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The dystrophin gene, which is mutated in Duchenne
muscular dystrophy, is thus the largest human gene. A
full spectrum of splicing of the dystrophin transcript
has not been elucidated yet, though more than 10 al-
ternative splicings have been identified in the 5’ re-
gion of the dystrophin gene. In this study, two novel
dystrophin transcripts containing a 140-nucleotide in-
sertion precisely between exons 2 and 8 or between
exons 2 and 18 were identified in skeletal muscle. The
genomic region corresponding to and surrounding
this 140-nucleotide sequence was sequenced to reveal
that the insertion possessed a branch point and both
acceptor and donor splice site consensus sequences
perfectly. Therefore, the 140-bp insertion sequence
was considered to be a novel exon. The novel exon was
mapped to intron 2 and was designated exon 2a.
Reverse-transcription PCR screening for transcripts
containing exon 2a in 12 human tissues revealed its
presence in 3 of them, including skeletal muscle. Phy-
logenetic studies disclosed that exon 2a evolved from
intron DNA by the progressive acquisition of nucleo-
tide substitutions in ancestral hominoids. © 2000

Academic Press

The human dystrophin gene, which is defective in
patients with Duchenne or Becker muscular dystrophy
(DMD/BMD), spans approximately 3000 kb of the
X-chromosome and encodes a 14-kb transcript consist-
ing of 79 exons (1, 2). Consequently, more than 99% of
the gene sequence is composed of introns. The extraor-
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dinary nature of the dystrophin gene with respect to
size and the number of exons points to several poten-
tial problems in the production and processing of dys-
trophin transcripts (3, 4).

Pre-mRNA processing to remove introns utilizes con-
served sequence at the 5 and 3’ splice sites, and
branch consensus site of the intron (5). However, these
conserved sequences alone are not sufficient to explain
the splicing process which are preferentially involved
in tissue specific alternative splicing and it has been
suggested that other cis- or trans-acting elements work
together to determine splicing sites. Several dystro-
phin isoforms produced by alternative splicing have
been reported to be produced in a tissue- or
development- specific manner (6-10). Alternative
splicing of the 5’ region of the dystrophin gene was
identified during a molecular study of dystrophinopa-
thy (8, 10, 11) and the possibility that alternative splic-
ing could modify the clinical phenotype of DMD/BMD
by editing translational reading frame has been dis-
cussed (11-13).

Two exon sequences that were transcribed from in-
tron of the dystrophin gene have been reported; Exon
X, which is inserted into between exons 1 and 2, has
been identified in intron 1 of the dystrophin gene (14).
Though exon X is detectable in half of the ectopic
dystrophin transcripts expressed in peripheral blood
lymphocytes, it is not detectable in skeletal muscle.
The physiological role of exon X remains unknown,
since it is in an ectopic transcript and contains an
in-frame nonsense codon. Recently, a sequence derived
from intron 11 was identified in dystrophin cDNA from
human cardiac and skeletal muscle tissues. Since this
transcript maintains the open reading frame, it was
proposed to be part of the unknown gene that overlaps
the human dystrophin gene (15). These data suggested
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TABLE 1
Sequences of Primers Used in This Study

Target region Forward primer

Reverse primer

cDNA

Exon 1-exon 2a 1A (TTTTTATCGCTGCCTTGATTATACA)
Exon 1-exon 5 1A
5'RACE

1st PCR (Gibco BRL Life Technologies)

R1 (TTCAGAAGGATGAATAATGTGC)
C5R (TGCCAGTGGAGGATTATATTCCAA)

R1

2nd PCR (Gibco BRL Life Technologies) R2 (CTTCTTTACTTGAACAGGAGTGA)
Genomic DNA
5’ flanking intron of exon 2a
1st PCR C1 (Takara Shuzo Co.) R1
2nd PCR C2 (Takara Shuzo Co.) R2
3’ flanking intron of exon 2a
1st PCR F1 (TTGGTGGAGCCTCACTCCTGTT) C1
2nd PCR F2 (CTGTTCAAGTAAAGAAGACACAT) Cc2
Exon 2a g2aF (TAGAGTTATCCTAGAGAGGTGG) g2aR (TCAGTGCATCATCCAGCAAT)

Exon 2—exon 2a

Exon 2a—exon 3 g2aF

g2F (AGATGAAAGAGAAGATGTTCAAAAG)

g2aR
g3R (CAGGCGGTAGAGTATGCCAAATGAAAATCA)

that cryptic exons that are expressed in a tissue- or
development specific manner might be located within
other introns of the dystrophin gene.

We recently identified six novel alternative splicing
patterns in the 5’ region of the dystrophin gene (3) in
addition to the six already known ones, indicating that
exon usage in the 5’ region of the dystrophin gene is
highly complicated. During study on alternative splic-
ing, an unknown sequence was identified to be inserted
into dystrophin transcript. Here we report the identi-
fication of a novel exon located in intron 2 of the dys-
trophin gene that is activated in a limited number of
alternative splicing reactions. Phylogenetic analysis
showed that the novel exon evolved from an intron in
the ancestral hominoid by acquiring consensus se-
guences necessary for splicing.

METHODS

PCR and DNA sequencing. PCR was performed essentially as
described previously (16). To amplify genomic DNA fragments
stretching from exon 2 to exon 2a or from exon 2a to exon 3 of the
dystrophin gene, an LA PCR kit (Takara Shuzo Co., Kyoto, Japan)
was used. Primer sequences used in this study are listed in Table 1.

For DNA sequencing, amplified products were separated by elec-
trophoresis in low-melting agarose gels. Bands of amplified products
were cut out and the DNA was purified. The purified DNA was
subcloned into pT7 vector (Novagen, Inc., Madison, WI) and the
inserted DNA was sequenced using an automatic DNA sequencer
(model 373A, Perkin—Elmer Applied Biosystem Inc., Norwalk, CT) as
described previously (17).

Analysis of dystrophin transcript. Total RNA was isolated from
human skeletal muscle as previously described (16). A muscle sam-
ple was obtained at the time of an orthopedic operation after obtain-
ing informed consent. Fragments encompassing exons 1 to 11 or 18 of
dystrophin mRNA were analyzed by reverse-transcription (RT) PCR
as described previously (3).

To examine the efficiency of exon 2a activation in different
tissues, fragments stretching from exon 1 to exon 2a and from
exon 1 to exon 5 (Fig. 1a) were amplified from cDNA prepared from
total RNA of twelve human tissues (Sawady Co. Tokyo, Japan).
cDNA corresponding to 0.125 mg of each of the RNA samples was
subjected to PCR amplification. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) cDNA was amplified as a control (18) and
the yield of each of the amplified products was measured by
densitometry (Densitograph; ATTO Co., Tokyo, Japan).

To analyze sequences flanking the inserted sequence in tran-
scripts, 5° RACE for rapid amplification of cDNA ends (5’ RACE)
(CLONTECH Laboratories, Inc., Palo Alto, CA) was performed as
suggested by the supplier, using two primers complementary to
novel exon (Table 1).

Analysis of genomic DNA. Human genomic DNAs were isolated
by the previously-described method (16) from lymphocytes of a nor-
mal individual and three DMD patients. Non-human anthropoids
DNA samples from cotton-top tamarin (Saguinus oedipus), night
monkey (Aotus trivirgatus), Japanese macaque (Macaca fuscata),
gibbon (Hylobates lar), orangutan (Pongo pygmaeus), gorilla (Gorilla
gorilla) and chimpanzee (Pan troglodytes), and mouse (JcL:ICR
strain) were obtained from blood samples or cell lines (19).

Nested PCR was employed to clone the genomic regions flanking
the inserted sequence using a commercially-available cassette (20).
The Sau3Al cassette (Takara Shuzo Co., Kyoto, Japan) was ligated
to Sau3Al- digested genomic DNA according to the protocol sug-
gested by the supplier. Then, the 5’ and 3’ flanking regions were
cloned by PCR amplification using cassette primers C1 or C2 (Takara
Shuzo Co., Kyoto, Japan) and primers on or complementary to exon
2a (Table 1). The amplified products were sequenced.

Once the intron sequences that flank exon 2a had been sequenced,
a set of primers (g2aF, corresponding to the intron region upstream
of exon 2a and g2aR complementary to the intron region downstream
of exon 2a (Table 1) were designed to amplify a 304 bp fragment of
genomic DNA (Fig. 1b). A region encompassing exon 2a was ampli-
fied from three DMD patients (cases A, B, and C) in order to map
exon 2a in the dystrophin gene. Cases A, B and C had deletions
stretching from the 5’ end to exon 2, from exon 3 to exon 7 and from
exon 5 to exon 11, respectively. Genomic DNA fragments encompass-
ing exon 2 and exon 3 were amplified as previously described (21).
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FIG. 1. Schematic representation of the examined regions. (a)
Exons and splicing patterns starting from exon 2 of the dystrophin
gene. Five patterns of splicing consisting of one canonical and 4
alternative splicing reactions are indicated as diagonal lines origi-
nating from exon 2 beneath the schematic representation of the gene
(3). The novel splicing patterns that contain exon 2a are presented
above the gene as bold diagonal lines. Boxes and numbers in boxes
indicate exons and exon numbers, respectively. Arrows indicate the
location and orientation of primers that were used to examine the
dystrophin transcript. (b) Genomic region flanking the novel exon 2a.
Novel 140 bp exon 2a was identified between exons 2 and 3. 62 and
103 bp of upstream and downstream introns, respectively, were
analyzed. Open boxes indicate exons, horizontal lines indicate in-
trons and bold lines indicate intron sequences that were clarified in
this study by cassette PCR. Horizontal arrows indicate the hybrid-
ization sites and orientations of primers that were used to amplify
the corresponding genomic region of the dystrophin gene. Brackets
indicate the size of each segment of gene. The figure is not drawn to
scale.

RESULTS

During studies on alternative splicing in the 5 re-
gion of the dystrophin gene, we detected two unidenti-
fied or unexpected transcripts among subcloned frag-
ments of RT-PCR products. First; when a fragment
stretching from exon 1 to exon 11 was amplified from
the dystrophin transcript in skeletal muscle (Fig. 1a),
amplified products in addition to that of the expected
size (1230 bp) were obtained (Fig. 2a). Sequencing of a
subcloned 674-bp amplified fragment revealed an un-
identified sequence inserted precisely between exon 2
and exon 8 (Fig. 3a), in addition to skipping of exon 9
(22). Second; additional product of 319 bp was obtained
when the region spreading from exon 1 to 18 was
amplified (Fig. 2b). And sequence analysis revealed an
unidentified sequence of 140 bp inserted precisely be-
tween exons 2 and 18 (Figs. 3b). The sequences of these
two unidentified 140-bp insertions were found to be
same (Fig. 3). A BLAST search failed to reveal signif-
icant homologue of this 140-bp DNA insert.

The fact that it was inserted precisely between exon
2 and two different exons (8 and 18) led us to speculate
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that the 140 nucleotide sequence could be present
downstream of exon 2 in dystrophin genomic DNA. To
test the genomic origin of the 140-bp sequence, we
attempted to amplify it from normal genomic DNA
using primers specific for the 140-nucleotide sequence.
A product of the expected size was obtained (data not
shown), indicating that the normal human genome
contains the sequence. However, this result did not
reveal whether or where the sequence is located in the
dystrophin gene.

At this point, we considered two mechanisms that
could have given rise to the novel insertion: (i) use of an
alternative splice donor site downstream of intron 2
and (ii) use of a cryptic novel exon present in one of
introns between exons 2 and 8. The first possibility can
be discounted because of the lack of homology between
the novel sequence and the known sequence of 5’ end of
intron 2 (GenBank Accession No. Wo2). Therefore, the
second possibility was examined by characterizing the
sequences flanking the 140 bp segment. Cloning and
sequencing of both upstream and downstream regions
of the inserted sequence revealed novel 62- and 102-bp
long sequences, respectively (Fig. 1b). As a result a
total of 304 bp of genomic region was clarified (Fig. 4)
(GenBank Accession No. AB016196). Remarkably, the
AG and GT dinucleotides that are absolutely conserved
at splice acceptor and donor sites of all introns, respec-
tively, were identified immediately adjacent to the 5’
and 3’ ends of the 140-bp sequence. Shapiro’s scores for
splice acceptor and donor sites were 99 and 79, respec-
tively (23). Furthermore, the sequence CTTTGAC,
with a perfect match to the branch point consensus
sequence (YNYURAC,CY =CorT;R=GorA;N =
any base), was identified 35 nt upstream of the novel

M Mk M

Mk

-4— 2218 bp
-4— 230 bp

-4— (74 bp
-—319bp

FIG. 2. Amplification of cDNA fragments stretching from exon 1
to exon 11 or from exon 1 to exon 18 of the dystrophin transcript. (a)
Amplification of the region encompassing exons 1 to 11 led to the
appearance of several small products in addition to that of the
expected size (1230 bp). All small products except a 674-bp product
were from alternative splicing products consisting of authentic exons
(3). (b) Amplification of the region encompassing exons 1 to 18 also
resulted in the appearance of several small products in addition to
the expected product (2218 bp). All small products except a 319-bp
product were from alternative splicing products consisting of authen-
tic exons (3). M refers to skeletal muscle cDNA used a template for
the PCRs. Mk represents a size marker (Hincll-digested ¢ X174
phage DNA; Toyobo Co., Osaka, Japan).
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exon 2

AATTTTCTAAG G TYCTR TR CAG G CC

FIG. 3. Sequence of the insertion located downstream of exon 2. The sequences at the boundaries of the 140 bp long inserted sequence
and its flanking exons are shown. A schematic representation of the organization of the exons in the amplified fragments is shown at the right
of the sequence. (a) Sequence analysis of the 674-bp product revealed that 8 of 10 subcloned fragments matched with those of alternative
splicing product (3), but two clones had insertion of 140 bp that did not correspond to a known dystrophin gene exon. The 3’ terminal sequence
of exon 2 (CTAAG) is joined precisely to the inserted sequence (GTCTG), and at its 3’ end (ACAGT) the unknown sequence joined precisely
to the 5’ end of the sequence of exon 8 (ATGTT). (b) The sequence of 7 clone of 10 subcloned 319-bp fragment matched with those of alternative
splicing product (3) and three clones contained the same unidentified 140-bp segment as the 674-bp fragment amplified in a. The 3’ terminal
sequence of exon 2 (CTAAG) is joined precisely to the inserted sequence (GTCTG) and the 3’ end of the insertion (ACAGT) is joined precisely

to the 5’ end sequence of exon 18 (GTTGG).

sequence (Fig. 4). A polypyrimidine tract was also iden-
tified between the putative branch point and the puta-
tive splice acceptor site. Since the 140-bp inserted se-
quence exhibited all of the characteristics typical of a
genomic exon and was inserted between dystrophin
exons, we refer it as the novel exon.

Since the novel exon was inserted between either
exons 2 and 8 or exons 2 and 18, we suspected that it
must be located within one of the introns between 2
and 7 of the dystrophin gene. To map the novel exon
further, we performed a deletion analysis by using
genomic DNA prepared from DMD patients with dif-
ferent deletion mutations (Fig. 5). The 304-bp fragment
encompassing the novel exon could be amplified from
DNA samples of cases B or C who had deletions of
exons from 3 to 7 or from 5 to 11, respectively (Fig. 5),
indicating that the novel exon is located outside of the
region flanked by exons 3 to 11. However, the 304-bp
fragment could not be amplified from the DNA of case
A with a deletion stretching from the 5’ end of the
dystrophin gene to exon 2 (Fig. 5), indicating that the
novel exon is located within this region of the dystro-
phin gene. These results led us to conclude that the
novel exon is really located in intron 2 and named as
exon 2a. The location of exon 2a was further examined
in the 150 kb long intron 2 (24, 25) by amplifying
genomic regions spanning from exon 2 to exon 2a or
from exon 2a to exon 3 (Fig. 1b). However, no product
was obtained in either case (data not shown), suggest-
ing that exon 2a is located too far from either of these
exons to be PCR amplified.

The protein coding capacity of exon 2a was examined
by analyzing translational reading frame of a tran-
script retaining exon 2a between either exons 2 and 8
or exons 2 and 18. Neither transcripts maintained the
open reading frame of the dystrophin gene. Further-
more, since exon 2a does not contain an in-frame ATG
codon after the last termination codon, it is unlikely
that transcripts containing exon 2a would direct trans-
lation of a novel product. Therefore, these transcripts
would only be expected to allow reinitiation of transla-
tion at a downstream ATG codon (26).

To analyze the tissue-specific usage of exon 2a, a
fragment extending from exon 1 to exon 2a was ampli-
fied from cDNA prepared from total RNA of 12 differ-
ent tissues. A product containing exon 2a was obtained
from 3 tissues such as skeletal muscle, small intestine
and colon tissues (Fig. 6). A fragment stretching from
exon 1 to exon 5 of the dystrophin transcript was also
amplified from these 3 tissues. Parallel studies failed
to reveal any significant differences in the yield of
amplified reference cDNA (GAPDH) from any of these
tissues (Fig. 6). These results indicated the tissue spec-
ificity of incorporation of exon 2a.

We also considered the possibility that exon 2a could
be a part of a gene embedded in the dystrophin gene, a
situation that would be similar to that reported in the
factor V111 gene (27). To examine this possibility, the 5’
region of the transcript containing exon 2a was cloned
as described in the methods section and fragments
were obtained from human muscle cDNA. Sequencing
of the product disclosed that the fragment consisted of
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Cotton-top tamarin: =  -------- t-
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Chimpanzee : —-——
Gorilla : —-——=
Orangutan : ———
Gibbon : -——
Japanese macaque : -——
Night monkey H ——
Cotton-top tamarin: -——

FIG. 4. Genomic nucleotide sequence of the inserted sequence and its flanking introns and its alignment with sequences from
anthropoids. The sequence of exon 2a encompassing of the human genome is shown at the top (GenBank Accession No. AB016196). The 140
nt of exon 2a are shown in uppercase letters, and the 62 and 102 nt upstream and downstream of the exon 2a sequence, respectively, are
shown in lower case letters. Absolutely-conserved AG and GT dinucleotides are present at the boundaries between exon 2a and its flanking
regions. Asterisks indicate the branch point consensus sequence. Sequence differences detected in amplified anthropoid DNA are indicated
below the sequence determined for amplified human DNA. Sequences are arranged according to evolutionary lineage. Dots indicate identity
to the human sequence.

exon 1, exon 2, and exon 2a (data not shown), indicat- The phylogeny of exon 2a was analyzed by sequenc-
ing that exon 2a was incorporated into transcript tran- ing genomic DNA from anthropoids and mouse. We
scribed from the muscle promoter of the dystrophin attempted to amplify the corresponding region from
gene. This rules out the possibility that exon 2ais part DNA samples obtained from 7 species of anthropoids
of the transcript of another gene. (chimpanzee, gorilla, orangutan, gibbon, Japanese ma-

325



Vol. 267, No. 1, 2000

a
784

———{ T HHHeH He He HeHo =

case A
case B
case C

axon 2

exon 2a

exon 3

FIG. 5. Mapping of exon 2a in the dystrophin gene. The genomic
region encompassing exon 2a was amplified from DMD patients who
have deletions in the 5’ region of the dystrophin gene. (a) Schematic
description of the positions of their deletions. Case A had a deletion
from the 5’ end of the gene to exon 2. Cases B and C had deletions of
exons from 3 to 7 and 5 to 11, respectively. Boxes with numbers
indicate exons. Columns indicate deleted region in respective cases.
Thin lines indicate introns. The figure is not drawn to scale. (b)
Amplified products from genomic DNA were shown. Fragments en-
compassing exons 2, 2a, or 3 were examined by amplifying DNA from
the three DMD cases. Case A had amplified no products from exons
2 and 2a but product from exon 3, while case B had product from
exon 2 and 2a, but no product from exon 3. Case C had amplified
products from all three examined exons. MK represents a size
marker (Hincll-digested ¢ X174 phage DNA; Toyobo Co., Osaka,
Japan).

caque, night monkey and cotton-top tamarin) and from
mouse by using the same primer set as that used to
amplify exon 2a of human genomic DNA. A product of
the same size as that obtained from human DNA was
obtained from the 7 anthropoids DNA, but no product
was obtained from mouse DNA (data not shown).
Therefore, it was concluded that the region encompass-
ing exon 2a is conserved among anthropoids. All of the
amplified products obtained from anthropoids were se-
quenced and compared with the sequence of the region
amplified from human DNA (Fig. 4). Higher substitu-
tion frequencies were found in the samples amplified
from night monkey and cotton-top tamarin DNA 26
(8.6%) and 27 (8.8%) nucleotide substitutions, respec-
tively, compared to the human sequence. A phyloge-
netic tree of these sequences, constructed by the
neighbor-joining method (28) using the CLUSTAL W
program (29), corresponded to the accepted phylogeny
of anthropoids (Fig. 7). No significant homologies were
found when data banks were screened using the
BLAST program with the sequence of the most ancient
exon 2a-encompassing region, that of the cotton-top
tamarin.

Interestingly, we could not identify all of the three
consensus sequences in the DNA amplified from night
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monkey and cotton-top tamarin, which therefore cor-
respond to purely intron DNA (Fig. 7). However, a
perfect branch point consensus sequence was created
in the region amplified from Japanese macaque DNA
as a results of a C to T substitution at the 34th nucle-
otide from the splice site (Fig. 7). Similarly, a splice
donor site consensus sequence was created in Japanese
macaque DNA as a result of the introduction of a G at
nucleotide +1, whereas the night monkey and cotton-
top tamarin have A and T nucleotides, respectively, at
+1 position (Figs. 4 and 7). Furthermore, a splice ac-
ceptor site consensus sequence was created in the gib-
bon DNA sequence as a result of the A to G substitu-
tion at nucleotide —1 (Figs. 4 and 7). These consensus
sequences are conserved in gibbons, orangutans, goril-
las, and chimpanzees as well as humans (Figs. 4 and
7). Therefore, we conclude that exon 2a evolved from
intron DNA in ancestral hominoids as a result of the
creation of consensus sequences for splicing and that it
has been conserved in humans (Fig. 7).

DISCUSSION

In this report, a novel exon 2a was identified in
intron 2 of the dystrophin gene (Fig. 3). This study
reveals that consensus branch point and splice donor
and acceptor sites in human exon 2a were created by

FIG. 6. RT-PCR products containing exon 2a. A cDNA fragment
stretching from exon 1 to exon 2a was amplified from 12 different
human tissues (upper panel) and, for comparison, cDNA fragments
stretching from exon 1 to exon 5 of the dystrophin transcript (middle
panel) and of GAPDH cDNA (lower panel) were also amplified. A
product including exons 1 and 2a was obtained from skeletal muscle
(lane 1), small intestine (lane 5) and colon (lane 6), as well as
products corresponding to the dystrophin transcript from exon 1 to
exon 5 (middle panel) and to the GAPDH transcript (lower panel).
Mk represents a size marker (Hincll-digested ¢ X174 phage DNA,
Toyobo Co., Osaka, Japan).
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New World Monkeys

cotton-top tamarin

0.01

night monkey

FIG. 7. Phylogenetic tree and evolution of exon 2a. A phylogenetic tree of the region encompassing exon 2a was constructed according
to the genomic sequences of 8 anthropoids by the neighbor-joining method using the CLUSTAL W program. The evolution of exon 2a is
depicted at the right. The shaded box indicates a branch point consensus sequence and the open box indicates exon 2a, while lines represent
introns. The bracket indicates a consensus splice sequences for splice acceptor site.

nucleotide substitutions in intron 2 at different stages
in anthropoid evolution (Figs. 4 and 7). In contrast to
New World monkeys that have no consensus sequences
for splicing, Old World monkeys and hominoids possess
both branch point and splice donor site consensus se-
quences. This observation strongly suggests that these
consensus sequences were created in the DNA of a
common ancestor of Old World monkeys and homi-
noids. In addition, the splice acceptor consensus se-
quence evolved after divergence from the ancestral Old
World monkeys (Fig. 7). As a result, exon 2a appar-
ently acquired its consensus sequences for splicing
early in hominoid evolution, before branching of the
gibbon lineage occurred. Therefore, it was estimated
that exon 2a evolved more than 17 million years ago
(30). Our results support “introns early theory” since
exon 2a was evolved from intron.

Exon 2a is the third example of part of a dystrophin
gene intron sequence that is incorporated into mMRNA.
The first example is exon X in intron 1 (14) and another
transcribed sequence has been identified in intron 11
(15). However, the physiological role of these novel
transcripts remains unclear. Considering the huge size
of the introns in the dystrophin gene, we suspect that
more novel exons will be identified within them as
analysis on the dystrophin gene is extended. It needs
further study to confirm this supposition.

Exon 2a-containing transcripts occupy a very small
proportion of dystrophin transcripts (Fig. 2). This is in
contrast to exon X, which is incorporated between ex-
ons 1 and 2 of an authentic transcript that amounts to
half of the dystrophin transcript produced in leuko-
cytes (14). Even though Shapiro’s probability scores for
5’ acceptor and 3’ donor splice sites are high and a
perfect branch point sequence is present at the proper
position in exon 2a, transcripts containing exons 2, 2a

and 3 in tandem could not be detected (data not
shown). 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 dis-
tinct programs that use different sets of cis-elements
and trans-acting factors (31). Therefore, incorporation
of exon 2a might be regulated in a very specific manner
by a number of factors, including those that regulate
alternative splicing of exon 2 to 8 or exon 2 to 18, since
exon 2a was found to be inserted into these transcripts
(Fig. 3).

Secondary or tertiary structures of mRNA precur-
sors are among the factors thought to regulate splicing.
However, analysis of the region encompassing exon 2a
by Zuker's algorithm (32) failed to reveal a putative
secondary structure that might affect splicing (33). A
proof-reading mechanism has also been proposed to
check the protein-coding capability of transcripts and
to lead to a dramatic decrease in the levels of aberrant
transcripts (34). And we assume that proof-reading
would be expected to prevent the use of exon 2a be-
cause exon 2a does not contain an open reading frame.
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