >29 18
3-4 z30 >20
3-16 >29
5-9 >19 >17
5-13 >10
10-33 >26 16/17
10-36 16
13 >17
45-47 >64 >52 >40/>29 >35 >35 >34 >33

301>15 30/>10 >28 >27 >25 >22 21
>19 >19 >18 >18 >16 >16 >15
>15

45-48 >64/>15 >42 >41 >28 26 >22 >15
>15 >15 >12 >9 >8

45-49 >31/>21 z25 >22 >20
45-53 >27 >8
45-55 >16
46-54 -25
47 16
48-49 53 >18 >14 >11

NOTE.-The extent of deletions is indicated by the number of the first and last exons deleted. The
ages when patients became wheelchair bound is indicated. Patients still ambulatory are indicated by ">[age
at last clinical examination]" (e.g., >29). Related patients are separated by a slash (e.g., 16/17).
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tients had deletion of exons 45-47; one of these pa-
tients became wheelchair bound at age 21 years, and
two were still ambulatory at ages 52 and 64 years,
respectively (table 2).
DMD patients with deletions beginning with exons

54 55, or 58 could potentially synthesize the first three-
quarters of the dystrophin protein, including the N-ter-
minal domain and the first 22 or 24 repeat units of
the rod domain. These truncated molecules are pre-
dicted to lack only the last 800-1,000 amino acids, in-
cluding the cysteine-rich and C-terminal domains, and
are either nonfunctional or unstable, because they re-
sult in DMD. Therefore, at least a part of the last two
domains of dystrophin seems to be essential for the func-
tion or stability of dystrophin. In contrast, the first two
domains can be entirely missing (N-terminal domain)
or partially missing (up to 1,400 amino acids or 13
repeats of the rod domain) and still result in the milder
BMD.

Interestingly, we found no small in-frame BMD or
intermediate deletions involving exons 31-44, despite
the numerous possibilities to create in-frame deletions
in this region. In contrast, several out-of-frame dele-
tions in this region were found in DMD patients and
in two intermediate patients. This anomaly becomes
more striking when one considers the frequency of de-
letions that have one breakpoint between exons 44-45.
The intron between exons 44 and 45 is the one most
frequently involved in deletion breakpoints, at least in
part because of its extremely large size (den Dunnen
et al., in press; Gilgenkrantz et al., in press). Eighty-
three deletions (fig. 2) had one breakpoint in that in-
tron: 43 patients with either BMD or intermediate my-
opathy had in-frame deletions, and 29 DMD patients
had out-of-frame deletions that extended toward the
3' end of the gene, while 11 DMD out-of-frame dele-
tions extended toward the 5' end of the gene (these lat-
ter 11 deletions are deletions of exon 44 alone). It is
particularly puzzling that no BMD deletions starting
in that very large intron and extending 5' to exon 44
have been found, since such deletions should be in-
frame. Perhaps some internal deletions, particularly
between exons 31 and 44, yield either no clinical
manifestations or very mild limb weakness. We also
found no deletions in the region encoding the cysteine-
rich and C-terminal domains, but both BMD and DMD
deletions are underrepresented in those regions.

Discussion

The present data help to define BMD and DMD at

the molecular level and should be useful in establishing
the prognosis for individual patients even in sporadic
cases with no affected relatives. Clinical/molecular
correlations based on the alteration of the reading frame
are valid in 92% of cases. Deletions of exons 3-7 (Mal-
hotra et al. 1988; present study) have no consistent clin-
ical pattern, while either deletions of the first exon or
large in-frame deletions (30 or more exons) were as-
sociated with DMD. After exclusion of (a) deletions
ofexons 3-7 and (b) large in-frame deletions, the corre-
lation between deletion and clinical severity was as
predicted in 96% of cases. As such, prognosis based
on the extent of deletion has already reached a rela-
tively high level of accuracy, and understanding the mo-
lecular mechanism underlying the exceptions to the
reading-frame rule is likely to improve the accuracy of
this approach. Malhotra et al. (1988) and, more recently,
Baumbach et al. (1989) have reached opposite conclu-
sions; however, both studies were limited to a smaller
subset of deletions for which the reading frame could
be predicted. The combination of genomic deletion
analysis and direct dystrophin analysis (Hoffman et al.
1988) should give maximal diagnostic and prognostic
accuracy, even before the onset of any clinical symptoms.

In the future, routine detection of deletions could
be carried out by the powerful technique ofpolymerase-
chain-reaction (PCR) amplification (Saiki et al. 1988).
The distribution of the deletions (fig. 2) indicates that
PCR amplification of the nine exons 3, 8, 13, 43, 44,
47, 50, 51, and 52 should allow detection of 90% of
all deletions. Once a deletion has been identified, fur-
ther delineation of the exact exons lost could also be
better carried out by PCR amplification of appropriate
sets of exons. This technique should overcome several
limitations of the Southern blot technique, namely,
problems with comigrating fragments, weakly hybridiz-
ing fragments, and characterization ofthe exons in junc-
tion fragments. Our determination of the sequences
flanking 35 exons (Koenig et al. 1988; Monaco et al.
1988; and present study) should be helpful in design-
ing oligonucleotide primers for multiplex PCR am-
plification (Chamberlain et al. 1988) of these exons.

Correlation between phenotype and molecular dele-
tion for a given patient strongly suggests that the two
exons directly flanking the deletion are indeed spliced
together in that patient, resulting in the synthesis of
altered mRNA and protein, as predicted. It is possible,
however, that rearrangements due to deletion break-
points in the intron may alter, in some instances, the
splicing process or that the donor and acceptor splice
sites flanking the deletion may not be compatible. Such
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Figure 3 Correlation of symptomatology with dystrophin domain alterations. Dystrophin domains are as reported by Koenig et al.
(1988). The amino acid scale is given on top. The symptomatology expected for small domain alterations (see Discussion) is indicated below
the domain diagram. Large alterations, such as large deletions and out-of-frame deletions, result in more severe symptoms. Mild = mild
muscular dystrophy, Becker type; severe = severe muscular dystrophy, Duchenne type.

alterations of the splicing specificity might explain some
cases of discrepancy between phenotype and molecu-
lar deletion. All the BMD and intermediate cases with
out-of-frame deletions would produce an in-frame
mRNA if the first exon beyond the distal deletion break-
point is skipped. Position of the distal deletion break-
point within intron 7 (between exons 7 and 8) might
determine whether exon skipping will occur or not and
might thus explain the wide range of phenotypes asso-
ciated with deletions ofexons 3-7 (Malhotra et al. 1988;
present study). A similar mechanism might apply to
the out-of-frame deletion of exon 50 (3.7-kb HindIll
fragment); two intermediate patients (one described in
Baumbach et al. 1989 and one described in the present
study) and six DMD patients (one described in Baum-
bach et al. 1989 and five described in the present study)
have this deletion.
The present data are also useful in analyzing the rela-

tionship of the different dystrophin domains to the
pathophysiology ofDMD and BMD. We assumed that,
for the cases where the phenotype is in agreement with
the reading frame, the dystrophin protein is synthesized
as predicted by the deletion analysis. Interstitial dele-
tions in the N-terminal domain and in both the first
13 and the last 8 repeats result in BMD, while terminal
deletions of both the cysteine-rich and C-terminal do-
mains result in DMD. Darras and Francke (1988a) and
McCabe et al. (1989) have reported a terminal deletion
involving part of the C-terminal domain in a patient
with mild, nonprogressive, Becker-like muscular dys-
trophy. Thus, the region that, when missing, results in
DMD is limited to the cysteine-rich domain and to the
first half of the C-terminal domain. The high degree
of conservation of these domains during evolution
(Lemaire et al. 1988) also indicates that they are essen-
tial for the proper function of dystrophin. Furthermore,
analysis of the distribution of deletions in relation to

exon border types suggests that the frequency of in-
frame deletions may be underestimated. Asymptom-
atic individuals or those with no muscle weakness might
have deletions in the dystrophin gene, and we predict
that such deletions are more likely to occur in the re-
gion of exons 31-44 (repeats 12-18). A tentative "func-
tional" map of dystrophin (fig. 3) can be constructed
from this deletion analysis. This map illustrates that
alterations of the cysteine-rich and/or C-terminal do-
mains appear to be more deleterious than do altera-
tions of other parts of dystrophin and that alterations
of the middle section of the rod domain might be less
deleterious or asymptomatic.
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