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Abstract
This report is the second part of a trilogy
from a multidisciplinary study which
was undertaken to record the relationships between clinical severity and dystrophin gene and protein expression. The
aim in part 2 was to correlate the effect of
gene deletions on protein expression in
individual patients with well defined
clinical phenotypes. Among the DMD
patients, most of the deletions/duplications disrupted the open reading frame,
but three patients had in frame deletions.
Some of the intermediate D/BMD
patients had mutations which were
frameshifting while others were in
frame. All of the deletions/duplications
in the BMD patients maintained the open
reading frame and 25/26 deletions in typical BMD group 5 started with exon 45.
The deletion of single exon 44 was the
most common mutation in patients from
groups 1 to 3. Dystrophin was detected in
sections and blots from 58% of the DMD
patients with a size that was compatible
with synthesis from mRNA in which
the reading frame had been restored.
Certain deletions were particularly associated with the occurrence of limited
dystrophin synthesis in DMD patients.
For example, 9/11 DMD patients missing
single exons had some detectable dystrophin labelling compared with 10/24 who
had deletions affecting more than one
exon. All patients missing single exon 44
or 45 had some dystrophin. Deletions
starting or finishing with exons 3 or 51 (8/
9) cases were usually associated with dystrophin synthesis whereas those starting
or finishing with exons 46 or 52 (11/11)
were not. Formal IQ assessments (verbal,
performance, and full scores) were available for 47 patients. Mean IQ score
among the DMD patients was 83 and no
clear relationship was found between
gene mutations and IQ. The mutations in
patients with a particularly severe deficit
of verbal IQ were spread throughout the
gene.
( Med Genet 1993;30:737-44)

Duchenne and Becker muscular dystrophy
(DMD/BMD) are both caused by mutations in
the dystrophin gene.' A proposal was made,

however, that the difference in protein expression and in clinical phenotype was caused by
deletion breakpoints either disrupting (DMD)
or maintaining (BMD) the open reading frame
of nucleotide triplets or codons which determine the amino acid sequence.2 This 'frame
shift hypothesis' predicts that Becker patients
would produce a semifunctional protein of
smaller size or molecular weight than normal,
whereas in Duchenne patients the dystrophin
protein would be absent owing to the rapid
degradation of a severely truncated polypeptide which could only be synthesised up to the
approximate position of the gene deletion
before the frameshift generated a premature
stop codon. Such truncated polypeptides
would have no C-terminus.3 The prediction
that DMD patients have frameshifting deletions and BMD patients have deletions which
keep the reading frame intact has proved to be
correct in over 90% of the cases examined45
although certain exceptions (particularly
involving BMD patients with the frameshifting deletion of exons 3 to 7) have been noted.6
In the preceding paper we considered the
trends across the clinical spectrum in a cohort
of 100 patients with Xp2l linked muscular
dystrophy. In this paper our aim was to study
the effects that gene deletions (or duplications)
had on protein expression in individual
patients with well defined clinical phenotypes.
In part 3 we review what we have found in the
context of differential diagnosis and prognosis.

Materials and methods
GENE AND PROTEIN ANALYSIS

The methods used are described in part 1 of
this report. The effect of gene deletions on the
reading frame was calculated from the data on
exon border codon type (1, 2, or 3) provided by
Koenig et a14 and Worton and Gillard.7 The
size of the dystrophin protein present in
muscle samples (the observed size) was estimated by comparing the blot migration distance of the uppermost band in each sample
lane with the migration distance of the corresponding band in normal control muscle run on
the same blot.8 The normal size was taken to be
427 kDa. The predicted size of the dystrophin
protein produced by each patient was considered to be 427 kDa if no gene deletion or
duplication was detected. If a mutation was
found, the predicted size was estimated from
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IQ TESTS

Formal assessments of IQ scores were made
using the original and the revised forms of the
Wechsler Intelligence Scale for Children
(WISC, WISC-R).9 This widely used system
of IQ appraisal contains a battery of individually administered tests with both verbal and
non-verbal (performance) components. Eleven
different subtests make up the WI SC.
Wechsler classified six of them as verbal (information, comprehension, arithmetic, similarities, vocabulary, and digit span), and five as
performance subtests (coding, picture completion, picture arrangement, block design and
object assembly). The WISC covers the age

range from 5 to 15 years and the WISC-R
from 6 to 16 9 years. Both the WISC and the
WISC-R have been assessed on a sample of
2200 children and a mean score of 100 with a
standard deviation of 15 IQ points have been
established. A mean verbal performance discrepancy score of 0 with a standard deviation
of 12 5 IQ points has been reported for this
sample by Seashore et al.O""

Results
EFFECT OF GENE MUTATIONS ON THE READING
FRAME

Of 62 mutations (deletions or duplications)
where the effect on the reading frame and the
clinical group of the patient could be ascertained, agreement with the 'reading frame
hypothesis"2 was found in 100% (26/26) of
BMD patients, and in 90% (27/30) of DMD
patients (appendix in part 1 of the investigation). Three DMD patients from group 2 had
in frame deletions. One of these (S39 in the
appendix in part 1), who was missing exons 3
to 25, produced dystrophin with Becker-like
abundance and distribution,'2 while protein
expression in the other two (S43 and S46) was
like that typically found in DMD patients.
Deletions among individual intermediate D/
BMD patients in group 3 varied; some were in
frame while others were out of frame. Two
patients who had exons 3 to 7 deleted were in
this clinical group.
CLINICAL/GENETIC CORRELATIONS

All deletions found in Becker patients from
groups 4 and 5 spanned more than one exon.
The mutations found in patients with the
mildest clinical symptoms (group 5) were extremely consistent with 25/26 deletions starting with exon 45 (fig 1). More severely affected
BMD patients (group 4) had more unusual
mutations, consisting of large duplications or
substantial deletions within the central rod
domain. Only patients with the most severe
phenotypes (groups 1 to 3, DMD or D/BMD)
had mutations in the 5' end of the gene or
deletions of single exons. The frameshifting
deletion of single exon 44 was the most common mutation found among DMD and D/
BMD patients. Furthermore, patients missing
exon 44 were generally more mildly affected
with DMD: these patients lost independent
mobility at 9, 10, 10 4, 11, 11 3, and 13 9 years
compared with our DMD population mean of
9 years.
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Blots of muscle samples from patients with
diverse clinical phenotypes are shown in fig 2.
In control muscle, a characteristic profile of
dystrophin metabolites was normally present
in blots labelled with the rod MAb. All the
dystrophin bands were less intensely labelled
with the C-terminal MAb (see part 1 of this
investigation). Although the estimates of dystrophin size and abundance (summarised in
the appendix in part 1) were calculated from
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the effect the deletion or duplication was
expected to have on the total number of amino
acids present. For patients with 'in frame deletions' this was straightforward but the predicted size in patients with 'out of frame deletions' was calculated in two ways.' Predicted
size [A] was the size expected if translation was
prematurely terminated at the stop codon
generated by each frameshifting deletion (that
is, estimated molecular mass of amino acids up
to the breakpoint plus those up to the stop
codon). This corresponds to the production of a
truncated protein. Predicted size [B] was the
size expected if the reading frame was immediately restored in the codon following the deletion breakpoint (calculated as for an in frame
deletion). This corresponds to the production
of an internally deleted or 'Becker-like' protein.
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Figure 2 Western blots of muscle from DMD patients (lanes 1 to 4), intermediate D/BMD patients (lanes 5 and
6), and BMD patients (lanes 7 to 10). Lanes with normal control muscle are labelled C. The upper panel shows
labelling with the rod MAb Dy4/6D3, and the lower panel shows aliquots from the same samples labelled with the
C-terminal MAb Dy/6C5. Staining of the myosin heavy chain band from a corresponding gel (bottom of figure) is
used as a measure of the muscle protein loaded in each lane. Lanes I to 10 are from patients B13, S35, F31, F29,
S55, S54, F58, S81, S77, and F63 respectively. A fuzzy degradation band at approximately 220 to 240 kDa can
be seen in lanes 8 and 10 of the blot labelled with the rod MAb.

the uppermost band labelled in each sample
lane, which corresponds to the largest polypeptide detected for each patient, some
samples did show additional bands of lower
size. These might well represent truncated
translation products which were terminated
prematurely. In this study no DMD patient
was found who only produced truncated dystrophin, but occasional examples of this kind
of labelling have been seen in our laboratory.
As expected, patients with in frame deletions produced vastly more dystrophin than
patients with frameshifting deletions. Patients
from the intermediate D/BMD group 3 were
interesting: of two group 3 patients with a very
similar abundance of dystrophin, one (S55)
had an in frame deletion of exon 3 (fig 2, lane 5)
while the other (S54) had an out of frame

deletion of exons 3 to 7 (fig 2, lane 6). The
same value for dystrophin abundance was also
found in two more group 3 patients with the in
frame deletion of exons 42 to 44 (B49) and the
frameshifting deletion of exon 44 (B50).
The observed size of any dystrophin protein
in the biopsies was determined from the migration distance of bands on Western blots
labelled with the rod MAb Dy4/6D3. The
predicted size was estimated from the effect
any mutation might have on the total number
of amino acids synthesised. For patients with
in frame deletions this was straightforward and
fig 3A shows that there is good agreement
between the predicted and observed sizes in
these cases. The situation with patients who
had frameshifting deletions is more complicated. For these patients, the predicted size
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Figure 3 Predicted and observed sizes of dystrophin in
patients with in frame deletions (A) and frameshifting
deletions (B). Predicted sizes are calculated from the
gene deletion data, observed sizes are estimated from
blots (see Materials and methods for details). Lines are
drawn at 45° to show where points would lie if the two
parameters were identical. In panel B, the points which
are nearest to the line correspond to the size observed on
blots and the size predicted to occur if the reading frame
was restored and protein synthesis continued to the

'DEGRADATION' BAND AT 220-240 kDa
A fuzzy 'degradation' band at approximately
220-240 kDa was frequently seen on blots (fig
2). The ratio of labelling in this band compared with the uppermost, or largest size polypeptide band varied from 0 5 to 1 3 (densitometric analysis), indicating that the 220240 kDa band can represent a substantial proC-terminus.
portion of the total amount of immunoreactive
dystrophin present. The 220-240 kDa band
was labelled with the amino domain MAb
was calculated in two ways: if translation was
terminated at the stop codon generated by each DylO/12B2 in addition to the rod MAb Dy4/
frameshifting deletion, and if the reading 6D3, but not with the C-terminal MAb Dy8/
frame was restored immediately after the dele- 6C5. In this investigation we found a very
tion and translation proceeded to the C-termi- clear relationship between samples which
showed the fuzzy 220-240 kDa 'degradation'
nus. The line at 450 in fig 3B indicates where
there would be complete agreement between band on blots and deletions with breakpoints
predicted and observed dystrophin sizes. in the P20 intron between exon 44 and exon
Clearly, all the points which are plotted for 45. All of the group 5 BMD patients who had
predicted sizes with restored reading frame are deletions starting with exon 45 (25/25) showed
much closer to this line. Thus, the size of this band. The one BMD patient with a deledystrophin observed in patients with frame- tion starting with exon 48 did not. The band
shifting deletions did not correspond to trun- could also be identified on the blot of muscle
cated polypeptides synthesised up to prema- from the carrier daughter of a patient missing
exons 45 to 48. This fuzzy 220-240 kDa band
ture stop codons, but instead matched the sizes
expected if the reading frame was restored and was also found among group 1 to 3 interlow levels of an internally deleted or 'Becker- mediate D/BMD and DMD patients (fig 2).
like' protein was synthesised through to the C- Most (9/10) had deletions with P20 breakpoints (exons 42 to 44, single exon 44 or 45),
terminus.
but the band was also observed in one patient
with a duplication of exons 42 to 43. Three
patients missing exon 45 who had some detectMUTATIONS IN DMD PATIENTS WITH LOW
able dystrophin did not show the band.
LEVELS OF DYSTROPHIN
Sufficient dystrophin to estimate the polypeptide size was detected on blots from 24/41
(58%) DMD patients from groups 1 and 2. Of GENE MUTATIONS AND INTELLIGENCE
these, 19 had detectable mutations and five had Formal estimates of IQ were available for 33
DMD patients from groups 1 and 2 (see
none. The exons that were deleted or duplicated in the DMD boys with detectable levels appendix in part 1 of this investigation). The
of dystrophin on blots were spread throughout mean value for full scale IQ was 83 points in
the length of the molecule but certain types of these patients. A significant difference was
deletion were more frequently associated with found between the scores for performance IQ
dystrophin labelling. For example, 9/11 DMD (mean = 87) and verbal IQ (mean = 80) within
patients with deletions of single exons had individual patients (p<00 1). The difference
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c

some dystrophin, compared with 10/24 who
had mutations affecting more than one exon.
This is a significant difference (p<0 05). All
patients who were missing single exon 44 or 45
had some dystrophin (10/10 in entire patient
cohort). Deletions starting or finishing with
exon 3 (4/4 cases) or exon 51 (4/5 cases) were
usually associated with dystrophin synthesis,
whereas those starting or finishing with exon
46 (4/4 cases) or exon 52 (7/7 cases, including
S43 with an in frame deletion) were not. No
very obvious connection was found between
the location of exons associated with dystrophin synthesis and the exon border codon
position. Exons 3, 44, 45, and 51 have border
codon types 3/3, 2/3, 3/2, and 1/3 respectively,
compared with codon types of 2/3 and 3/1 for
the borders of exons 46 and 52. Boys who were
known to have inherited their mutations were
just as likely to have low levels of dystrophin as
those who were isolated cases. The detection
of limited dystrophin labelling in DMD
patients was associated with a longer period of
independent mobility (see part 3).
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lation of normal children.'920 Only 25% (8/32)
had full scale IQ scores of below 70 and were
considered mentally retarded. This compares
with 50% (74/148) in a cohort of DMD
patients in Brazil.2' Studying a group containing so many retarded patients enabled Rapaport et aP' to find an association between the
deletion of exon 52 and intellectual impairment: 70% (19/27) of patients missing this
exon were mentally retarded and, conversely,
62% (24/39) of all retarded patients had deletions encompassing exon 52. We found 5/11
patients missing exon 52 were retarded and 5/8
of retarded patients were without this exon.
Both of our samples are too small for meaningful analysis. In agreement with Hodgson et
al,22 we found no retarded patients with deletions or duplications in the proximal half of the
gene. No other obvious pattern emerged and
patients with no detectable gene mutations had
IQ scores in the same range as those with
deletions.23 The mutations in patients with
particularly low verbal scores compared with
performance scores were spread throughout
the gene. Normal subjects do not show the
deficit in verbal IQ," which has been noted
previously in DMD patients.202>26
Discussion
Of particular note was one patient (S 15) who
GENE MUTATIONS AND INTELLIGENCE
had a deletion encompassing exons 64 to 66.
Dystrophin is found in brain as well as muscle This would cause a defect in the recently
and expression of the dystrophin gene is con- identified brain isoform of dystrophin which is
trolled by different 5' promoters in various cell synthesised from an alternative transcript
types or tissues, the full length brain isoform initiated between exons 62 and 63 of the full
having an alternative first exon."'-5 It is pos- length mRNA.2728 Patient S15 was not remarksible that defects in the dystrophin gene might ably retarded and had a full scale IQ of 80
affect brain function just as they affect muscle which is close to our DMD mean of 83.
function, although removal of the brain proMany of the DMD patients in this investmoter is compatible with normal intellect.'1-8 igation had taken part in a previous study on
The majority of our DMD patients were of head circumference and intellectual performbelow average intelligence and the mean full ance.29 In that study, the occipitofrontal head
scale IQ in our cohort was 83. This is in accord circumferences of 64 DMD patients were
with previous reviews, which suggest that the measured and found to be greater than those of
mean IQ for DMD patients is one standard an age matched normal population: 47/64 had
deviation below that of an age matched popu- relative macrocephaly and 12/64 had absolute
macrocephaly. No correlation was found
between head circumference and intellectual
performance. Preliminary data from unenhanced computerised tomography suggested
that large heads were accompanied by an inM&
crease in brain size.29 The role, if any, of
Popullation
dystrophin gene products in the abnormal
averrage
'
brain development is currently unknown.

130-

120110m

a,

1000-

tn 0 90-

aCD)a,

80-

o

70

cO

_

_

U.-

-M_

Re3tarded
%,. C mc--_
r
GENOTYPE/PHENOTYPE RELATIONSHIPS IN BMD
Among the male patients, the strongest correlation between genotype and clinical phenotype was in group 5 patients with 'typical'

-

' 6050
40 -

01
No
mutation
detected

1

10

20

30

40

50

60

Exons affected by mutation

I-= DMD,

D/BMD,

BMD|
Figure 4 Position of mutations plotted against full scale (verbal and performantce)
IQ scores. The extent of each bar on the horizontal axis indicates the exons whic) are
affected in each patient. The vertical location of each bar indicates the IQ score J<
-=

=

that patient. An IQ score of 100 signifies average intelligence and any patient wi th
IQ score below 70 is classified as retarded.

an

BMD. All these patients had a mild clinical
profile as indicated by muscle function tests
(low Cornelio score for age).30 The mutations
associated with this clinical profile were clustered in a very small region, deletion of exons
45 to 47,45 to 48, 45 to 49, 45 to 53 accounting
for 96% of the deletions detected. This is in
agreement with previous studies.45"3 Exactly
why

so many

deletions

start

with

exon

45 is

uncertain. The position of DMD/BMD deletion breakpoints within the P20 intron preceding exon 45 are widely spaced.3' Neither A-T
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was more than 20 IQ points in four patients
(S17, F8, S48, S38) who had verbal IQ scores
which were 24, 25, 33, and 34 points lower
than performance IQ scores. The mutations
were different in each of these cases (deletion
of exons 46 to 52, 48 to 50, or 44, and duplication of exons 8 to 16, respectively). One patient
(S21), with a deletion of exon 45, had a verbal
IQ which was 21 points higher than his performance IQ. Fig 4 shows the full scale IQ
scores for individual patients plotted against
the exons that they are missing. IQ scores for
patients without deletions are shown as bars on
the left of fig 4. No clear relationship was
found between IQ and the occurrence, extent,
or position of gene deletions. Of eight DMD
patients who had a full scale IQ of below 70
and who would therefore be classified as mentally retarded, five were missing exon 52.
However, the IQ scores of another six patients
without exon 52 ranged from 71 to 121. IQ
scores for seven intermediate D/BMD patients
and for six BMD patients indicated that these
patients were mostly of below average intelligence, although none was actually retarded.
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INTERMEDIATE D/BMD:THE PIVOTAL STAGE
There is a relatively small, but significant
group of patients who do not fall within the
classical definitions of either Duchenne or
Becker muscular dystrophy. These patients,
who have been called 'outliers',53 often present
later than typical DMD patients (sometimes 8
years or later), and are wheelchair bound by 16
years. Respiratory function is often better
maintained in this group than in typical DMD
patients. Although small in number, these
patients are particularly interesting because we
need to fit their characteristics into the tenet of
'in frame BMD, out of frame DMD' and for a
black and white reading frame it is difficult to
generate the required shade of grey!
In this study, the deletions found in group 3
intermediate patients were proximal and distal, both in frame and out of frame, with both
types generating dystrophin of similar intermediate abundance. The fact that intermediate
D/BMD patients produced dystrophin at
levels which were part way between BMD and
DMD has been recognised from the start of
the 'dystrophin era'.36 How might this have
been achieved? The exons that we found
deleted in our group 3 patients (3 to 7, 44) are
those that have been previously reported in
association with both variable clinical phenotype465 56 and with exon skipping.5758 If deletions that were inherently in frame were being
moved out of frame in a proportion of muscle
transcripts and those that were inherently
frameshifting were being brought back in to
frame, the result might be protein synthesis
which had varying characteristics intermediate
between that found in DMD or BMD. The
size of the dystrophin protein produced in
patients with frameshifting deletions is compatible with restoration of the reading frame.
Removing, or skipping, an additional exon (or
exons) on one side or the other of a basic
deletion has been shown to modify the effect
that the original deletion had on the reading
frame in a number of individual cases,5758 and
it is possible that the phenomenon of exon
skipping is more common than originally
thought. Variation in the efficiency with which
the reading frame is altered in transcripts
within the muscle of individual patients could
be one factor in the generation of family members with discordant clinical phenotypes. In
this study one patient (B50) deleted for exon
44 is still just managing to walk in callipers at
25 years while his younger brother (not biopsied) was in a wheelchair at 8 years and died at
18 years.

'RESCUE OF DYSTROPHIN SYNTHESIS IN DMD

Mutations in the DMD groups 1 and 2
spanned the gene, with 90% producing a shift
in the reading frame. Dystrophin was detected
on tissue sections labelled with amino domain,
rod domain, or C-terminal MAbs in 58% of
the DMD patients. On blots labelled with the
rod MAb, the size of the dystrophin molecules
observed was consistent with the prediction of
reading frame restoration (leading to internal
deletion) rather than premature chain termina-
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rich sequences33 nor a transposon-like element,
as reported within preceding intron 43,34 seem
to be general features of deletion breakpoints.
Group 5 patients had dystrophin labelling
which was detectable in high abundance with
both rod and C-terminal MAbs. The predominant feature of labelling on sections was variation, both between and within fibres but few
examples of complete gaps (discontinuous
labelling) were found which could not be directly related to histological or to artefactual
changes.35 The profile of bands observed on
blots included an uppermost band which was
lower than normal (size appropriate for the in
frame removal of amino acids) and included a
fuzzy 220-240 kDa degradation band for all
patients with a deletion starting with exon 45.
This band has been noted previously on many
occasions,36'2 and may represent unstable
truncated polypeptides which have been synthesised up to the deletion breakpoint. In
contrast to Beggs et al,43 we did not detect the
band in a patient with a deletion starting in
exon 48, and we have no evidence that this
band is associated with dystrophin degradation
after removal of the biopsy. The band was
detected in the obligate carrier daughter of a
BMD patient missing exons 45 to 48. All of the
group 5 patients with no detectable mutation
had dystrophin of a size which was indistinguishable from that in normal control
muscle. This contrasts with Beggs et al44 who
reported dystrophin of reduced size with no
detectable gene deletion in five BMD patients.
Compared with the number of 'typical'
BMD patients in northern England, there
were relatively few patients with severe
BMD.30 Group 4 severe BMD patients were
found to have more heterogeneous mutations
than their group 5 counterparts and all started
on the 5' side of exon 45. Of particular note
was patient S60 who had an in frame deletion
of exons 13 to 47. The clinical phenotype of
this patient was quite severe, and he became
confined to a wheelchair at 17 years. Abundant
dystrophin was found to be correctly localised
at the periphery of muscle fibres. Published
clinical details are available for very few cases
with large in frame deletions like this. In one
family, where exons 14 to 44 are missing,
moderate disease progression was indicated by
the requirement of a wheelchair at 44 years.45
Another example, where exons 17 to 48 were
missing,46 was associated with such a mild
phenotype (walking with the aid of a stick at 61
years) that the 'minigene' present in this family
has been taken as a successful model for gene
replacement therapy.47-50 From these very few
patients one might predict that the clinical
phenotype deteriorates as more exons are
deleted proximal to exon 17. Analysis of the
amino acids in exons 13 to 17 indicates that the
triple helical repeats of the rod domain may be
interrupted at this point,5' and sequences of
particular conformational importance may reside here. It has been suggested that a hinge
structure is located in exon 17,52 but the absence of this exon in the mildly affected patient
of England et a146 suggests that this may not be
the case.

Integrated study of 100 patients with Xp2l linked muscular dystrophy

tion (leading to simple truncation), a result

compatible with the C-terminal labelling

created. This spectrum is reflected in the disease severity which is observed in these
patients, and may explain the existence of
discordant clinical phenotypes in the same
families.
The 100 patients in this study cover a very
broad range of disease severity and in the third
part of this report we use the data that we have
collated in parts 1 and 2 to consider which
factors or techniques were most informative,
and therefore which would be most useful, for
future differential diagnosis and prognosis.
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