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In order to elucidate the effects of dystrophin gene deletions on the mRNA levels
in the Duchenne and Becker muscular dystrophy, we analyzed human muscle
dystrophin mRNA from eleven Duchenne muscular dystrophy (DMD) and six
Becker muscular dystrophy (BMD) patients, with internal deletions of the dystro-
phin gene, using RT-PCR. We also quantified the resultant transcripts by means of
semi-nested PCR to estimate the dystrophin mRNA in four BMD and three DMD
cases. We found that the quantities of muscle dystrophin mRNA were drastically
decreased in DMD and BMD patients as compared with in control subjects (p<0.05),
but that there was no significant difference between DMD and BMD. In each case,
three regions of the DMD gene (the deletion-containing region, and the upstream and
downstream regions) were amplified, and we focused on the deletion boundary
regions by sequencing the PCR products. Truncated transcripts were found in 16
cases, while in the remaining case (DMD), no RT-PCR product was amplified for
either muscle or lymphocytes, and thus transcription was assumed to be disturbed.
We detected a difference between the muscle mRNA and lymphocyte DNA dele-
tions in a patient who died of a rhabdomyosarcoma. In this case, there was an
apparent deletion of exon 48 in the lymphocyte DNA, while only 15 bp of the 3
region of exon 48 was deleted from the muscle mRNA. This raises the possibility
that DNA diagnosis can miss a deletion. Another DMD case showed two distinct
deletion patterns in muscle versus lymphocyte mRNA due to somatic mosaicism.

Thus, it is important to analyze mRNA to clarify the molecular mechanisms of
DMD/BMD.

Introduction

Duchenne muscular dystrophy (DMD) and
Becker muscular dystrophy (BMD) are X-
linked recessive hereditary disorders, with al-
lelic mutations in the dystrophin geneV. The
dystrophin gene has been localized to the short
arm of the X chromosome (Xp2l), and deter-
mined to encompass at least 2.5 Mb of DNA®?.
A 14 kb mRNA encodes dystrophin, which has
a molecular weight of 427 kD and is composed

of 3,685 amino acids arranged in four distinct
domains. Dystrophin is one of the cytoskeletal
components of muscle cells, being embedded in
the sarcolemma (plasma membrane) as a
dystrophin-associated glycoprotein com-
plex®~". The molecular basis for DMD/BMD
has been increasingly clarified over the past
decade.

In about 60% of DMD/BMD cases, the muta-
tions comprise deletions that vary in extent and
location, and two hot spot regions for mutation
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have been identified; one at the 5" terminus, and
the other around exons 44-53 in the distal half
of the central rod domain® in DMD/BMD.
Based on the results of analysis of DNA from
DMD/BMD patients, Monaco et al” and Koenig
et al'” developed the reading frame theory, i.e.
DNA deletions in relatively mild BMD main-
tain the translational reading frame while in
more severe DMD the translational reading
frame is disrupted. Hoffman et al'? showed
that the clinical phenotype is correlated with
the status of muscle dystrophin, which is absent
or drastically reduced (<3%) in DMD patients,
while a modest reduction in its amount (>10%)
and/or size is seen in BMD patients.

However, on clinical screening of DMD/
BMD, we found cases whose disease cannot be
explained on the basis of dystrophin immuno-
staining. In such cases, we are not able to
predict the phenotype from the DNA deletion,
and even one showing the same pattern of DNA
deletion may have different phenotypes. As
mRNA is transcribed and spliced from genomic
DNA, and then translated into dystrophin, it is
important to analyze the actual mRNA, which
might be better correlated with the clinical
severity than the hypothetical mRNA structure
determined from genomic DNA data'?.

We studied the muscle dystrophin mRNA in
17 DMD/BMD cases as well as lymphocyte
dystrophin mRNA in two DMD case with par-
tial genomic DNA deletions by RT-PCR, and
examined the boundary sequences of the dele-
tions. We found that in 14 cases the muscle
transcripts were consistent with the
lymphocyte DNA deletion. On the other hand,
we found one case with no transcript for either
muscle or lymphocytes, one with a muscle
mRNA deletion inconsistent with the
lymphocyte DNA data, and another with
somatic mosaicism.

Subjects and Methods

Subjects
We studied muscle dystrophin mRNA in 17
DMD/BMD cases as well as lymphocyte dystro-

phin mRNA in two DMD case with partial
genomic DNA deletions by RT-PCR, and
examined the boundary sequences of the dele-
tions. The eleven DMD patients ranged in age
from 2 years (y) 2 months (m) to 15y7m and the
six BMD patients from 2y7m to 14y (Table 1).
All had been diagnosed based on the clinical
features, serum creatine kinase (CK) level, and
muscle dystrophin staining results with mono-
clonal DYS1, DYS2 and DYS3 antibodies
(Novocastra L. Ltd. Bretton, UK), which corre-
sponded to nucleotides (N) 3543-4164, N
11007-11055 and N 963-1494, respectively. The
onset age was (-4 years in the eleven DMD
patients, and 2yllm to 14y8m in the six BMD
patients. Patient No. 6 showed a delay of initial
walking, mental retardation and an autistic
tendency, in spite of being diagnosed as having
BMD on muscle dystrophin staining. The motor
function status of the six BMD patients was
stationary or very slowly progressive. All were
able to walk at the time this molecular genetic
analysis was conducted, and their condition was
relatively good, while the eleven DMD patients
showed rapid disease progression (Fig. 1).
Three of the eleven DMD patients and two of
the six BMD patients showed mental retarda-
tion, and one DMD patient (No.10) showed a
high intelligence and excellent school achieve-
ment. Among the six DMD patients who were
followed until they began losing the ability of
ambulation, the wheelchair-bound age was
between 7y7m to 10y8m, the average being 9y4
m. All 17 patients showed high serum CK activ-
ity (Table 1), and immunohistochemical exami-
nation of biopsied muscle specimens with
dystrophin monoclonal antibodies showed a
discontinuous faint staining pattern in the six
BMD patients, while staining was negative in
nine of the DMD patients. However, in DMD
patient Nos. 9 and 10, 1-295 of the fibers were
revertant. Clinical evaluation of disease pro-
gression was based on the stage I-VIII classifi-
cation devised with the 1980 Annual Report of
the Research Group on the Immunologically
Compromised Neurological Disease sponsored
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Table 1 Clinical data for the DMD/BMD patients

Motor
- Initial - Age at function Wheelchair- Muscle
Not ipe walking QI hptom  retardation ping mtial levelat " bound iy CUEEN dystrophin
visit
1 B ly  2yllm leg pain with fever LD +  3y’m [-a ambulant 10,640 12y10m F
2 B ly 14y running delay - + l4y [-a ambulant 2,560 17ylm F
3 B ly2m  2y7m m(()it(ir development — + 2y7Tm I-a ambulant 4,340 4y6m F
elay
4 B ly2m 4y  tendency to fall - + Ty [-a ambulant 5,470 12y8m F
5 B ly 3y  no muscle - + 3y  normal ambulant 26,110 4yllm F
symptoms
6 B lybm 1ly3m delay of initial + —  3ylm I-a No 13,000 5y7m F
walking
7 D ly2m 1lyllm difficulty climbing - + 1yllm I-b No 11,360 Ty —
8 D 1ly2m 3y tendency to fall - —  6y9m I-c TyTm 5,020  9yTm -
9 D lydm 1y3m tendency to fall — —~ Tyllm II-a No 6,910 10yllm —(R)
10 D ly2m 3y leg pain with fever — — 1l4ylm VI 9y6m 10,260 16y5m —(R)
11 D 1y3m 3y tendency to fall - - 7y8m II-a 9y6m 5,920 9ybm -
12 D lylm 3y m(()jt(ir development — — 3yllm II-c 10y2m 16,680 10y2m -
elay
13 D lyém 1ly3m delay of initial + —  2y2m II-a No 10,840 2y2m —
walking
14 D lylm 2y3m lack of head control — - 4m I-a No 10,110 8y6m —
15*  D(C) - %fter lack of head control + —  O9y4m Vill — 11,850 14yllm —
orn
16 D lybm ly  delay of initial - — Ty VIl 10y1lm 9,560 dead —
walking (15y7m)
17 D ly3m 3y5m m(()jtcir development + —  8y9m II-c 9y5m 8,780  9y5m -
elay

* : clinical features resemlbed those of congenital muscular dystrophy (CMD), D: DMD, B: BMD, C: CMD, F : faint staining,
R: revertant fibers, LD : learning disability, motor function levels (I -VH) are the same as in Fig. 1.

by the Ministry of Health and Welfare'®.
Patient Nos. 14, 15 and 16 showed the same
genotype, nevertheless, the motor function sta-
tus of patient No. 14 was II-a with gradual
deterioration; the clinical features of patient 15
resembled those of congenital muscular dystro-
phy, as he was never able to walk and had
severe mental retardation (DQ=21) associated
with severe epilepsy'#. Patient No. 16 had DMD
complicated by a rhabdomyosarcoma. His
muscle disease stage was VIII, and he was
wheelchair-bound from 10 years of age, and
died of tumor metastasis and respiratory insuf-
ficiency at 15y7m. Patient No. 17 was at stage
II-c when his DMD was diagnosed at age 3ybm,
the disease then progressed rapidly with mental
retardation, and he was wheelchair-bound by 10
years of age.

In the eleven DMD and six BMD patients,

and six controls who had undergone a biopsy,
genomic DNA and muscle mRNA analyses
were performed. The muscle transcripts from
16 patients, the exception being patient No. 17,
were sequenced by with an ALF sequencer.
Lymphocyte transcripts were studied in two of
the DMD patients (patient Nos. 10 and 17).
Quantitative analysis of dystrophin mRNA was
also performed in three DMD patients, four
BMD patients and six controls by means of
quantitative semi-nested PCR (Table 2).

Seventeen patients and six controls in this
study all gave informed consent to undergo a
muscle biopsy and lymphocyte DNA/mRNA
analysis of the dystrophin gene.

RNA preparation

All 17 muscle biopsy specimens, which had
been stored at —80°C in a freezer, were sliced at
a thickness of 7 um, and then subjected to acid
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Fig. 1 Relation between age and muscle degeneration in DMD

The stages are designated as I-VIII according to the classification standard devised by the
Report of Research on Clinical and Immunology of Muscular Dystrophy in 1980'®. I-a:
capable of climbing up stairs without rail or hand support, I-b: climbing up stairs without a
rail but must have hands on knees, II-a: climbing up stairs with one hand on the rail, II-b:
climbing up stairs with one hand on the rail, and the other hand on the knee, II-c: climbing
up stairs with both hands holding the rail, III: capable of standing up from a sitting position,
IV: capable of walking, V: capable of dropping down on all fours, VI: unable to drop down
on all fours, but able to crawl, VII: able to maintain a sitting posture, VIII: unable to
maintain a sitting posture. The different symbols indicate patient Nos. 7-17.

Table 2 Comparison of muscle dystrophin mRNA in the DMD/BMD patients and controls

Diagnosis Patient No. n  Quantity of deglt)r)ophin mRNA me?(r)%)SD t-test
1 1.22
2 0.24
BMD 3 0.74 0.6840.207
5 0.50 P =0.245
10 0.40 >0.05
DMD 11 0.04 0.32+0.144 -~
13 0.52
bMD+BMD 1,2,3,5,10,11,13 0.523%+0.143 t=2.797
P=0.0174
Controls 9.375+3.494 - <0.05

OD : optical density.
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Dystrophin

1 /11281
7h P

'

{ 1383 bp

Primer used for detecting three regions of dystrophin gen
7a: GCAACGCCTGTGGAAAGGGTG.......... 6404-6424
7b: GTCACCCACCATCACCCTCTG.......... 7694-7714
HE43-51)
7¢: CAGGAAGCTCTCTCCCAGC.........ennn. 6431-6449
7d: GGTAAGTTCTGTCCAAGCCCGG........ 7636-7657
7e: GGAG GAAGCAGATAACATTGCT........ 6829-6851
7f: TGAATGCTTCTCCAAGAGGC............. 8210-8229
}E46-53)
79: GAACCTCGAAAAGAGCAGCAAC.......6923-6945
7h: GCATCTACTGTATAGGGACCC............ 8031-8051
2a: CGATTCAAGAGCTATGCCTAC............ 1092-1111
2b: GCCGAGTAATCCAGCTGTGAAG........ 2399-2419
}(E9-18)
2¢: CCTCTGACCCTACACGGAGC.............1134-1153
2d: CAGTTATATCAACATCCAA CC.......... 2376-2396
9a: GAGGCCTTCAAGAGGGAATTG............. 8754-8773
9b: CCAGTCTCATCCAGTCTAGG............. 10051-10070
NE57-Y*)

9c: CTAAAGAACCTGTAATCATG
9d: GGGCCGCTTCGATCTCTGGC.............

8778-8797
10027-10046

Ey*: represents the immediately subsequent exon

guanidinium thiocyanate-phenol-chloroform
lymphocyte

RNA extraction'. Peripheral

—/ 3

e

mRNA from patient Nos. 10 and 17 was also
prepared employing the same procedure. The

RNA was stored as an ethanol precipitate at
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Fig. 2 a: Schematic diagram of the positions of
the 4 sets of primers for dystrophin mRNA used
for the nested PCR reaction. The exon borders
shown were determined by Koenig et al’® and
Roberts et al'®., Empty bars indicate PCR
primers, and shaded bars nested PCR primers.
The extents of the primers flanking the genomic
deletions of E43-51 and E46-54 are illustrated in
the central portion of the dystrophin gene. The
extents of the primers corresponding to the up-
stream and downstream regions of the dystro-
phin ¢cDNA of exons 9-18 and exon 57-N 10046
are shown on both sides. A house-keeping gene,
i.e. the glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) primer, is indicated by the black-
ened bar below the dystrophin gene. The primers
are designated as a, ¢, F (i.e. forward), and c, d,
R (i.e. reverse).

b: Representation of the sequences of the primers
described above.

—40°C until use. The reagents and equipment
were used under RNase-free conditions

Construction of the primers
As the hot spot dystrophin DNA deletions in

our DMD/BMD patients involved exons 44 to
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53, two sets of primers were constructed to
determine the deleted region (Fig. 2); a 7a-7b
outer set and a 7c-7d inner set for the 5 and 3’
ends, respectively'®? (corresponding to exons
43-51), spanning N 6431-7658 of the cDNA
sequence, and 7e-7f and 7g-7h (corresponding to
exons 46-54) spanning N 6923-8051. We also
used two other primer sets, one of which span-
ned the 5 end (N 1134-2396)'? (exons 9-18).
The other set of primers was for the 3" end
(N 8778-10046)'? (exon 57 to 3’ region). These
primers were used to screen the regions up-
stream and downstream of the dystrophin
cDNA. Primers 7e, 7f, 7g and 7h were designed
as part of the present study. For quantification
of the transcripts, a house-keeping gene, the
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene, was used as an internal control
for RT-PCR. The Ga and Gb primers were
previously described by Oppenheim et al'® (Fig.
2a, b).

Reverse transcription

Five hundred ng of total muscle RNA (2.5 ul)
was denatured with 50 ng of primer Xb (X; 2, 7
or 9) or 7f (for the sequence, see Fig. 1) at 65°C
for 10 min, and then chilled on ice. Four mi-
croliters of 5X reverse transcriptase buffer, 2
#1 of 100 mM DTT (dithiothreitol), 200 units of
MMLV (Moloney murine leukemia virus)
reverse transcriptase (GIBCO BRL, Gaithers-
burg, U.S.A)), 5 xl of 5 mM dNTPs (TAKARA,
Otsu-shi, Japan), and 25 units of RNase in-
hibitor (GIBCO BRL, Gaithersburg, U.S.A.)
were added to give a total volume of 20 ul. The
reaction was performed at 42°C for 1 hour.

Nested PCR (master mix method)

A 30 gl mixture comprising 5 ul of 10X Ex
taq PCR buffer (TAKARA, Otsu-shi, Japan )
and 500 ng of primer DMD Xa (X; 2, 7 or 9) or
7e, 450 ng of DMD Xb (X; 2, 7 or 9) or 7f, and
1.25 units of Ex taqg polymerase was added to
the RT mixture. Twenty cycles of PCR (93°C
for 1 min, 55°C for 1 min, and 72°C for 2 min)
were performed, followed by incubation at 72°C
for 5 min. One microliter of the PCR products
was added to a 50 xl mixture comprising 5 1 of

10X Ex tag PCR buffer, 4 ul of 5 mM dNTPs,
500 ng of primer DMD Xc (X; 2, 7 or 9) or 7g,
500 ng of primer DMD Xd (X; 2, 7 or 9) or 7h,
and 1.25 units of Ex tag polymerase. The PCR
reaction was repeated as above. Eight mi-
croliters of the final products was electrophor-
esed in a 19 agarose gel, followed by staining
with ethidium bromide.

Quantitative PCR

For quantification of the amplified trans-
cripts, an in vitro semi-nested RT-PCR proce-
dure was used, using a house-keeping gene, the
GAPDH gene, as described elsewhere!®, in four
BMD and three DMD patients. The same
amount of cDNA (2 xl) was mixed with 500 ng
of dystrophin genes 7a and 7b, and 7e and 7f,
respectively, under the conditions described
above, and 30 PCR cycles were carried out. The
3" primers of 7d, 7h and Gb were then end-
labeled with **P. The hot PCR reaction condi-
tions were the same as above, that is within the
exponential part of the curve (25 cycles). The
amplified products were electrophoresed in
2.59% agarose gels, which were then dried and
exposed to imaging plates (Fuji Photo Film Co.,
Tokyo, Japan). The target and internal stan-
dard bands identified were examined for radio-
activity, expressed as counts per minute (cpm)
of photo-stimulated luminescence, with a
Bioimaging Analyzer, BAS 2000 (Fuji Photo
Film Co., Tokyo, Japan). The quantity of
dystrophin mRNA was presented as the optical
density (OD), and the results were statistically
analyzed by Student’s unpaired t-test.

Direct sequencing

The PCR products were extracted from the
19 agarose gels by excising the individual
bands, followed by transfer to a NANOSEP
MF 0.45 ul tube (Pall Filtron, Massachusetts,
U.S.A.), centrifugation at 14,000 cpm, ethanol
precipitation of the filtered solution twice, and
then direct sequencing with an ALF sequencer
(Amersham Pharmacia Biotech, Tokyo, Buck-
inghamshare England) using a thermal
sequence fluorescence labeled primer cycle se-
quencing kit (Amersham Pharmacia Biotech,
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Buckinghamshare, England). The forward
primers that fluoresced were used for PCR.

Results

Quantification of muscle dystrophin gene
transcription

The dystrophin transcripts from four BMD
and three DMD patients were found to be
decreased as compared with in six control sub-
jects, and the optical densities of the muscle
transcripts were found to be drastically de-
creased (p<0.05) on quantitative analysis using
semi-nested-PCR. There was, however, no sta-
tistically significant difference between the
four BMD and three DMD patients (Table 2).

Analysis of lymphocyte DNA and muscle
transcripts

Lymphocyte DNA data revealed in-frame
deletions in the six BMD patients and out of
frame deletions in the eleven DMD patients.
The total muscle RNA samples obtained from
the 17 patients were sufficient for reverse trans-
cription of muscle mRNA. BMD patient Nos. 2
and 3 showed deletion of exons 45-48, Nos. 4
and 5 of exons 45-47 (Fig. 3), and No.6 of exons
45-53. Patient Nos. 9 and 10, who had DMD,
showed an exon 45 genomic DNA deletion.
Revertant fibers were also confirmed by muscle
dystrophin staining in the latter two cases
(Table 3). Patient Nos.14, 15 and 16 had dele-
tion of exons 48-52 in lymphocyte DNA, but the
transcript size in patient No. 16 was about 200
bp larger (Fig. 3). The muscle transcripts from
patients Nos. 1-15 were consistent with the
lymphocyte DNA deletion. In spite of that the
transcript of GAPDH, which was the internal
control, was obtained from patient No. 17, no
dystrophin transcript was amplified despite
repeated efforts (Table 3), and the same results
were obtained for lymphocyte transcript. The
peripheral lymphocyte mRNA from patient No.
10 showed 175 bp and 480 bp transcripts, which
were consistent in terms of size with deletion of
exons 45-48 and exon 45, respectively (Fig. 4).

Sequencing evidence of DNA deletion
boundary region transcription

29

The boundary of the deleted mRNA in each
case determined by sequencing of the RT-PCR
products derived from the deletion-containing
region (exons 43-53) of muscle mRNA, obtained
using primers 7c¢ and 7d'® or 7g and 7h (Table
4), was confirmed. In patient No.10, when we
sequenced the two transcripts from lymphocyte
mRNA, two deletion types involving exon 45
and exons 45-48 were confirmed (Fig. 4-a, b).
However, only the exon 45 deletion was detect-
ed in muscle. In patient No. 16, whose genomic
DNA deletion encompassed exons 48-52, ampli-
fication of the transcript clarified that the 5’
region of exon 48 was present and that there
was a 15 bp deletion in the 3’ region of exon 48.
The latter caused a transition from C to A at
nucleotide 7301 (Fig. 5). The transcript subse-
quently spliced to exon 53.

Transcripts of the 5 and 3’ regions of
dystrophin mRNA and motor function

Analysis of the transcripts of exons 9-18 and
exon 57 to N 10046'? to clarify the transcription
in the upstream and downstream regions of the
dystrophin gene, using RT-PCR, revealed the
following: sixteen upstream transcriptional
products were obtained, the exception being
patient No. 17. Patient Nos. 8, 9, 12, 14, 15 and
17 showed no transcripts downstream from the
detected region (Table 4).

The wheelchair-bound age was 108.7 = 9.2m
in the group with no transcript in the down-
stream region of the dystrophin gene (patient
Nos. 8, 9, 12, 14 and 17), while the group with
positive one (patient Nos. 7, 10, 11, 13 and 16) it
was 116.3 = 2.3 m. There was no significant
difference between the two groups.

Thus, the clinical features were not affected
by the absence of a transcript of the down-
stream region of the dystrophin gene.

Discussion

Confirmation of the effect of dystrophin
gene transcription on muscle mRNA

Screening for DMD/BMD involves genomic
DNA and immunochemical analysis. The read-
ing frame theory of Monaco et al® was found to
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St C1 C2 C3 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

44 L T48-50 51 L 1 52
46-48 45 50 48-52
DMD |

45-49 45-53
45-48 45-47

BMD I
Fig. 3 Amplification of dystrophin mRNA corresponding to the DNA deletions detected in
the muscle biopsy specimens
C1-C3 are controls for the three primers of the amplified region of the deleted DNA. The
designations are: C1; for exons 43-51, C2; for exons 46-54, C3; for exons 43-54. Numbers 1-17
above the picture are those the patients in Tablel. The numbers below the picture are
deleted exon extention in lymphocyte DNA. The number on the right side of the picture are
the sizes of the ¢ X 174 marker.

Table 3 Comparison of dystrophin DNA and mRNA

Patient  Pheno- Dystrophin Deleted exon Deleted exon Deleted exon

Consistency

No. type staining  in lymph. DNA in muscle mRNA in lymphocyte mRNA
1 B F 45-49 45-49 ND +
2 B F 45-48 45-48 ND +
3 B F 45-48 45-48 ND +
4 B F 45-47 45-47 ND +
5 B F 45-47 45-47 ND +
6 B F 45-53 45-53 ND +
7 D — 46-48 46-48 ND +
8 D — 44 44 ND +
9 D —(R) 45 45 ND +
10 D —(R) 45 45 45/45-48 + (somatic mosaicism)
11 D — 48-50 48-50 ND +
12 D — 50 50 ND +
13 D — 51 51 ND +
14 D — 48-52 48-52 ND +
15 D(C) — 48-52 48-52 ND +
16 D — 48-52 E48(N 7304) *49-52 ND -
17 D — 52 unable to be amplified unable to be amplified transcription disturbance

* 15 region of exon 48 detected, and a 15 bp deletion (from N 7304 to N 7318) in the 3’ region of exon 48 with subsequent
splicing to exon 53, ND : not done.

be applicable to 92% of 258 DMD and BMD
patients'?, and was also confirmed at the pro-
tein level by Hoffman et al®. Genetic informa-
tion carried by DNA is expressed in two stages:
transcription of one DNA strand into mRNA,
followed by translation of the mRNA into a

protein. Thus, analysis of muscle mRNA is
useful for determining the effect a genotypic
alteration has on the transcript structure.
Messenger RNA analysis also allows confirma-
tion of reading frame mutations in cases in
which analysis at the genomic level is inconclu-
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St Control  muscle lymphocyte

T ATCTTAAGGIC TAGAAG
E45 deletion 160 170

/ muscle mRNA
\ E44 —— E49

E45-48 deletion

ATCTTAAGGIAAACTGAA

170
lymphocyte mRNA
genomic DNA
— 44 46 47 48 H 49
muscle mRNA lymphocyte mRNA
44 46 47 48 49 44 46 47 48 49

44 49

Fig. 4 a: Amplification of the RT-PCR products from controls, muscle transcripts and
lymphocyte transcripts, in a 19 agarose minigel, is illustrated. b: The two graphs beside the
picture present sequencing evidence of two distinct transcript patterns for two peripheral
lymphocytes. e: Schematic representation of different types of transcription, one in muscle
and the other in lymphocytes, in patient No. 10. The same deletion of exon 45 was seen in
muscle transcripts and genomic DNA, while alternative splicing produced two different
deletion patterns i.e. deletions of exon 45 and exons 45-48, was demonstrated on lymphocyte
transcription. These results are consistent with somatic mosaicism.
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Table 4 Muscle dystrophin mRNA data for the 17 DMD/BMD patients

Patient  Pheno-

Deleted exons

Muscle cDNA

Detection of three regions in dystrophin gene

No. type in muscle mRNA del. boundary E9-18 E43-53 E57-Y

1 B E45-49 6648-7405 + + (truncated) +

2 B E45-48 6648-7321 + + (truncated) +

3 B E45-48 6648-7321 + + (truncated) +

4 B E45-47 6648-7117 + + (truncated) +

5 B E45-47 6648-7117 + + (truncated) +

6 B E45-53 6648-8077 + + (truncated) +

7 D E46-48 6624-7321 + + (truncated) +

8 D E44 6299-6647 + + (truncated)

9 D E45 6648-6823 + + (truncated) -
10 D E45 6648-6823 + + (truncated) +
11 D E48-50 7118-7517 + + (truncated) +
12 D E50 7406-7517 + + (truncated) -
13 D E51 7518-7747 + + (truncated) +
14 D E48-52 7118-7868 + + (truncated) -
15% D(C) E48-52 7118-7868 + + (truncated) -
16 D E48(N7304)-52 7307-7868 + + (truncated) +
17 D unable to be amplified wunable to be amplified - - -

+ ! positive transcript, — : negative transcript, * : clinical features resembling those of congenital muscular dystrophy (CMD).

sive. Hoffman et al'” investigated muscle
dystrophin mRNA in mice and humans, and
demonstrated this mRNA accounts for approxi-
mately 0.01 to 0.001% of total cardiac and
skeletal muscle mRNA. Chelly et al'® studied
muscle transcripts quantitatively in eight DMD
and three BMD patients, finding that the
amount of truncated transcripts in DMD cases
who had a frameshift deletions was less than
109 of the control level, while it was only
slightly decreased without a frameshift dele-
tion, but did not present statistical data.

In our study, the amounts of residual dystro-
phin transcripts were markedly decreased in
four BMD cases who had an in-frame deletion
and three DMD cases who had a frame shift
deletion, compared to in six controls (p<0.05).
There was, unexpectedly, no significant differ-
ence between the three DMD and four BMD
cases, despite that the residual dystrophin im-
munostaining was more prominent and the
clinical severity milder in the BMD than in the
DMD cases. The results suggested that the
three DMD cases (patient Nos. 10, 11 and 13)
had relatively the same amounts of transcripts
as the BMD cases quantitatively. Qualitatively,

all three DMD cases showed truncated trans-
cripts and the downstream region of the dystro-
phin gene was amplified, as shown in Table 4.
Thus, we presumed that the intact transcription
in the three DMD patients was correlated with
our results.

We detected an inconsistency in the deletion
range between lymphocyte DNA and muscle
mRNA. Patient No. 16 had the same deletion
pattern, i.e. exons 48-52, in lymphocyte DNA as
patient Nos. 14 and 15. However, the PCR
product in patient 16 was larger than those in
patient Nos. 14 and 15. Thus, the transcript in
patient No. 16 apparently differed from those in
patient Nos. 14 and 15. The sequencing results
confirmed the existence of a part of exon 48,
with deletion of 15 bps of the 3’ end of exon 48
(N 7304 to N 7318), subsequent deletion of exons
49-52 with alternative splicing to exon 53, and a
missense mutation causing a transition from C
to A at N 7301 (Fig. 5). The reason for the
apparent genomic DNA deletion of exon 48,
despite the partial existence of exon 48, was a
deletion of intron 48, where the primer was
constructed. When the transcript of exons 46-53
was amplified, a part of exon 48 was detected
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7g~7h

46 | 47 | 48

...GAC GTT CAGIGAA ACT...
7301

..GAC GTT A AG|TTG AAA GA...
7301

Fig. 5 Illustration of alternative splicing in mus-
cle mRNA from patient No. 16
The thin line shows the extension of primers 7g
and 7h, which were used for RT-PCR for amplifi-
cation of the muscle mRNA. The boxes indicate
exons 46-54 mRNA. The shaded parts of exons
are deletions which were detected by RT-PCR.
Bold lines and sequences of amino acid illustrate
alternative splicing boundaries, and a missense
mutation causing a transition from C to A at site
7301 is also indicated.

as a larger band.

In the case of patient No. 17, who had DMD
with an exon 52 deletion in lymphocyte DNA,
the mother was confirmed to be a carrier by
Southern blotting, showing an exon 52 deletion.
His motor function deterioration was less than
patient No. 8, but worse than that of patient
Nos. 10, 11, 12 and 16, and he had mental retar-
dation, and muscle dystrophin transcripts were
not amplified on RT-PCR. A transcriptional
disturbance in muscle was assumed, which was
supported by lymphocyte transcription with no
amplified products. There were four patients
who had mental retardation, in three of whom
dystrophin transcripts were obtained, the
exception being patient No. 17. Thus, we con-
cluded that the intact transcription had no influ-
ence on the mental state in the DMD patients,
but that affected transcription was one of the
possible reasons why patient No. 17 showed a
relatively severe phenotypes in the motor and
mental states.

Possibility of existence of somatic mosaicism

Dystrophin mRNA is mainly detected in
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muscle and cardiac tissues, at significant levels,
while low levels of transcription (of 1 copy/1000
cells) have been reported in lymphocytes!®!®
and brain®”. Patient Nos. 9 and 10 were both
diagnosed as having DMD, and both had an
exon 45 deletion which caused a frameshift,
while dystrophin immunostaining with DYS 1-3
revealed revertant fibers. In patient No. 10, who
had an exon 45 deletion in muscle mRNA, we
conducted RT-PCR using peripheral blood
lymphocyte mRNA, and found two fragments.
We analyzed the fragments with a sequencer. A
deletion of exons 45-48 was detected simultane-
ously with that of exon 45 (Fig. 4c).

The mechanism restoring the correct reading
frame in revertant fibers has been described by
Hoffman et al??, Klein et al??, Sherratt et al®®
and Winnard et al?®. A small proportion of
transcripts was identified in which one or more
exons were skipped adjacent to the deletion,
and Roberts et al'® have shown that alternative
splicing of a nonsense mutation at the 5" or 3’
end of the reading frame creates a cryptic
splice site or causes complete exon skipping.
Other mechanisms have been proposed to
account for the restored reading frame in rever-
tant fibers, including somatic reversion or sup-
pression®?22%  Another site deletion, presum-
ably next to the deleted exon, has been suggest-
ed to change the original deletion to an in-frame
deletion. In the present study, patient No. 10 did
not have a mutation at either the 5" or 3’ end of
exon 44 or 49, but did have deletions of both
exon 45, i.e. a frameshift deletion, and exons
45-48, i.e. an in-frame deletion, in lymphocyte
mRNA. The former deletion pattern disrupted
the reading frame while the latter one restored
the reading frame, resulting in the appearance
of scattered dystrophin-positive fibers. Patient
No. 10 was a sporadic case. Different mutated
transcripts were found in muscle and
lymphocytes, which are derived from the
mesoderm. As he exhibited excellent school
achievement, his brain dystrophin mRNA,
which was derived from the ectoderm, was
predicted to be normal. Thus, we concluded
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that this case had somatic mosaicism. This is
the second case confirmed to have somatic
mosaicisim by us®®.

Patient No. 6 who had a BMD, showed an
autistic tendency and mental retardation, and
his current age was 3y7m. His motor function
level at initial visit to our clinic was I-a, but he
could not complete jumping. His muscle dystro-
phin immunostaining was faint and his muscle
mRNA was consistent with lymphocyte DNA,
which had a deletion of exons 45-53, i.e. in-
frame deletion. We assumed the reason for his
relatively affected mental and motor functions,
in spite of his BMD genotypes was somatic
mosaicisim in the brain and muscle, like in
patient No. 10, or somatic reversion in the brain
tissue.

Transcription of the 5 and 3’ ends of the
dystrophin gene

We have also studied the upstream and down-
stream regions of the dystrophin gene. In all six
BMD cases, both the 5 and 3’ regions of the
transcripts were obtained. Koenig et al'® and
England et al*® proposed that internal deletions
in BMD can result in the loss of most of the
amino terminal and central rod domains, with
preservation of partial functions and perhaps
relatively stable dystrophin molecules. As
frameshift deletions in DMD result in termina-
tion codons, translation may be blocked, such
that the terminal region of the dystrophin gene
is undetectable. In our study on DMD cases,
upstream transcripts were found in all DMD
and BMD patients, except patient No. 17.
However, in six DMD cases, transcripts of the
3" end of the DMD gene were not obtained. The
genomic DNA deletions involved exons 44, 45,
50, 48-50, 48-52, and 52 distributed in patient
Nos. 8, 9, 12, 14 and 17, respectively.

In conclusion, our results showed that the
results of transcript analysis did not always
reflect the clinical phenotype of DMD/BMD.
However, we detected the existence of somatic
mosaicism and splicing mutations, different
from the results obtained on genomic DNA
analysis. As messenger RNA transmits the

DNA information to a protein, analysis of the
transcripts of the dystrophin gene is important
for clarifying the step of dystrophin protein
synthesis, which is causative of DMD/BMD,
and to elucidate the molecular pathology of
DMD/BMD.
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