
Am. J. Hum. Genet. 45:835-847, 1989

Topography of the Duchenne Muscular Dystrophy (DMD) Gene:
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Summary

We have studied 34 Becker and 160 Duchenne muscular dystrophy (DMD) patients with the dystrophin
cDNA, using conventional blots and FIGE analysis. One hundred twenty-eight mutations (65%) were

found, 115 deletions and 13 duplications, of which 106 deletions and 11 duplications could be precisely
mapped in relation to both the mRNA and the major and minor mutation hot spots. Junction fragments,
ideal markers for carrier detection, were found in 23 (17%) of the 128 cases. We identified eight new
cDNA RFLPs within the DMD gene. With the use of cDNA probes we have completed the long-range
map of the DMD gene, by the identification of a 680-kb Sfil fragment containing the gene's 3' end. The
size of the DMD gene is now determined to be about 2.3 million basepairs. The combination of cDNA
hybridizations with long-range analysis of deletion and duplication patients yields a global picture of the
exon spacing within the dystrophin gene. The gene shows a large variability of intron size, ranging from
only a few kilobases to 160-180 kb for the P20 intron.

Introduction

One of the first genes isolated by means of 'reverse
genetics' was the Duchenne muscular dystrophy (DMD)
gene (Monaco et al. 1986; Burghes et al. 1987; Koenig
et al. 1987). DMD, allelic with the milder Becker mus-
cular dystrophy (BMD) (Emery 1988), is an X-linked
myopathy resulting in death of the patients by early
adulthood. With an incidence of 1/3,500 live male
births, it is one of the commonest severe hereditary dis-
eases known (Emery 1988). TheDMD gene covers more
than 2 million bp (Mbp) (Kenwrick et al. 1987; Van
Ommen et al. 1987; Burmeister et al. 1988) and en-
codes a 14-kb mRNA (Monaco et al. 1986; Koenig et
al. 1987), which is translated into a membrane-as-
sociated protein of 3,685 amino acids (430 kD), named

Received January 17, 1989; final revision received July 27, 1989.
Address for correspondence and reprints: Dr. G. J. B. van Om-

men, Department ofHuman Genetics, State University, Wassenaarse-
weg 72, 2333 AL Leiden, The Netherlands.
i 1989 by The American Society of Human Genetics. All rights reserved.
0002-9297/89/4506-0002$02.00

"dystrophin" (Hoffman et al. 1987; Arahata et al. 1988;
Bonilla et al. 1988; Koenig et al. 1988; Watkins et al.
1988; Zubrzycka-Gaarn et al. 1988).
BMD/DMD carrier detection and prenatal diagno-

sis were initially performed with randomly isolated
genomic probes flanking the gene (Wieacker et al. 1983;
Bakker et al. 1985). Later, intragenic and deletion-
junction probes were isolated, and ultimately the cDNA
was cloned (Monaco et al. 1985, 1986; Ray et al. 1985;
Burghes et al. 1987; Koenig et al. 1987; Van Ommen
et al. 1987). Genomic, cDNA, and field-inversion gel
electrophoresis (FIGE) studies (Den Dunnen et al. 1987;
Forrest et al. 1987; Koenig et al. 1987; Darras et al.
1988) have shown independently that a majority of all
DMD mutations are partial gene deletions.

Current long-range maps of the DMD region were
derived from hybridizations with (mostly) randomly iso-
lated genomic probes. (Den Dunnen et al. 1987; Ken-
wrick et al. 1987; Van Ommen et al. 1987; Burmeister
et al. 1988). However, not all fragments inferred from
partial digestion have been detected individually, and
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the 3' end of the gene has not yet been defined. This
has precluded a definite estimate of the total gene size,
and it left the possibility ofundetected interspersed frag-
ments. The dystrophin cDNA constitutes a probe with
numerous target sites over the entire region. We have
used it in a FIGE analysis to resolve the remaining un-
certainties.

Furthermore, the use of cDNA probes for the diag-
nosis of deletions or duplications in carrier females,
especially when no patients are alive, requires precise
quantitative Southern analysis. In those cases, FIGE
analysis has the advantage of yielding an altered frag-
ment next to a normal internal control (Den Dunnen
et al. 1987; Chen et al. 1988). However, as we have
pointed out elsewhere (Den Dunnen et al. 1987), small
rearrangements may be missed, and altered FIGE frag-
ments might not always involve expressed sequences.
To address these questions, and to attempt to detect

directly the underlying mutation in more cases, we have
studied, with the dystrophin cDNA, all ourBMD/DMD
patients. In this study, we report the results of three
different approaches used to define the genetic defects:
(1) deletion/duplication detection with cDNA probes,
(2) long-range mapping by FIGE analysis, and (3) haplo-
type analysis with genomic probes. The combined study
results in an overall topographical picture of the DMD
locus, induding a refined localization ofgenomic probes,
restriction-enzyme sites, and exons spread over the 2.3
Mb covered by the dystrophin gene.

Material and Methods

DNA Probes

DNA probes (and loci) referred to in the present pa-
per are 754 (DXS84), pERT84-10 (DXS142), XJ1.1
(DXS206), pERT87-1 (DXS164), JBir (DXS270), P20
(DXS269), GMGX11 (DXS239), J66 (DXS268), Li
(DXS68), C7 (DXS28), and B24 (DXS67) (Davies et
al. 1987). Dystrophin cDNA probes (provided by L.
Kunkel [Koenig et al. 1987]) are indicated according
to theirmRNA position. We used, successively this or-
der, cDNA8, cDNAO-2a, cDNASb-7, cDNA2b-3a,
cDNA3b-Sa, cDNA9-10 (7,875-9,786 bp), cDNA11
(9,786-11,137 bp), and cDNA13-14 (12,096-13,973
bp); cDNA12 was not used. cDNA8 was divided into
cDNA8a and cDNA8b at the Bg1II site (7,420 bp). Ini-
tially, we used cDNAO-2 (cDNA-XJ10, provided by R.
Worton [Burghes et al. 1987]), but this gives a more
complex hybridization pattern and does not detect exon
1 as well as does cDNAO-2a.

Screening of Patients
Isolation of high-molecular-weight DNA, both in so-

lution and in agarose blocks, from whole-blood leuko-
cytes or from Epstein-Barr virus-transformed cell lines;
their restriction-enzyme digestion; gel electrophoresis
(conventional or FIGE); blotting; and hybridization have
been described elsewhere (Bakker et al. 1985, 1989;
Den Dunnen et al. 1987). Probes were labeled with
a multiprime kit (Amersham). FIGE electrophoretic
equipment used was the Gene-Tic (Biocent, NL) (Den
Dunnen et al. 1987).
To confirm deletions/duplications and to exclude

RFLPs, we performed at least two different digestions
(HindIII and EcoRI) with the DNA sample of each pa-
tient. We also often used EcoRV and PstI digestions
or existing blots, made in the course of our routine fam-
ily haplotype analysis (Bakker et al. 1989).

Nomenclature of Exonic Hindill Fragments

The 14-kb cDNA detects 65 genomic HindIII frag-
ments (Hd fragments) (Koenig et al. 1987, 1989). They
have been numbered from 5' to 3', and we describe them,
e.g., as Hd33 for the 0.5-kb Hd fragment 33 (table
1). We find HdlO, described as a 4.2-kb fragment, to
be 3.9 kb in size. Hd64 and Hd66 are considered to
be the same fragment of 6.0 kb (McCabe et al. 1989).
Most Hd fragments correspond to only one exon of
the DMD gene, but at least Hd8, Hd9, and Hdl2 con-
tain two exons (Koenig et al. 1987; Monaco et al. 1988).
The cDNA has five internal HindIII sites, resulting in
only three cases in single exons hybridizing detectably
to two genomic Hd fragments. This applies to Hd36+37,
Hd42+43, and Hd64+65, which straddle cDNA
HindIII sites at positions 7,193, 8,012, and 12,972 bp,
respectively (Chamberlain et al. 1988; Koenig et al.
1988; Baumbach et al. 1989). cDNA sequence and pa-
tient deletion data indicate that Hd34 (1.5 kb) and Hd35
(10 kb) each contain a different exon. The exon on Hd34
contains cDNA HindIII site 6,953 bp and extends for
12 bp into the adjacent Hd35 which contains a second
exon further downstream (Baumbach et al. 1989). Simi-
larly, HindIII site 9,281 is located at the extreme 3' end
of the J66 exon (see Results).

Sequencing
Fragments of interest were subcloned in pKUN1

(Konings et al. 1986) and were sequenced with the
dideoxy chain termination method on double-stranded
DNA by using SEQUENASE protocols (UBS Corp.).

836



Topography of the DMD Gene

Results

cDNA Analysis of Patients

Of our 322 BMD/DMD families in 194 cases, DNA
of the proband was available for this study (34 BMD
and 160 DMD). Although not all probes were tested
on each sample, screening with the dystrophin cDNA
enabled us to detect the mutation in 128 cases (65%):
115 deletions, including 17 in BMD, and 13 duplica-
tions (one in BMD). So far, we have not observed dele-
tion and duplication together in one patient.

Deletions

The majority of the mutations detected were genomic
deletions. An example is shown in figure 1A. Patient
DL129.3 is deleted for Hd36-41 (detectable with
cDNA8). HindIII digests screened with cDNA5b-7 and
cDNA9-14 show no abnormalities. Although Hd35 is
normal (lane 1), the corresponding EcoRI fragment (ta-
ble 1) is altered (lane 4), so the deletion begins just dis-
tal to Hd35.

Figure 2 shows all 106 deletions which were precisely
mapped in relation to the dystrophin cDNA. Individual
deletions vary greatly in length, and, while they may
affect any part of the cDNA, they clearly have a non-
random distribution, consistent with previous publi-
cations and parallel studies (Den Dunnen et al. 1987;
Forrest et al. 1987; Koenig et al. 1987; Darras et al.
1988; Baumbach et al. 1989; Koenig et al. 1989). A
minor deletion hot spot is found in the 5' XJ region,
around cDNA position 1 kb. A major hot spot lies just
beyond the middle of the gene, in the P20 region
(Wapenaar et al. 1987; Blonden et al. 1989), around
cDNA position 7 kb. The deletions at the 5' end tend
to span larger regions and are more heterogeneous in
size than the central deletions. In the region of 3.0-5.8
kb, i.e., between p87 and JBir, deletions are rare. Dele-
tions at the 3' end of the cDNA, distal to the J66 region
beyond 9.5 kb, are rarer yet.

Duplications
In addition to the deletions, a number of the patients

have a duplication of genomic DNA. Figure 1B shows
the cDNA5b-7 hybridization toDNA ofpatient DL117.4
(lanes 2 and 4). Hd33 and Hd35 (asterisks) show a
stronger intensity, and so do the corresponding EcoRI
fragments (lane 4; table 1). The increased intensity of
Hd34 is masked by the strong hybridization of the
comigrating Hd27 fragment. cDNA8 detects duplicated
bands as well (not shown). Thus, DL117.4 carries a

partial intragenic duplication, including exons on
Hd33-35 and extending toward the 3' end. Unfortu-
nately, we have no cell line available from this patient
to size this duplication by FIGE analysis.

Exact duplication borders are hard to establish, since
dosage comparisons of hybridization intensities are
difficult. Two duplications have not been defined pre-
cisely. Two of the 11 duplications, which could be pre-
cisely mapped in relation to the cDNA (fig. 2), were
first detected by FIGE analysis. We find that duplica-
tions usually span only a few exons, and so far they
are located near the two mutation hot spots. Notably,
duplications were found more frequently near the mi-
nor hot spot than near the major one (fig. 2). Our figure
of 10% (13/128) duplications in BMD/DMD mutations
exceeds previous figures. While only few studies report
duplications (Den Dunnen et al. 1987; Hu et al. 1988,
1989), and while some report none at all (Forrest et
al. 1987; Koenig et al. 1987; Darras et al. 1988), we
think that these discrepancies are probably due to the
ease with which duplications are overlooked.

Junction Fragments
In 23 (17%) of 128 deletion and duplication cases,

we could identify junction fragments (fig. 1A and 1C),
locating their breakpoints close to the adjacent exon.
The presence of junction fragments greatly facilitates
the identification of carrier females (fig. 1C): BMD pa-
tient BL19.1 (lane 1) has a deletion starting in cDNASb-
7 (Hd33) and ending in Hd35 (all restriction enzymes
tested show an altered fragment). His sister (lane 2),
a healthy uncle (lane 4), and two nieces (lanes 5 and
6) lack the altered fragment. However, his aunt (lane
3) has the altered fragment, so she definitely is a carrier.

In only four cases (3%), all restriction enzymes tested
produced junction fragments, locating the breakpoints
either extremely close to or within an exon. Probably
only one of these four actually affects exonic sequences,
since in this case the junction fragments also showed
a decreased hybridization intensity. In a gene of 2.3 Mbp
(see below) containing 14-kb (0.6% ) coding sequences,
rearrangement breakpoints are expected to occur within
exons in about 1.2% of the cases. We conclude, there-
fore, that at least 97% of the BMD/DMD deletions,
while having heterogeneous breakpoints at the DNA
level, should involve deletions of integral sets of exons
at the mRNA level.

New RFLPs

cDNA analysis of our family material (Belgian and
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Table I

Order of Exon-containing Fragments and Position on the Long-Range SmI Map

A.

HindIII

Size
PROBEa Hd FRAGMENT (kb) Numberb Sfi FRAGMENT

la ..........
la ..........
la ..........
la ..........
lb .........
lb .........
lb .........
2a ..........
2a ..........

1
2
3
4
5
6
7
8C
9c
gc,d
10
11
12c

2b .........
2b .........
2b/3a .......

3a ..........
3a ..........
3b.
3b.
3b.

4a ..........
4a ..........
4a ..........
4a ..........
4b.
5a ..........
Sb.

6a ..........
6a ..........
6a ..........
6b.
6b.
7a ..........
7a ..........
7b.

13
14
15c
16
17

17
18
19
20
21e
22e
23af
23bf
23bf
24g
25g
26g
27d
28
29
30
31

3.2
3.25
4.2
8.5
3.1
8.0
4.6
7.5

10.5
10.5
3.9
6.6
2.7

6.0
1.7

12.0
3.0
7.3

7.3
11
20
5.2

12
4.7

18
18
18

.45
1.3
1.8
1.5
6.0
6.2
4.2

11.0

7a
7b
6
2
8
3
5
4
1
lb
5
3
7

4
8
la
6
2

3
2b
la
4
2a
7
lb
ic
1

12
10
8
9b
5
4
6
2

BC
BC
BC
BC
BC
BC
BC
BC
CD
CD
CD
CD
CD
CD
CD
CD
CD
CD
CD

CD
CD
CD
CD
CE
CE
DE
DE
DE
DE
DE
DE
DE
DF
DF
DF
EF

B.

HindIll EcoRI PstI EcoRV BglII

Hd Size Size Size Size Size Sfi1
PROBE FRAGMENT (kb) Numberb (kb) Numberb (kb) Numberb (kb) Numberb (kb) Numberb FRAGMENT

7 25 1 4 2
11 4.2 5 3.5 14
9a 12 2a 5 8 20
3

1 25 2 5.0 3 20
6 13.5 3 4.7 4 13
3a
5 10.5 5 5.6 2 14
3b 28 1 1.0 6 5.9
4 11 4 3.4 5 0.85
2 6.2 6 11.8 1 11

838

7b .........
7b .........
8a .........
8a .........

8a .........
8a .........
8a .........
8b .........
8b .........
8b .........

32' 4.1
33k 0.5
34 1.5
35 10

35 10
36' 1.25
37' 3.8
38 1.6
39 3.7
40 3.1
41 7.0

8
3
1

1
3

2
S

6
4

3.4
2.8
3.3
3.5

3.5 3a
11 1

7.4 2
2.6 4
1.0 5
3.5 3b

EF
EF
EF
EF

EF
EF

FG
FG
FG
FG

(continued)



Table I (continued)

C.

HindIII

Size
PRoBEa Hd FRAGMENT (kb) Number SfiI FRAGMENT

8b ......... 42j,k 7.8 3b FG
8b ........ 43jwk 1.0 Ila FG
9a ........ 440 8.3 3a FG
9a ........ 45 2.3 10 FG
9b ........ 469 1.0 lb FH
9b ........ 479 8.8 2 FH
9b ........ 48 6.0 5 FH
10a ........ 49 3.5 6 FH
10a ........ 50' 2.4 9 GI
10a ......... 51 12 1 GI
lob ........ 52dsm 6.6 4 GI
lob ........ 53n 2.8 7 HJ
lob ........ 54dj 2.55 8 HJ

54dj1.... .2.55 4 HJ
lob ........ 559 1.45 8 HJ
11a 1........ 569 1.5 7 IJ
lla ........ 579 6.8 2 IJ

1la ........ 580 2.1 5 IJ
11a 5........ 599 5.2 3 IJ
llb ........ 60P 1.9 6 IJ
1lb ........ 61 10.0 1 IJ

61 10.0 1 IJ
12a ........ 62 1.8 5 IJ
12b ........ 63 5.9 4 IJ
13/14 ...... 64P 7.8 2 IJ

NOTE. -Table sections A and C provide mapping data for Hd, and section B, covering a cDNA region which has been studied more
intensively, provides data for five enzymes as indicated. Horizontal subdivisions of the tables represent the individual cDNA subclones
used in the analysis (see Material and Methods).

a Subdivisions a (1-500 bp) and b (501-1,000 bp) are made according to the cDNA sequence (Koenig et al. 1989).
b Band-pattern order (numbered from largest to smallest).
c Hd fragments containing two exons (Koenig et al. 1987; Monaco et al. 1988).
d HindIII double digestions with rare-cutter enzymes identified sites for Sall in the region spanned by cDNAO-2a, cDNASb-7, cDNA9

(Rd44), and cDNA10 (Hd54); for NaeI in cDNA2b-3a (Hd9 or Hdl5); for NarI in cDNA8, cDNA9, and cDNA10; for SfI in cDNA10
(Hd52); and for SacII in cDNASb-7 (Hd27, cDNA position 5,440 bp). cDNA3b-Sa and cDNA11-14 were not tested.

e DA3-g (table 2).
f Hd23 is a doublet (see text).
g Fragments in unknown order.
h Wapenaar et al. (1987).
Source: Chamberlain et al. (1988).

i Two Hd fragments together containing one exon.
k DL44.1 (table 2).
1 Overlap between subclones split at cDNA BamHI site 9,786 interchanges the 2.55-kb and 2.4-kb bands.
m DL211.6 (table 2).
n DA4.6 (table 2).
0 DL128.3 (table 2).
P Source: Darras and Francke (1988a) and McCabe et al. (1989; patient CM).
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Figure I Hybridizations of dystrophin cDNA subprobes (indicated at bottom) to detect BMD/DMD mutations. cDNA detectable
Hd fragments are numbered (table 1), and fragment sizes are indicated. A, HindIII (lanes 1-3) and EcoRI (lanes 4-6) digestions detecting
a deletion of exonic sequences in DNA of patient DL129.3 (lanes 1 and 4). DL162.1 (lanes 2 and 5), and DL167.3 (lanes 3 and 6) show
no deletion. The arrow indicates the altered EcoRI fragment. B, HindIII (lanes 1 and 2) or EcoRI (lanes 3 and 4) digestions detecting a

duplication of exonic sequences (marked with asterisk) in DNA of patient DL117.4 (lanes 2 and 4). DL114.5 (lanes 1 and 3) serves as a

control. C, EcoRV digestion of BMD family BL19 (see text). The junction fragment (arrow) is derived from fragment 1. DNA in lane 5

is not digested completely. The complete deletion involves also cDNA5b-7 sequences.

Dutch Caucasian populations) revealed eight new

RFLPs (table 2). Because of small sample sizes, allele
frequencies have not been determined in most cases.

The EcoRV RFLPs of cDNASb-7 and cDNA9-10 are

frequent and have proved to be useful to us in standard
haplotype analysis. The cDNA3b-5a EcoRI RFLP is
also frequent, but the small allelic size differences make
it difficult to use. The minor allele of the cDNASb-7
EcoRI RFLP (upper band) was observed in only three
of 126 males tested. The cDNA9-10 TaqI RFLP is prob-
ably the same as that described by Darras and Francke
(1988b) for cDNA10.

Order of Exonic Hd Fragments

Cosmid walks around the P20 (DXS269) and J66
(DXS268) regions (Van Ommen et al. 1987; Wapenaar
et al. 1987; Blonden et al. 1989) were screened for the
presence of exons. In both walks only one exon was

found, corresponding, respectively, to Hd33 (0.5 kb)

and Hd49 (3.5 kb). Both were subcloned and se-

quenced. Approximately 10 kb 3' to the distal P20 seg-

ment a 176-bp exon was found which maps at 6,647-
6,822 bp on the cDNA sequence. It starts in register
with the reading frame and ends out of register, after
triplet position 2 (Baumbach et al. 1989; Blonden et
al. 1989).
TheJ66 region contained a 147-bp exon 22 kb prox-

imal to J66-H1, which is the last exon deleted in pa-

tient DL66.6. It covers the cDNA from 9,146 to 9,292
bp, contains a HindIII site at position 9,281, and be-
gins and ends in register with the reading frame.
As Koenig et al. (1987) first showed for HindIII, com-

binations of hybridization data of different deletions
provide the genomic order of exonic fragments (tables
1 and 3, fig. 2). Our patient material allows further
ordering of Hd fragments 21/22, 42+43/44, 50+51/
52/53, 55-57/58+59 (tables 1 and 3). For example,
deletion patient DL44.1 orders Hd42-+43/Hd44 (tables

35

41

30

(36)..::;

-10kb

- $kb

- 2kb
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Table 2
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0-2a 2b-3 3b-5a Sb-7 8 9 14

C _

Z

Figure 2 Schematic graphic representation of the location of

106 deletions and 11 duplications in relation to the dystrophin cDNA.

Of nine deletions and two more duplications the borders have not

yet been determined precisely. A, The number of times that each in-

dividually detectable cDNA Rd fragment (Koeniget al. 1987) is deleted

(above X-axis) or duplicated (below X-axis). White and black bars

represent, respectively, BMD and DMD mutations. B, Schematic draw-

ing of the dystrophin cDNA subclones (bottom), as used in the hy-

bridization analysis, and the 65 genomnic Hd fragments it detects (top).

Each fragment is represented by a black box whose position in rela-

tion to the mRNA sequence (in kb) is shown. C, Localization of each

individual deletion (line) or duplication (block).

are the last ones missing, while the 8.3-kb fragment

(Hd44) is present; so Hd42+43 are 7.8 and 1.0 kb,

and Hd44 is 8.3 kB.

A cDNA3b-Sa hybridization to DNA of patient BB

(LCL119) (Francke et al. 1985) shows two abnormal

Hd fragments but only one abnormal fragment for

EcoRI, BamHI, and BgIII. A cDNA5b-7 hybridization

shows the absence of the 18-kb Hd23 and the presence

of the smallest of the altered Rd fragments, but it shows

no abnormalities for the other enzymes. Therefore, we

conclude that Hd23 is a doublet of two genomically

RFLPs

FRAGMENT SIZE
(kb)

PROBE AND ENZYME Major Allele Minor Allele

0-2a:
XmnI ................ 2.0 2.1

3b-Sa:
EcoRI ................ 9.4 9.7

Sb-7:
EcoRV ............... 7.3 10
EcoRi ................ 10.5 13
XmnI ................ 4.7 4.4

9-10:
EcoRV ............... 12 14
PvuII ................. 9.3 11.0
TaqI ................. 2.1 1.7

NOTE. -Given are the combinations of cDNA probe and restric-
tion enzyme detecting an RFLP.

adjacent 18-kb fragments, designated Hd23a and
Hd23b. BB then lacks Hd1-22 and shows a junction
fragment for Hd23a. Hd23b results most likely from
a rare HindIII RFLP.

Less is known about the order of fragments for other
restriction enzymes. Some data have been published for
EcoRI (Malhotra et al. 1988), PstI (Forrest et al. 1987),
and Bg1II (Darras et al. 1988). Table 1 summarizes our
data (they match the other published data) for other
restriction enzymes in the region of Hd32-41. Dele-
tions in this region can now be related to deletions of
Hd fragments.
The Hd fragment order presented in table 3 differs

at two points from those of other studies (Koenig et
al. 1989; McCabe et al. 1989). A 3.3-kb fragment, de-
tectable with cDNA12a (McCabe et al. 1989), is not
found in the present and other studies (Koenig et al.
1987; Darras and Francke 1988a). The order of
Hd21/Hd22 is derived from one deletion case, DA3.9
(table 3), and is the reverse of that determined by Koe-
nig et al. (1989). The explanation of this inconsistency
requires further study. A potential cause for such dis-
crepancies might be a junction which disguises itself
as a bona fide exon fragment located at the opposite
end of a deletion.

Muscular Dystrophy Phenotype and the Reading Frame

It has recently been shown that many BMD patients
have an altered dystrophin, while in DMD patients no
protein product can be detected (Hoffman et al. 1988).

I I Z:I=
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Table 3

Extent of Specific DMD/BMD Mutations

DELETION
DELETION

Hd Sp1 SIZE
PATIENT Fragmentsa Sites (kb) JUNCTIONb

BB ......... 1-22 A-D >2,000 Hd23a
DL120.7C ... ... 150
DL103.7 .... 2-22 C-E 1,220
DA3.9 ...... 5-21 ND ND
DL13.5 ..... 5-22 C-D ND Hd23a
DL66.6 ..... 12-49 D-G 1,160 J66
DL23.4 ..... 32-35 ... 200
DL149.6 .... 33 ... 160
BL19.1 ...... 33-34 ... 180 Hd35
DL207.1 33-35 ... 35 P20id
DL125.2 .... 33-39 F 180 P20id
DL1 17.4c .... 33-39 ND ND P20id
DA11.8 ..... 33-40 F 230 P20id/Hd4O
DL48.1 ..... 33-41 F 210 P20id
DL44.1 ..... 33-43 ND ND
DL104.4 .... 34-41 F 210
DL70.7 ..... 36-41 F 230
DL129.3 .... 36-41 F 180
DL101.13 ... 38-41 ... 90
DL145.5 .... 38-41 ... 120
DL46.1 ..... 40-45 ... 100
DL182.4 .... 40-48 ND ND GMGX11
DL140.6 .... 50-end H-J >2,000
DL211.6 .... 52-53 ND ND
DA4.6 ...... 53-54 ND ND
DL128.3 .... 55-57 ... 60

NOTE. -ND = not determined.
a Depleted/duplicated.
b Probe with which junction fragments were found.
c Duplication.
d Identified in intronic sequences near P20 (Blonden et al. 1989).

It is presently believed that most BMD patients have
in-frame deletions or duplications generating dystro-
phin of abnormal size, while DMD deletions mostly
disrupt the reading frame, generating truncated dys-
trophins of decreased stability (Malhotra et al. 1988;
Monaco et al. 1988).

Using the coding sequence of exons 1-21 (Koenig
et al. 1988; Malhotra et al. 1988) and of the newly
generated P20 and J66 exon sequences, we have ana-
lyzed the potential correlation between deletions and
the BMD/DMD phenotype in our patient material. Of
two BMD and 31 DMD cases deleted within these
regions, 30 can be explained by frameshifts followed
by premature translation termination. We found three
exceptions to the "reading frame hypothesis", namely,
patients BL39.3, DL66.6, and DA14.8. BMD patient
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Figure 3 Exon phasing model derived from DMD or BMD
phenotypes caused by deletions in the P20 mutation hot spot. Each
Hd fragment is shown as a black square. The splice position deduced
(see text) is shown on top: e.g., 1 indicates a 5' splice site after nucleotide
1 of a coding triplet. The extent of the deletions is shown above the
Hd fragments, as is the disease phenotype; open boxes for BMD
and closed boxes for DMD. The total number of patients deleted
for a specific set of exons is given at the left; for only one patient
no number is given. Exceptions to a consistent model are marked
with arrows. The asterisk marks a splice site deduced from the data
of two BMD patients (Darras et al. 1988), one missing Hd33-38
and the other missing Hd36-38.

BL39.3 is deleted for Hd3-7 and falls in the category
of exceptions described by Malhotra et al. (1988). DMD
patient DL66.6 lacks Hdl2-49, corresponding to a 1.2-
Mb genomic deletion (Van Ommen et al. 1987), while
his dystrophin reading frame is not disrupted. How-
ever, the deletion removes 7.0 kb of the mRNA, i.e.,
more than 60% of the 11-kb reading frame, which is
probably a large enough segment to affect the function
of the protein significantly. The deletion in DMD pa-
tient DA14.8 removes Hd3-15 and leaves the reading
frame intact. This cannot be explained with our current
insights, especially since BMD patient BL15.5 has both
a similar deletion and the expected BMD phenotype.
Within the central mutation hot spot we noticed that

deletions of specific sets of exons resulted in either a
BMD or a DMD phenotype. Given, therefore, that the
reading-frame hypothesis appears largely correct, we
applied it to the P20 deletion hot spot region of
Hd31-45. When only the 176-bp P20 exon (Hd33) is
deleted, the reading frame is distorted, resulting in a
DMD phenotype, confirmed by seven cases (fig. 3). De-
letion of one (one case) or two (four cases) additional
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exons results in a BMD phenotype (fig. 3), suggesting
that the 3' splice sites of Hd34 and Hd35, like that of
Hd32, are located between two coding triplets. Like-
wise, the 3' splice site ofHd37, Hd43, and Hd45 should
also be located between two coding triplets (fig. 3); that
is, the 3' splice site of Hd41 can be derived by combin-
ing the DMD-causing deletions ofHd33-41 (i.e., splic-
ing after positions 1 or 2) and Hd34-41, leaving splic-
ing after position 1 as the only possibility remaining.
The results deduced from this analysis independently
cross-confirm each other in many ways, while recent
results of sequenced exons in this region also confirm
the proposed splice positions (Chamberlain et al. 1988;
Baumbach et al. 1989).
The exceptions to the reading-frame rule can be ex-

plained in many ways. Deletions may either invisibly
affect the edge of an exon or have secondary effects on
transcription, splicing, or translation of the gene; also,
the influence of extragenic effects cannot be excluded.
We believe that a careful analysis, at the mRNA level,
is required for meaningful correlation of muscular dys-
trophy phenotype and reading-frame effect.

Completion of the Megabase Map
The use of the cDNA on genomic Sfi1 digests, sepa-

rated on FIGE gels, confirms the published megabase
map (Den Dunnen et al. 1987; Kenwrick et al. 1987;
Van Ommen et al. 1987; Burmeister et al. 1988;
Meitinger et al. 1988). All previously described Sfil frag-
ments are detected. The extreme 5' cDNA detects the
Sfi1 fragment designated BC (Sfil/BC) but not SfiI/AB
(fig. 4). The 5' end oftheDMD gene, exon 1, was found
near pERT84 (Koenig et al. 1987), which maps within
150 kb distal to Sfi/B (Burmeister and Lehrach 1986).
An extra band of 680 kb is detected with cDNA9-14
(fig. 4). This fragment, designated Sfil/IJ, therefore con-
tains the 3' end of the dystrophin gene (Meitinger et
al. 1988). It has not been detected previously with
genomic probes. Internal fragments SfiI/DE and SfiI/HI
have not been detected independently with genomic
probes but are clearly visualized with cDNA probes
(fig. 4B), which implies that they contain several exons.
Our recent data suggest that the SfiI/CD (fig. 4), for-

merly estimated to be 280 kb (Den Dunnen et al. 1987;
Van Ommen et al. 1987), only spans 230 kb, a finding
consistent with other estimates (Kenwrick et al. 1987;
Burmeister et al. 1988). The long-range electrophore-
sis produces some striking inconsistencies between frag-
ment sizes obtained by subtraction of larger, partial frag-
ments and those of the fragments themselves. SfiI/DE,
inferred to be 130 kb by subtraction (Van Ommen et
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Figure 4 Megabase map of the DMD gene. A, Sfl physical
map of theDMD region (bottom line) showing partially or fully digest-
ible Sfil sites as open or closed boxes, respectively. Individual sites
are marked with letters (Den Dunnen et al. 1987), and fragment lengths
are indicated in kilobases. The top line shows the localization of exon-
containing genomic Hd fragments (vertical bar) in relation to the
Sfi1 map. Heavy lines at the bottom of exonic fragments show the
extension of cloned regions. Asterisks indicate two Hd fragments
containing one exon; 2's indicate Hd fragments containing two exons,
and the arrow identifies Hd23, drawn as a doublet. Localization of
genomic probes (central line) is indicated in relation to the long-range
and exonic maps. Deletion breakpoints located between Hd33-35
and Hd38-40 very frequently show junction fragments on conven-
tional Southern blots, so these exons are probably located close to
each other. Because of the paucity of deletions, the spacing of the
exons in SfiI/IJ is undetermined and arbitrarily drawn to fill the avail-
able space. B, cDNA hybridizations to FIGE gels in relation to the
megabase map. Sfil-digested DNAs were hybridized to specific cDNA
subclones (bottom). Letter symbols (left) mark each fragment de-
tected (see panel A); asterisks mark abnormally migrating fragments
(see text); and brackets mark a signal of a previous hybridization
not removed fully after stripping. Fragments sizes are indicated in
kilobases, at the right.

al. 1987); Burmeister et al. 1988), migrates at 200 kb
by itself. In contrast, Sf1/HI, by subtraction estimated
to be 50 kb (Den Dunnen et al. 1987; Kenwrick et al.
1987; Van Ommen et al. 1987; Burmeister et al. 1988;
Meitinger et al. 1988), migrates below 35 kb as a sepa-
rate FIGE fragment (fig. 4). To reduce confusion, until
more definite sizes are obtained from mapping and clon-
ing, we have kept the previously published sizes, as these
provide internally consistent size measurements.
To map the 3' end of the DMD gene more precisely,

Id II hi 11 I ]III III n in vI I 11III fLIn IL .If. L 11 I_
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we used several other restriction enzymes (SacII, Sall,
NaeI, and Narl). Single and double digests were ana-
lyzed on FIGE blots hybridized with parts ofcDNA9-14
(data not shown). We found that the DMD gene spans
no more than the proximal 400 kb of Sfi/IJ, so its total
size can be determined to be about 2.3 Mb.

In our FIGE study of 46 patients, a random subset
of all our patients for which we have cultured cells avail-
able, we detected 28 aberrations (61%) (Den Dunnen
et al. 1989). The validity of the FIGE analysis was
proved by comparison with the cDNA data of the same
patient set, which showed that the chromosomal rear-
rangements detected in almost all cases involved ex-
pressed exonic sequences. Two small one-exon dupli-
cations were missed by FIGE analysis, a possibility
mentioned at the outset (Den Dunnen et al. 1987). In-
clusion of these two cases raises the total of detectable
anomalies in the set of patients tested by FIGE analysis
to 30/46 or 65%, i.e., identical to that in the total pa-
tient material. It is interesting, however, that two pa-
tients with FIGE rearrangements have no detectable
cDNA alterations (see Discussion).

Long-Range Exon Map

Our genomic and cDNA deletion map (fig. 4, tables
1 and 2) essentially agrees with previously published
data and parallel studies (Koenig et al. 1987; Wapenaar
et al. 1987; Malhotra et al. 1988; Koenig et al. 1989).
J66-H1 maps between Hd49 and HdSO, as anticipated
(Koenig et al. 1987). GMGX11 maps between Hd39
and Hd4O (fig. 4), on the basis of its absence in DL139.4
(missing Hd36-39), its presence in DL171.8 (missing
Hd38-39) and DL146.7 (missing Hd40-45), and the
detection of a junction fragment in DL182.4 (missing
Hd4O-48; see table 3).
Other useful genomic markers in the DMD region

are the Sf1 sites themselves (fig. 4, tables 1 and 3) (Den
Dunnen et al. 1987). Sites /A and /B both lie 5' of the
DMD gene, while site /J is located 3'. Site /C maps
between Hd8 and Hd9 (Monaco et al. 1986; Malhotra
et al. 1988). The BB deletion ends between sites /D
and /E, lacks Hdl-22, and has an altered Hd23a (ta-
ble 3). A HindIII/SacII double digestion shows that
Hd27 contains the SacII site (table 1) which has been
located between /D and /E (Burmeister et al. 1988).
Thus, Hd23-27 lies on the /DE fragment. Site /F maps
between Hd37 and Hd38, since it is absent from DL70.7
and DL129.3 (both missing Hd36-41), and present in
DL37.5, DL145.5, and DL101.13, (missing Hd38-41)
and since Hd36+37 share one exon.

Deletions in the 3' region of the gene are rare (fig.
2), so sites /G, /H, and /I can only be mapped approx-

imately, on the basis of reasoning similar to that pre-
sented above (tables 1 and 3). Site /G maps between
Hd45 and Hd49, and sites /H and /I map between
Hd49 and Hd55. The latter localization is confirmed
by the fact that Hd52 contains a partially digestible
Sf1l site (table 1).
The combined cDNA-and-FIGE analysis (table 3)

enables a further refinement of the exon map. An ex-
ample of this is shown in figure 5, where the length
of the P20 intron was deduced from some partially over-
lapping deletions. DL149.6 provides a minimum size
of 160 kb, and DL23.4 provides a maximum size of
180 kb. Similarly, the deletion in DL207.1, whose 5'
breakpoint was located in the cloned P20 region (Blon-
den et al. 1989), shows that the introns distal to Hd33
and Hd34 each cover only 10-20 kb. The combined
cDNA- and FIGE-deletion data, together with the data
published for the XJ (Malhotra et al. 1988) and pERT87
regions (Monaco et al. 1986, 1988), resulted in the long-
range exon map of the dystrophin gene (fig. 4A).
The dystrophin coding sequence contains a struc-

tural repeat motif which is present in 26 or 24 copies,
of which the first seven are spread over 14 exons (Koe-
nig et al. 1988, 1989; Malhotra et al. 1988). An esti-
mation of the total number of exons, based on extrapo-
lation and excluding differential splicing (Feener et al.
1989; Nudel et al. 1989), would add up to about 75
exons: eight exons for the N-terminal sequence in front
of the repeat domain, 52 exons for 26 two-exon repeat
units, two exons for the two segments interspersed be-
tween repeats 20/21 and 24/25, and 13 exons for the
remainder of the sequence, spread over 14 cDNA-de-
tectable Hd fragments (the last two share one exon).
In this setting, Hd33 would contain exon 45, and the
end of the repeat unit would be exon 62, correspond-
ing to Hd5O, which is further documented in a parallel
study (Koenig et al. 1989). This model predicts that
many Hd fragments between Hdl9 and Hd32 (Fig. 4B)
contain more than one exon, indicating that the exon

DL 23.4

DL 207.1

BL 19.1

DL 149.6

P20

32 33 34 35

160-1 80Kb t*- 10-20Kb

::. :* 200 Kb
35Kb

,;;,, 180Kb

160Kb

Figure 5 Estimation of intron lengths after combining cDNA
and FIGE deletion data. Exonic Hd fragments, numbered according
to table 1, are represented by black boxes. Deletion sizes are indi-
cated at the right, and patient numbers are at the left.
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spacing between p87 and JBir is much denser than that
in the 5' and 3' parts of the gene. However, the essential
conclusion (fig. 4A)-i.e., that the highly uneven exon

spacing found for the 5' half of the gene continues in
the 3' half, with introns ranging from a few kilobases
to the record size, thus far, of 160-180 kb for the P20-
containing intron- remains unaffected.

Discussion

Location of Mutations

After the discovery of the DMD gene, the applica-
tion of long-range techniques, short-range cloning, and
nucleotide sequencing together are rapidly yielding a

much better insight into the morbid anatomy of the
DMD gene than each of the techniques separately would
have allowed.

It is now well documented (Den Dunnen et al. 1987;
Forrest et al. 1987; Koenig et al. 1987; Wapenaar et

al. 1987; Darras et al. 1988; present study) that there
is a striking nonrandom distribution of deletions/dupli-
cations in the DMD gene. In our family material the
200-kb region located around P20 contains 55 rear-

rangement sites, while the 200-kb region directly prox-
imal, around JBir, contains only nine such sites. The
underlying mechanism seems not to be related to dele-
tion or duplication of integral copies of the repeated
structural units identified in the dystrophin gene (Koe-
nig et al. 1988), since the large majority of breakpoints
does not involve exons at all (see Results).
We have set out to study the possible involvement

of specific intronic sequences or other properties of the
region, such as chromosomal structure (Blonden et al.
1989) or interdigitation of the DMD gene with other
genetic units. It is remarkable that both mutation hot
spots are located in rather large introns (fig. 4A), even

for the dystrophin gene (Malhotra et al. 1988; Blonden
et al. 1989; present study). One might expect that evo-

lution would shorten intronic regions prone to patho-
logical deletions. The fact that this has not happened
suggests the presence of essential sequences in these in-
trons. These could be other genes, whose expression
may even be independent from DMD gene expression.
The localization of one human gene within another was
recently reported for the factor VIII gene (Levinson et
al. 1988).

Detection Efficiency of Mutations
In families without living patients it is difficult to de-

tect deletions or duplications by using conventional
cDNA studies, since quantitative assessment of differ-
ences in band intensities is required. Duplications, caus-

ing triple instead of double band intensities are espe-
cially hard to find. In our hands, mutations in carrier
females can best be detected using FIGE analysis (Den
Dunnen et al. 1987, 1989; Chen et al. 1988). The tech-
nique gives clear results, by producing easily resolvable
normal and altered fragments, both for deletions and
for duplications.
We believe that the presently detected fraction of

DMD mutations, i.e., about 65% (Forrest et al. 1987;
Koenig et al. 1987; Chamberlain et al. 1988; Darras
et al. 1988; Baumbach et al. 1989; present study), is
a low estimate. Not all probes were tested extensively,
and not only duplications are hard to detect but so also
are very small deletions, duplications, and insertions.
A few unclear cases, i.e. abnormal fragments detected
with one restriction enzyme only, require further study,
on either conventional or FIGE blots. These cases may
result either from rare RFLPs or from more-complex
rearrangements. It is notable that translocations, inser-
tions, and inversions starting in intronic sequences will
generally not be detected by conventional analysis. FIGE
analysis allows their detection, since one normal frag-
ment should be broken into one or more different ones.
A case in point is DL120.7, having a larger Sfil/BC frag-
ment, suggesting a 150-kb duplication (or insertion)
in the 5' region of the gene. However, we have not de-
tected any anomaly by conventional cDNA hybridiza-
tions. We envisage three possible explanations: first, the
event may affect exon sequences not present in the
cDNA used, i.e., resulting from alternative splicing
(Feener et al. 1989; Nudel et al. 1989); second, the event
may involve sequences directly upstream of the gene
in the promotor region; and, third, intronic sequences
may be altered in a way affecting splicing. Whatever
the nature of these anomalies, however, their detection
highlights the affected chromosome and can be used
as such in diagnostic haplotype analysis.

In conclusion, we have extended the insight into the
long-range map and regional topography of this remark-
able gene, which we show to measure 2.3 Mb and which
contains only 0.6% coding sequence, divided into some
75 exons. This study provides, for the first time, a corre-
lation between the exonic Hd fragments and the Sfi1
long-range map, both in normal and in mutated DNA.
Several questions remain to be answered, such as the
nature of the deletion hot spots and the background
of the exceptions to the reading-frame rule. These fea-
tures will be the aim of much future study.
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