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79 exons (Ahn and Kunkel 1993; Nishio et al. 1994). Conse-
quently, more than 99% of the gene sequence is composed
of introns. The extraordinary nature of the dystrophin gene
with respect to its intron size and its large number of exons
points to several potential characteristics in the processing
of dystrophin mRNAs (Surono et al. 1997, 1999; Dwi
Pramono et al. 2000). Several dystrophin isoforms are
produced in a tissue- or development- specific manner by
alternative splicing (Feener et al. 1989; Chelly et al. 1990;
Reiss and Rininsland 1994; Barbieri et al. 1996; Torelli and
Muntoni 1996). We have identified six novel alternative
splicing patterns in the 5� region of the dystrophin gene in
addition to the six already-known patterns, indicating that
exon usage in the 5� region of the dystrophin gene is highly
complicated (Surono et al. 1997).

Approximately two thirds of DMD/BMD cases carry
deletions or duplications (usually of several kilobases
of genomic DNA) in the dystrophin gene. The remaining
cases are probably due to small mutations, but the huge size
of the dystrophin gene hampers identification of the respon-
sible mutation. Instead of analyzing genomic DNA,
dystrophin mRNA has been used as a material for muta-
tion analysis (Roberts et al. 1991), and ectopic dystrophin
mRNA expressed in lymphocytes is commonly used be-
cause of its easy accessibility. As a result, point mutations
scattered on the gene have been disclosed (web site, http://
www.dmd.nl/dmdhome.htm).

Recently, two nonauthentic exons, exon 1a and exon 2a
from introns 1 and 2, respectively, have been reported to
be incorporated into the dystrophin mRNA (Roberts et al.
1993; Dwi Pramono et al. 2000). Because these two tran-
scripts contain an inframe stop codon, no physiological role
has been clarified. The insertion of exon 1a between exons
1 and 2 has been observed only in lymphocytes and is iden-
tified in half of the dystrophin transcripts (Roberts et al.
1993). This indicates that the environment regulating the
splicing of intron 1 in lymphocytes is different from that of
muscle cells, where no insertion of exon 1a is observed.

Splicing, wherein introns are removed from pre-mRNA
as lariats, proceeds with remarkable accuracy. This process
is carried out by spliceosomes, which are multicomponent
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intron 3 and it was revealed that the insertion possessed
branch point and both acceptor and donor splice site con-
sensus sequences perfectly. Therefore, the 62-bp insertion
sequence was considered to be a novel exon and was desig-
nated as exon 3a. However, this insertion was not present in
the patient’s muscle and 12 different normal tissues that
were screened. The physiological role of the novel cryptic
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Introduction

The human dystrophin gene, which is defective in patients
with Duchenne or Becker muscular dystrophy (DMD/
BMD), encodes a protein called dystrophin that is
immunohistochemically stained along the plasma mem-
brane of muscle cells. It spans approximately 3000kb of the
X chromosome and encodes a 14-kb transcript consisting of
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ribonuclear protein complexes. It is well known that con-
sensus sequences at the splice donor and acceptor sites and
a branch site of the intron are used for proper splicing
(Green 1986). Because the dystrophin gene has an extraor-
dinary structure of huge introns, splicing is conceived to be
regulated more sophisticatedly than it is other genes. Re-
cently, exonic splicing enhancer has been shown to be criti-
cal for splicing of dystrophin pre-mRNA (Takeshima et al.
1995; Shiga et al. 1997). However, inclusions of intron se-
quences into dystrophin mRNAs have been reported, the
retention of a part of an intron the result of mutations at the
splicing consensus sequences (Roest et al. 1996) or the cre-
ation of a novel exon from an intron sequence the result of
intron mutation (Ikezawa et al. 1998). The latter indicates
that creation of splicing consensus sequences located far
from the authentic splice site can be recognized as exons by
spliceosomes and incorporated into mRNA.

The presence of a splicing abnormality together with a
point mutation has been explained as being due to the
disruption of splicing consensus sequence or exonic splicing
enhancer sequence. Here, we report incorporation of a
novel exon (exon 3a) into dystrophin mRNA expressed
in lymphocytes from a Japanese DMD case without any
mutation at splicing consensus sequences or splicing en-
hancer sequence, but with a single nucleotide deletion in
exon 5.

Subjects and methods

Case

More than 100 DMD/BMD cases referred to the Kobe
University Hospital, Kobe, Japan were enrolled to identify
mutations in the dystrophin gene. In nearly half of the cases,
large deletions or duplications were identified. The remain-
ing cases were subjected to reverse transcription-poly-
merase chain reaction (PCR) analysis of dystrophin mRNA
prepared from peripheral lymphocytes to identify small
mutations. In this study, an 18-year-old Japanese DMD case
was examined for mutations of the dystrophin gene. His
elder brother was also diagnosed as DMD and died at the
age of 17 years as a result of heart failure. In contrast, the
current DMD patient’s cardiac examination disclosed no
abnormality. He showed muscle weakness, and a remark-
able elevation of serum creatine kinase level was pointed
out at 5 years of age. His muscle weakness progressed and
he was wheelchair bound at the age of 11 years. A muscle
biopsy done on the biceps muscle showed the absence
of dystrophin staining, thus confirming the diagnosis of
DMD.

Molecular analysis

Total RNA was isolated from peripheral lymphocytes or
skeletal muscle biopsy samples and cDNA was prepared
from total RNA as previously described (Matsuo et al.
1991). To analyze dystrophin cDNA, we amplified a full-

length dystrophin transcript as ten separate fragments that
overlapped at either end (Roberts et al. 1991). One of these
fragments encompassed exons 1 to 11 of the dystrophin
mRNA, and a small region encompassing exons 1 to 5 or 1
to 8 was amplified for further study as described (Surono et
al. 1997).

To examine the efficiency of activation of exon 3a in
different tissues, we amplified a fragment spanning exon 3a
to exon 5 from cDNA prepared from the total RNA of 12
adult human tissues (skeletal muscle, cardiac muscle, brain,
stomach, small intestine, colon, lung, spleen, liver, kidney,
testis, and placenta) (Sawady, Tokyo, Japan). cDNA
corresponding to 0.125µg of each of the RNA samples
was subjected to PCR amplification using the primer
set of 5�-TATCAGAATGTAAACCAACATCAT-3�
(C3aF) and 5�-TGCCAGTGGAGGATTATATTCCAA-
3� (C5R).

Human genomic DNA was isolated from lymphocytes of
the patient and from a normal individual via previously
described methods (Matsuo et al. 1991). PCR amplification
of the genomic region encompassing exon 3a or exon 5 was
performed essentially as described previously (Matsuo et al.
1991) using primer sets of 5�-GCCTCCTGGGTTCAAG
CAAT-3� (INT3-F), 5�-GCTAAAGCCATCTTACTCTC
CAAGG-3�(INT3-R), 5�-CAACTAGGCATTTGGTC
TC-3� (g5F), and 5�-TTGTTTCACACGTCAAGGG-3�
(g5R), respectively. Genomic regions encompassing exons 3
and 4 were amplified as described earlier (Dwi Pramono et
al. 2000).

For DNA sequencing, PCR-amplified products were
separated by electrophoresis with low-melting agarose gels.
Bands of the amplified products were excised from the gel
and the DNA obtained was purified. The purified DNA was
subcloned into pT7 vector (Novagen, Madison, WI, USA)
and the DNA insert was sequenced using an automatic
DNA sequencer (model 373A, Perkin Elmer Applied
Biosystems, Norwalk, CT, USA).

Results

In lymphocytes of the index case, two products were ob-
served, one corresponding to the larger product from the
control and the other product having a larger molecular size
than the larger control (Fig. 1). Sequencing of the two prod-
ucts from the index case revealed that the smaller one re-
tained exon 1a (162bp) between exons 1 and 2, as observed
in normal lymphocytes (Roberts et al. 1993), but had a
single nucleotide A deletion at the 16th nucleotide of exon
5, corresponding to the 488th nucleotide of the dystrophin
cDNA (A488del) (Fig. 2a). This deletion caused a shift in
the translational reading frame, resulting in the creation of
a stop codon in the 12th codon of exon 5. This nucleotide
change was confirmed to be present in the genomic DNA of
the index case (data not shown). Furthermore, his mother
had the same mutation in the heterozygous state and was
identified as a carrier. Because no other mutation was
identified in any other coding sequence (data not shown), it
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was concluded that this nucleotide deletion was the cause of
DMD.

Sequencing of the larger product from the index case
disclosed that it contained an unidentified sequence in-
serted between exons 3 and 4 in addition to the insertion of
exon 1a and a mutation of A488 del (Fig. 2b). The inserted
sequence was 62 nucleotides (nt) long (Fig. 2b). BLAST
search revealed that the inserted sequence was completely
homologous to a part of intron 3 and that its 5� and 3� ends
were present 3045 nt downstream of the 3�end of exon 3
and 1761 nt upstream of exon 4, respectively (GenBank
AL096699) (Fig. 2c). Further examination of the nucleotide
sequence around the identical region of intron 3 revealed
that the AG and GT dinucleotides that form consensus
sequences at the splice acceptor and donor sites of all in-
trons, respectively, were present immediately adjacent to
the 5� and 3� ends of the 62-bp sequence (Fig. 2c). Shapiro’s
scores for the splice acceptor and donor sites were 70.3 and
79.9, respectively (Shapiro and Senapathy 1987). Further-
more, the sequence TCCTGAT, with a match to the branch
point consensus sequence (YNYTRAC, Y � C or T; R � G
or A; N � any base), was identified 110nt upstream of the
putative splice acceptor site. A polypyrimidine tract was
also identified between the putative branch point and the
splice acceptor site. Therefore, the 62-bp insertion sequence
was considered to maintain all characteristics typical of a
genomic exon and was named exon 3a (Fig. 2c).

Because the exon 3a insertion was postulated to be due
to a genomic mutation, the intron region covering the in-
serted 62 nt and its flanking parts was sequenced (Fig. 2c).
However, it was found that 62nt of the insertion and the
nucleotide sequences 210nt upstream and 100nt down-
stream were completely identical to the reported sequence
(GenBank AL096699) (data not shown). Genomic se-
quences encompassing exons 3 or 4 were also analyzed but
no nucleotide change responsible for the splicing error was
identified. It was thus concluded that the incorporation of
exon 3a was not due to a genomic mutation.

To investigate whether the same 62-nt sequence was also
incorporated into the dystrophin transcript expressed in the

patient’s skeletal muscle, we amplified the fragment span-
ning exons 1 to 5 from cDNA prepared from the patient’s
muscle (Fig. 1). Three bands were visualized, with each
band subjected to sequencing. The smallest product con-
sisted of exons 1 to 5 and was considered the normal splicing
product. The largest product contained exon 1a between
exons 1 and 2. The weak band between the two clear bands
(Fig. 1) was found to be a nonspecific product. Because
exon 1a is not incorporated into the dystrophin mRNA
expressed in normal skeletal muscle, it was suggested that
regulated splicing of the dystrophin pre-mRNA was dis-
rupted in the patient’s muscle. To examine a trace amount
of transcript containing exon 3a, we subsequently subjected
the amplified product to PCR amplification using a set
of primers located in the inserted sequence and exon 5.
However, no product was obtained (data not shown).

The incorporation of intron 3 was examined in 12 differ-
ent normal tissues by amplifying a fragment extending from
the inserted sequence to exon 5. However, the product
containing exon 3a was not obtained from any of the 12
tissues (data not shown). These results indicate that exon 3a
was not used in any normal adult tissue. Although we have
analyzed dystrophin mRNAs expressed in lymphocytes
from more than 100 DMD/BMD cases with deletion muta-
tions or point mutations in the dystrophin gene (Matsuo
et al. 1991; Hagiwara et al. 1994; Shiga et al. 1997; Wibawa
et al. 2000), a similar-sized fragment as identified in the
present case has never been observed (data not shown).
Dystrophin mRNA containing exon 3a could not be identi-

Fig. 1. Amplified products of dystrophin cDNA. The 5� region of
dystrophin mRNA spreading from exons 1 to 5 was amplified from
cDNA prepared from lymphocytes (left panel) and from a skeletal
muscle biopsy sample (right panel). In lymphocytes, an expected
normal-sized product and a larger-sized product were obtained from
the normal control (lane C), while two large-sized products were ob-
tained from the index case but no normal-size product was obtained
(lane P). In skeletal muscle, three bands, two clear and one weak, were
visualized, with the weak band found to be nonspecific (lane P). Only
one band was visualized from the normal control (lane C). The exon
component of the amplified product is schematically described in the
middle

Fig. 2a–c. Sequence of the dystrophin cDNA of the index case. a
Sequence of exon 5. The A nucleotide at 488 nt was missing (A488del)
and it resulted in a TAG stop codon at the seventh downstream codon
(below). b Schematic description of the largest product. The insertion
of exon 1a and a nucleotide deletion (A488del) were present. Addi-
tionally, the 62-bp long sequence was inserted between exons 3 and 4
and its sequence is described below. c Schematic description of location
of exon 3a. The inserted 62-nt sequence, exon 3a, was present in intron
3, maintaining both the consensus splice sites and a branch site. The
distance from exon 3a is shown in brackets. The numbers over the exons
indicate the Shapiro’s score for the respective sites. Boxes and bars
indicate exons and introns, respectively. Bars indicate introns that
maintain GT and AG dinucleotides at the 5� and 3� end of its sequence.
Bold bars indicate the sequenced intron regions in the index case. The
figure is not drawn to scale
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fied in the lymphocytes of his mother, a carrier of A488 del
(data not shown). This suggests that the use of exon 3a was
very specific to the index case.

Protein-coding ability was subsequently analyzed on the
novel exon. Because the transcript identified in this study
contained not only the novel exon 3a, but also exon 1a, a
premature stop codon appeared on the exon 1a-encoded
region. We decided, therefore, that the novel mRNA non-
functional for producing protein.

In conclusion, novel exon 3a was identified as being in-
serted into dystrophin mRNA expressed in lymphocytes
from a DMD case who had a genomic mutation of A488del
in exon 5 of the dystrophin gene. The physiological role of
exon 3a remains to be clarified.

Discussion

In this report, a novel mutation of the dystrophin gene
(A488del) was identified in a Japanese case of DMD. Re-
markably, splicing abnormalities of two upstream introns
were also disclosed in his lymphocytes: incorporation of
exons 1a and 3a into dystrophin mRNA (Fig. 3). Exon 1a,
which is incorporated in half of the dystrophin mRNA from
normal lymphocytes (Roberts et al. 1993), was incorporated
into all mRNA in lymphocytes of the index case. Further-
more, exon 3a was found to be inserted in half of the
dystrophin mRNA (Fig. 1). Exon 1a, which never incorpo-
rated in his muscle, was observed to be inserted in a small
fraction of the dystrophin mRNA. In contrast to lympho-
cytes, no mRNA containing exon 3a was identified in his
muscle.

Exon 3a was first found to be inserted into mRNA, but
this incorporation was both tissue- and mutation-specific;
the insertion event was limited to mRNA expressed in lym-
phocytes of one particular DMD patient who had a single
nucleotide deletion in exon 5 (A488del) (Fig. 2a). Exon 3a
was found to maintain the consensus sequences for splicing
but was not recognized as an exon in usual splicing environ-
ments (Fig. 3). Exon 3a is considered a weak exon based on
the following points: (1) the branch point is present 110nt

upstream of the splice acceptor site of exon 3a. Usually it
is present 20–30nt upstream of the splice acceptor site.
The very long tract between a branch point and the 3� splice
acceptor site may hamper the function of the U2AF35
nuclear protein, a branch point-binding protein, in recog-
nizing the branch site. (2) A purine-rich sequence within
the exon sequence is not present in the inserted 62nt.
In separate studies, we have shown that some dystrophin
exons have purine-rich sequences that function as
exonic splicing enhancer sequences (Takeshima et al. 1995;
Shiga et al. 1997). Therefore, it was supposed that incorpo-
ration of exon 3a was activated by changes in the splicing
environment.

Splicing errors of dystrophin transcripts have been
reported in mutations of the splicing consensus sequences
or exonic splicing enhancer sequences (Matsuo et al. 1991;
Hagiwara et al. 1994; Shiga et al. 1997; Wibawa et al. 2000).
The incorporation of the middle part of intron sequences
has been reported in the creation of a consensus sequence
by a single-nucleotide change in the dystrophin gene
(Ikezawa et al. 1998). In the index case, we could not iden-
tify any mutation responsible for splicing errors. One par-
ticular nucleotide change in the index case was an A488 del
in exon 5. This nucleotide change was supposed to trigger a
splicing error, but we are not able to draw any conclusion
about whether splicing abnormalities identified in this
report were due to mutations in exon 5. More cases with
nonsense mutations in exon 5 of the dystrophin gene (Nigro
et al. 1994) are needed to examine this supposition.

The most remarkable finding in the index case was an
activated incorporation of exon 1a; all dystrophin mRNA in
lymphocytes contained exon 1a and a small proportion of
the dystrophin mRNA in his skeletal muscle also contained
exon 1a (Fig. 1). These observations suggest that environ-
mental factors that are necessary for proper splicing of
intron 1 or exon 1a were disrupted in the index case. There
are two possible explanations for double-splicing abnor-
malities of introns located upstream of the mutation site: (1)
RNA secondary structural change and (2) spliceosomal
program change. It has been reported that regulation of
splicing is due, at least in part, to a secondary structure of
the primary transcript (Libri et al. 1991). In genomic DNA,
exon 5 is separated roughly 50kb and 200kb from introns 1
and 3, respectively. Although the secondary structure of
pre-mRNA or mRNA may function to bring these separate
portions near, it is not plausible that a mutation far down-
stream can affect the splicing of remote upstream introns,
considering that splicing proceeds cotranscriptionally
(Bauren and Wieslander 1994). Therefore, the first possibil-
ity does not seem likely.

In the spliceosome, more than 30 distinct proteins have
been shown to be present (Kramer 1996). It has been
reported that different regulatory programs for splicing
run concurrently within the same cell, suggesting that the
production of different alternatively spliced pre-mRNAs is
regulated by distinct programs that use different sets of cis
elements and trans acting factors (Cooper and Mattox
1997). Certain factors play active roles in both constitutive
splicing and regulation of alternative splicing (Lopez 1998).

Fig. 3. Splicing patterns of the dystrophin transcript in lymphocytes.
Splicing reactions in lymphocytes of the patient and control are indi-
cated as diagonal lines above and below the schematic representation
of the gene, respectively. The bold diagonal lines indicate the activated
splicing process. The boxes and the numbers in the boxes indicate exons
and their corresponding numbers



200 N. Matsuda et al.: EGF receptor and osteoblastic differentiation

The disruption of regulated mRNA processing has emerged
as a cellular function that is disturbed during neoplastic
transformation of cells (Sager 1997; Jang et al. 2000). Single-
nucleotide mutations have been reported to change splic-
ing, even though it is located outside the splicing consensus
sequence (Gibson et al. 1993; Dietz 1997; Liu et al. 1997;
Hoffmeyer et al. 1998). In nonsense mutations, skipping
of the exon containing the nonsense codon was described.
An example of a remote effect on downstream splicing has
been reported in a splice site mutation of the cholesteryl
ester transfer protein gene (Sakai et al. 1996). Remark-
ably, inhibition of upstream intron splicing was described
in a nonsense mutation of the immunoglobulin k gene
(Aoufouchi et al. 1996). In dystrophin, secondary abnor-
mality of splicing has been reported in exon deletion muta-
tions (Matsuo et al. 1991; Roberts et al. 1994). In any event,
our results suggest that the environment of splicing has
been perturbed in our patient’s lymphocytes and this led to
the incorporation of exon 3a (Fig. 3).

It has been suggested that large introns may be removed
by a process in which smaller sections are first extracted
via intermediate splicing events. Recently, the stepwise re-
moval of a large intron was first demonstrated in the Droso-
phila ultrabothorax transcript by resplicing at the junction
between certain joined exons (Hatton et al. 1998). Exon 3a,
which is embedded in a 4.7-kb long intron 3, may be a
remnant of such stepwise removal intron. Further study is
needed to clarify this possibility.

In Duchenne muscular dystrophy, there is a wide variety
of clinical phenotypes with involvement of skeletal and
heart muscles and mental activities. The possibility that
alternative splicing could modify the clinical phenotype of
dystrophinopathy by editing the translational reading frame
has been pointed out (Chelly et al. 1991; Winnard et al.
1993; Shiga et al. 1997). It has long been proposed that the
cryptic start codon in exon 8 of the dystrophin transcript
is activated and that its translation product modifies the
clinical phenotype (Gangopadhyay et al. 1992). The incor-
poration of exon 3a may have a role in the stabilization of
the mRNA that has a restart codon in exon 8 and may
explain the different clinical phenotype of DMD (Nigro et
al. 1994).
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