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The dystrophin gene, which is mutated in Duchenne muscular dystrophy, is the
largest known human gene and characterized by the huge size of its introns. Intron 2
has been shown to include cryptic exons termed exons 2a and 2b, while intron 3 has
been shown to include a cryptic exon designated exon 3a. In the present study, we
identified 2 and 1 additional cryptic exons in introns 2 and 3, respectively. A previously
unknown 157-bp insertion was identified between exons 2 and 3 of a dystrophin mRNA
isolated from the lymphocytes of a dystrophinopathy patient with duplication of exons
8-11. Since this sequence exhibited the typical characteristics of a genomic exon, we
designated it “exon 2c-I”. A more detailed examination revealed that a position 4 bp
downstream from the 5” end of exon 2c-l was also used as a splice acceptor site, and this
exon was designated “exon 2c-s”. In the same patient, a 357-bp insertion was identified
between exons 3 and 4. Since this sequence also showed the typical characteristics of an
exon, and its 3" end was the same as the splice donor site of exon 3a, we designated the
novel cryptic exon “exon 3a-1”, and changed the name of the previously reported exon
3a to “exon 3a-s”. Among these novel cryptic exons, exon 3a-l was also incorporated
into the dystrophin mRNA from normal lymphocytes, whereas exons 2c-I and 2c-s were
not. The physiological or pathophysiological roles of these novel cryptic exons remain
to be clarified.

The human dystrophin gene, which is defective in patients with Duchenne or Becker
muscular dystrophy (DMD/BMD), encodes a dystrophin protein that is located along the
plasma membrane of muscle cells (3). It spans approximately 3,000 kb of the X-chromosome
and encodes a 14-kb transcript consisting of 79 exons (2,21). Genomic structural analyses
have revealed at least eight alternative promoters over the entire dystrophin gene, producing
tissue-specific dystrophin isoforms (2,21). Consequently, more than 99% of the gene
sequence is comprised of introns which have been considered to be functionless. To date,
four cryptic exons (exon 1a from intron 1, exons 2a and 2b from intron 2, and exon 3a from
intron 3) have been reported to be incorporated into dystrophin mRNA (7,23,30,36).
Furthermore, we previously identified six novel alternative splicing patterns in the 5’ region
of the dystrophin gene in addition to the six already-known patterns (33), indicating that
exon usage in the 5” region of the dystrophin gene is highly complicated.

Splicing is the process that removes introns from pre-mRNAs, thereby producing mature
mRNAs that only consist of exons. The presence of well-defined cis elements, namely the 5
and 3’ splice sites and a branch point, are necessary but not sufficient to define the
intron-exon boundaries in pre-mRNAs (26). Pseudoexons that match the splice-site
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consensus sequences have been identified in introns, but their inclusion in mRNA is
prevented by silencer elements (29). However, unconventional splicing defects often occur at
exons with weak homology to canonical splicing sequences, leading to dystrophinopathies
(37,41).

The differences between DMD and BMD can be explained by the frameshift theory.
Genomic mutations that disrupt the translational open reading frame lead to a truncated
nonfunctional dystrophin protein that results in DMD, while mutations that maintain the
open reading frame can create a partly functional protein that results in the milder BMD (19).
However, many dystrophinopathy cases with deletions in the 5’ region of the dystrophin
gene have been revealed to be exceptions to this rule, and alternative splicing is considered
to be a factor leading to such exceptions by changing the translational open reading frame
(20).

We have analyzed the dystrophin mRNAs expressed in peripheral lymphocytes from
more than 100 dystrophinopathy cases. Here, we identified unknown sequences inserted into
a dystrophin transcript in a case with duplication of exons 8-11 of the dystrophin gene, and
found that they represent novel cryptic exons (designated exons 2c-l, 2c-s and 3a-1). Exon
2c-1 is located downstream from exon 2b in intron 2. Exon 2c-s is located in the same region
as exon 2c-l, although its splice acceptor site is 4 bp downstream from that of exon 2c-I.
Exon 3a-l is located in intron 3, and has the same splice donor site as exon 3a and a splice
acceptor site 295 bp upstream from that of exon 3a. Hence, we changed the name of the
previously reported exon 3a to “exon 3a-s”. The cryptic exon 3a-l is incorporated into the
mRNA of normal lymphocytes, whereas exons 2¢-1 and 2c-s are not.

PATIENT AND METHODS

Case

A 2-year-old Japanese boy was referred to Kobe University Hospital for genetic
diagnosis of his dystrophinopathy. He was the first-born boy, and his family history revealed
no muscular diseases. During an examination for meconium aspiration syndrome, he was
found to have an extremely high level of serum CK at birth, which continued as he grew
older (1,887-84,060 IU/L; normal: 56-248 IU/L). He showed Gowers’ sign, but no walk
disturbance at 3 years of age. DQ was 100, and chest X-ray and ECG were normal. All
analyses were carried out after informed consent was obtained from his parents.
Analysis of genomic DNA

Genomic DNA was isolated from lymphocytes obtained from the index patient using a
previously described method (18). To examine the entire dystrophin gene, the patient’s
genomic DNA was analyzed by Southern blotting using a dystrophin cDNA as a probe and
HindlIll restriction enzyme-digested DNA as a template (Mitsubishi Co., Tokyo, Japan), as
described previously (14). The genomic regions encompassing the 157-bp inserted sequence
(exon 2c-l) and 357-bp inserted sequence (exon 3a-1) were amplified using primers derived
from the flanking sequences (g2cF and g2cR for exon 2c-I; g3a-IF and g3a-IR for exon 3a-l;
Table). PCR was performed essentially as described previously (18).
Analysis of dystrophin transcripts

Total RNA was isolated from peripheral lymphocytes as previously described (18).
cDNA fragments encompassing exons 1-5 and exons 10-12 of the dystrophin mMRNA were
analyzed by reverse-transcription (RT)-nested PCR. For exons 1-5, the first PCR amplified
the region comprising exons 1-8 using primers 1A and ¢8R (Table), and the second PCR
amplified a fragment comprising exons 1-5 using primers 1C and c5R, as described
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previously (Table) (36). For exons 10-12, a fragment was amplified using primers c7F and
c12R for the first PCR, and then primers 1E and c12R were used for the second PCR (Table).

To examine the efficiency of exon 2c-1, 2c-s and 3a-I activation in normal lymphocytes
and muscle tissues, cDNA fragments spanning exons 1-2c¢ and exons 1-3a were amplified.
The amplifications were carried out by semi-nested PCR for lymphocyte cDNA and single
PCR for muscle cDNA. For the semi-nested PCR amplification of exons 1-2c, primers 1A
and c2cR were used for the first PCR, and primers 1C and c2cR were used for the second
PCR. For the semi-nested PCR amplification of exons 1-3a-1, primers 1A and c3a-IR were
used for the first PCR, and primers 1C and c3a-1R were used for the second PCR. The
primer sequences are shown in the Table and the PCR conditions were described previously
(36).
DNA sequencing

For DNA sequencing, the amplified products were separated by electrophoresis in
low-melting-point agarose gels. The bands of the amplified products were excised from the
gels, and the DNA was purified. The purified DNA was subcloned into the pT7 vector
(Novagen Inc., Madison, WI, USA) and the inserted DNA was sequenced using an
automated DNA sequencer (model 373A; Perkin-Elmer Applied Biosystems Inc., Norwalk,
CT, USA). In some experiments, the nucleotide sequences were determined by a direct
sequencing method using the same automated DNA sequencer.

Table. Primer sequences

Target region Forward primer Reverse primer
gDNA
exon 2c g2ck: g2cR:
AGCATAGCAGTGACAGACGT CATCTATGAGTACTCAGTTC
exon 3a-1 g3a-IF: gia-IR:
CATATGCACATGTGTACATT GCTAAAGCCATCTTACTCTC
mRNA
exon 1 1A:
TITITATCGCTGCCTTGATATACA
1C:
ATGCTTTGGTGGGAAGAAGTAG
exon 2¢ c2ck:
CAATTACCCTACGGTGCAGT
exon 3a-l cla-[R:
TITTCCTCCAAGAATGTCAG
exon 3 SR
TGCCAGTGGAGGATTATATTCCAA
exon 7 ciF:
GTGGTITGCCAGCAGTCAGCCACA
exon § c8R:
TGTTGAGAATAGTGCATTTGATG
exon 10 1E:
TTGCAAGCACAAGGAGAGATT
exon 12 cl2R:

CAAGAGGCTCTTCCTCCATTITTCC
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RESULTS

Detection of the responsible dystrophin mutation in the index case

The Southern blot analysis revealed abnormally high densities of bands corresponding to
exons 4 and 10-11, indicating duplication of these exons (Fig. 1a). This duplication of two
noncontiguous regions of the dystrophin gene represents a very rare kind of mutation,
although DMD patient with duplication of exons 45-48 in combination with duplication of
exons 54-55 has been reported (13). In order to examine these duplications at the mRNA
level, the dystrophin mMRNA expressed in peripheral lymphocytes obtained from the patient
was analyzed. When the region encompassing exons 10-12 was amplified by RT-nested PCR,
a single band corresponding to a cDNA fragment encompassing exons 10-12 was amplified
in normal lymphocytes, whereas a major large band and two barely visible weak bands were
obtained in lymphocytes from the patient (Fig. 1b). Each of the bands was sequenced after
subcloning. Sequencing of the smallest fragment produced the sequence of exons 10-12. On
the other hand, sequencing of the largest fragment revealed that it was composed of exons 10,
11, 8, 9, 10, 11 and 12 (Fig. 1c), while sequencing of the middle-sized band revealed
skipping of exon 9 compared to the largest product, which is usually observed due to
alternative splicing in lymphocyte mRNA (22). These results demonstrate that the 3’ end of
exon 11 was directly joined to the 5’ end of exon 8 in the mRNA, indicating duplication of
exons 8-11. In the Southern blot analysis, the Hindlll fragment corresponding to exons 8-9
was 7.2 kb in the normal mRNA. However, the genomic rearrangement altered the length of
the Hindlll fragment corresponding to exons 8-9, which has been identified as a junction
fragment, to 8.4 kb and this aberrant Hindlll fragment comigrated with the exon 4 fragment
(8.4 kb). The junction fragment therefore leads to misinterpretation of the Southern blot
analysis as a double duplication, and the true mutation of the index case is duplication of
exons 8-11.
Detection of novel cryptic exons

To exclude the possible duplication of exon 4 completely, the region encompassing
exons 1-5 was amplified by RT-nested PCR using lymphocyte mRNA as a template. Two
major bands and one additional faint band were observed in the control mRNA (Fig. 2a).
Sequencing of these bands revealed that the two major bands corresponded to the normal
cDNA fragments encompassing exons 1-5 and the exon la-inserted product, and that the
faint bands was non-specific products. In the patient’s lymphocytes, the same three bands
observed in the control were present (Fig. 2a). To determine the nucleotide sequences, the
PCR-amplified products were subcloned into pT7 vector, and four kinds of product were
subcloned. Sequencing of the small-sized clone revealed the normal sequence encompassing
exons 1-5, corresponding to the small band. The middle-sized clone contained the same
exons as the small-sized clone, but, remarkably, a 157-bp sequence was found to be inserted
between the tandem exons 2 and 3 (Fig. 3a). Since the PCR product with the 157-bp
insertion was almost the same size as the exon la-inserted product (162 bp), which was also
detected in the patient, the product containing this inserted sequence comigrated with the
exon la-inserted product and could not be separated by gel electrophoresis. Furthermore, the
sequence of the large-sized clone revealed the same exons as the small-sized clone, but an
unidentified 357-bp sequence was found to be precisely inserted between exons 3 and 4
(Fig. 3c), corresponding to the large band in the gel electrophoresis.
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Fig. 1. Analysis of the dystrophin
mutation in the index case. ()
Southern blot analysis of the
patient (lane P), his father (F) and
his mother (M). In lane P, the
densities of the 10.4-kb and 8.4-kb
bands, corresponding to exons
10-11 and 4, respectively, are high
compared with those in lane F (the
dystrophin gene of the father
should be normal). (b) RT-PCR
amplification of a fragment
comprising exons 10-12 from
lymphocyte  mRNA. A single
amplified product is obtained from
the control mRNA (C), whereas
three PCR products are observed
for the index case. A schematic
representation  of the exon
organization in the amplified
products is shown on the right of
the products. (c) Partial sequence of
the largest-sized product. The 3’
terminal sequence of exon 11 is
precisely joined to the 5’ end of the
sequence of exon 8.

Fig. 2. RT-PCR amplifications of
lymphocyte mRNA containing the
cryptic exons. (a) RT-PCR product of
a fragment comprising exons 1-5. C
and P refer to the control and index
case, respectively. A band of the
expected size and two additional
bands are obtained in both the control
and the index case. A schematic
representation of the exon
organization in the amplified products
is shown on the right of the products.
In the index case, the middle-sized
band consists of two types of cDNA,
one including exon la and the other
including an  unknown  157-bp
sequence. Furthermore, the largest

—J1]2]3] 3a-l

| band of the index case consists of a

s

cDNA that includes an unknown
357-bp sequence. On the other hand,
c¢DNAs including these unknown

sequences are not obtained after subcloning in the control. The open and shaded boxes represent authentic and
cryptic exons, respectively. (b) RT-PCR products of fragments comprising exons 1-2c¢-l and 1-2c-s. C refers to
the control, while P1 and P2 refer to different aliquots of lymphocyte cDNA in the index case. An amplified
product including exons 1, 2 and 2c is observed in lane P2. Subcloning and sequencing of this product revealed
two types of sequence, one containing exon 2c-1 and the other with the first 4 nucleotides of exon 2c-I deleted
(see Fig. 3b). (c) RT-PCR product of a fragment comprising exons 1-3a-1. In the control, a cDNA including exon
3a-l is amplified (lane C). A cDNA including exon 3a-s is amplified in one aliquot of the patient’s cDNA (lane
P1), while a cDNA including exon 3a-l is amplified in another aliquot of the patient’s cDNA (lane P2).
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Fig. 3. Partial nucleotide sequences of cDNAs including the cryptic exons.

(@) Nucleotide sequence of the 157-bp exon 2c-l inserted between exons 2 and 3,
corresponding to the middle-sized band in Fig. 2a lane P. The 3’ terminal sequence of exon 2
is precisely joined to the 5° end of exon 2c-I, while its 3’ end is precisely joined to the 5’ end
of the sequence of exon 3. The asterisk in panel (a) indicates the 4 nucleotides deleted from
exon 2¢-s in panel (b).

(b) Nucleotide sequence of the cDNA including exon 2c-s, corresponding to the amplified
product in Fig. 2b lane P2. The 3’ terminal sequence of exon 2 is joined to a site 4 bp
downstream from the 5’ end of exon 2c-1. Since this product was amplified using primers in
exons 1 and 2c, the 3’ end sequence of this inserted sequence was not obtained, but the same
splice donor site as exon 2c-l is likely to be used.

(¢) Nucleotide sequence of the 357-bp exon 3a-lI inserted between exons 3 and 4,
corresponding to the large-sized band in Fig. 2a lane P. The 3’ terminal sequence of exon 3 is
precisely joined to the 5° end of exon 3a-l, while its 3’ end is precisely joined to the 5’ end of
the sequence of exon 4. The sequence obtained for the junction between exons 3a-l and 4 is
shown in the reverse direction, and the corresponding forward sequence is described above.
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Characterization of the novel cryptic exons

The fact that the 157-bp and 357-bp sequences were precisely inserted between exons 2
and 3, and exons 3 and 4, respectively, led us to speculate that these sequences could be
retained introns or unknown exons. A BLAST search of the 157-bp sequence revealed an
identical sequence in the 3’ region of intron 2 (bases 197992-197836 of GenBank
AL096699). The 157-bp sequence was located 156 kb downstream from exon 2 and 14 kb
upstream of exon 3 (Fig. 4a). Remarkably, the AG and GT dinucleotides that are absolutely
conserved at the splice acceptor and donor sites, respectively, of all introns were identified
immediately adjacent to the 5’ and 3’ ends of the 157-bp sequence (Fig. 5a). The Shapiro’s
probability scores for the splice acceptor and donor sites were both 0.72 (27) (Fig. 4a).
Furthermore, the sequence TTTTGAC, a perfect match for a branch-point consensus
sequence (YNYTRAC, where Y = C or T, R = G or A and N = any base), was identified
86 bp upstream of the novel sequence (Fig. 5a, inverted triangle). A polypyrimidine tract was
also identified between the putative branch point and the splice acceptor site (Fig. 5a),
although its length was relatively short at 6 bp. Splicing enhancer sequences are critical for
the proper incorporation of exons into mMRNAs (25), and have been identified in many exons
including the dystrophin gene (28,34,35). The possible presence of a splicing enhancer
sequence within the 157-bp sequence was examined using ESE Finder (4), and the analysis
revealed 15 possible binding sites for splice factors (data not shown). Since the 157-bp
sequence exhibited all the typical characteristics of a genomic exon and was inserted
between authentic dystrophin exons, we designated it exon 2c-I.

Since the exon 2c-I insertion was postulated to be due to a genomic mutation, the intron
region covering the inserted 157-bp sequence and its flanking regions was sequenced. In
total, a 435bp sequence of the genomic DNA was PCR-amplified, and found to be
completely normal (data not shown). Therefore, no genomic mutation contributing to the
activation of exon 2c-I was found.

A BLAST search of the 357-bp sequence revealed an identical sequence in intron 3
(bases 181055-180699 of GenBank AL096699). The 357-bp sequence was located 2750 bp
downstream from exon 3 and 1762 bp upstream of exon 4 (Fig.4b). AG and GT
dinucleotides were identified immediately adjacent to the 5’ and 3’ ends of the 357-bp
sequence, respectively (Fig. 5b). Interestingly, the 3’ end of the 357-bp sequence was the
same as that of exon 3a (30), whereas the 5’ end was 295 bp upstream from that of exon 3a
(Fig. 4b). The Shapiro’s probability scores for the splice acceptor and donor sites were 0.88
and 0.80, respectively (27) (Fig. 4b). Although no putative branch point sequence that was a
perfect match for the consensus sequence was found within the 150-bp region from the 5’
end of the 357-bp sequence, the sequence TAATTAC, with two nucleotide mismatches to
the branch point consensus sequence, was identified 113 bp upstream of the novel sequence
(Fig. 5b, inverted triangle). A polypyrimidine tract was also identified between the putative
branch point and the splice acceptor site (Fig. 5b). The possible presence of a splicing
enhancer sequence within the 357-bp sequence was examined using ESE Finder (4), and the
analysis revealed 40 possible binding sites for splice factors (data not shown). Since the
357-bp sequence exhibited the typical characteristics of a genomic exon and used the same
splice donor site as exon 3a, we designated it exon 3a-l, and changed the name of the
previously reported exon 3a to exon 3a-s.

Since we postulated that a genomic mutation located near exon 3a-l activated the
incorporation of exon 3a-l in the index case, we examined the genomic sequence
encompassing exon 3a-l. In total, a 765bp sequence of the genomic DNA was
PCR-amplified, and found to be completely normal (data not shown). Therefore, no genomic
mutations contributing to the activation of exon 3a-1 were found.
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Fig. 4. Genomic structures of the cryptic exons.

(a) Schematic representation of intron 2 of the dystrophin gene.

Intron 2 is the second largest intron at 170 kb. One cryptic exon, exon 2a, is located 60 kb
downstream from the 3’ end of exon 2, while the other cryptic exon, exon 2b, is located a further
81 kb downstream from exon 2a. The 157 bp unknown sequence is identical to an intron 2
sequence (bases 197992-197836 of GenBank AL096699) located 15 kb downstream from exon 2b
and 14 kb upstream of exon 3. Remarkably, two nucleotides present upstream and downstream of
the sequence are the AG and GT dinucleotides that are conserved at splicing acceptor and donor
sites, respectively. The Shapiro’s probability scores for the splice donor and acceptor sites are both
0.72. Remarkably, a site 4 bp downstream from exon 2c is also used as a splice acceptor site, and
its Shapiro’s score is 0.83. The former and latter cryptic exons are designated exons 2c-I and 2c-s,
respectively. The boxes and lines indicate exons and introns, respectively. The dotted boxes
indicate the novel cryptic exons, while the brackets indicate the exon sizes and the numbers under
the boxes show the Shapiro’s splicing probability scores at the splicing sites.

(b) Schematic representation of intron 3 of the dystrophin gene.

One cryptic exon, exon 3a-s, located 3045 bp downstream from the 3’ end of exon 3 has already
been reported. The 357-bp unknown sequence is identical to an intron 3 sequence (bases
181055-180699 of GenBank AL096699) located 2.7 kb downstream from exon 3 and 1.8 kb
upstream of exon 4. Two nucleotides present upstream and downstream of the sequence are the
AG and GT dinucleotides that are conserved at splicing acceptor and donor sites, respectively. The
Shapiro’s probability scores for the splice donor and acceptor sites are 0.88 and 0.80, respectively.
Remarkably, the 3’ end of the 357-bp inserted sequence is the same as that of exon 3a-s, whereas
its 5’ end is 295 bp upstream of that of exon 3a-s. Therefore, the 357-bp sequence has been
designated exon 3a-1. The dotted boxes indicate cryptic exons 3a-s and 3a-I.
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Fig. 5. Genomic sequences of the cryptic exons.

(a) Genomic nucleotide sequences of exons 2c-l1 and 2c-s, as well as their flanking introns. The
157-bp exon 2c-I sequence is shown in uppercase letters, while the sequences 140-bp upstream and
138-bp downstream of exon 2c-I are shown in lowercase letters. Absolutely conserved AG and GT
dinucleotides, shown in italics, are present at the boundaries between exon 2c-I and its flanking
regions. The splice acceptor site of exon 2c-s is shown in parentheses. A putative branch point is
present 86 bp upstream of exon 2c-| (inverted triangle). A polypyrimidine tract is present between
exon 2c-I and the branch point, although its length is relatively short at 6 bp. The horizontal arrows
indicate the locations and directions of primers g2cF and g2cR.

(b) Genomic nucleotide sequences of exon 3a-l and its flanking introns. The 357 bp exon 3a-
sequence is shown in uppercase letters, while the sequences 282-bp upstream and 126-bp
downstream of exon 3a-l are shown in lowercase letters. Absolutely conserved AG and GT
dinucleotides, shown in italics, are present at the boundaries between exon 3a-l and its flanking
regions. A putative branch point is present 113 bp upstream of exon 3a-l (inverted triangle). A
polypyrimidine tract is present between exon 3a-l and the branch point. The exon 3a-s sequence is
underlined. The horizontal arrows indicate the locations and directions of primers g3a-IF and
g3a-IR.
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Incorporation of the cryptic exons in normal tissues

Although we have analyzed dystrophin mRNAs in peripheral lymphocytes obtained from
more than 100 dystrophinopathy cases, incorporation of exon 2c-l or 3a-l has never been
identified previously (1,11,18,32,41). Therefore, in order to investigate whether activation of
these exons is detectable in normal dystrophin mMRNA, we analyzed the expressions of these
cryptic exons in lymphocytes or muscle tissues from normal individuals using RT-PCR.
Since we postulated that the amount of mMRNA including these exons would be very low, if
present at all, specific primers located in these cryptic exons were used for the PCR
amplification (Table). Amplification of a fragment encompassing exons 1-2c revealed a clear
band corresponding to exons 1-2c-l in one cDNA aliquot of the patient’s lymphocytes,
whereas no amplified product was observed in normal lymphocytes (Fig. 2b). Surprisingly, a
novel transcript showing deletion of 4 bp of the 5” end of exon 2c-I was detected after
subcloning (Fig. 3b). This result indicated that a site 4 bp downstream from the 5’ end of
exon 2c-1 was also used as a splice acceptor site, and this cryptic exon was designated exon
2c¢-s (Fig. 4a). On the other hand, the amplified product from exons 1-3a-l was detected in
normal lymphocyte mRNA (Fig. 2c, lane 1). Furthermore, exons 3a-s and 3a-l were both
amplified in the lymphocyte mRNA of the index case (Fig. 2c). Due to the very low amounts
of these transcripts, exons 3-s and 3a-1 were amplified using different aliquots of lymphocyte
cDNA (Fig. 2c, lanes 2 and 3). We concluded that cryptic exon 3a-l was also incorporated
into normal lymphocyte mRNA, whereas exons 2c-l and 2c-s were not.

Next, we analyzed muscle mRNA. However, specific products corresponding to the
incorporation of these novel exons were not amplified in the normal tissues by single PCR
amplification (data not shown). These results indicate that activation of these cryptic exons is
very low or absent in muscle.

Protein-coding capacities of the cryptic exons

The protein-coding capacities of the novel dystrophin transcripts retaining exon 2c-l, 2c-s
or 3a-l were examined. Exon 2c-I encoding the 157 bp sequence disrupted the open reading
frame. Exon 2c-s encoding the 153 bp sequence maintained the open reading frame, but
contained many in-frame termination codons. Although exons 2c-l and 2c-s contained an
in-frame ATG codon at the 3’ end of the exon sequence, the upstream sequence was not
compatible with the Kozak sequence (Fig. 5a) (15), which represents the consensus sequence
required for the initiation of translation. Therefore, it is unlikely that a transcript containing
exons 2c-1 or 2c-s would direct the synthesis of a novel protein. Exon 3a-I encoding the 357
bp sequence maintained the translational open reading frame. However, since exon 3a-I
contained many in-frame termination codons and does not possess an in-frame ATG codon
after the last termination codon, it is also unlikely that exon 3a-l allows the initiation of
protein synthesis. However, the transcript would be expected to allow reinitiation of
translation at the downstream ATG codon (17) or be of other unknown biological
significance (8,10).

DISCUSSION

It is well established that DMD and BMD are caused by mutations in the dystrophin gene,
which is one of the largest human genes. More than 99% of the gene sequence is composed
of introns, and these huge introns have been considered to be functionless. To date, five
cryptic exons have been identified in introns of the dystrophin gene. The large introns 1 and
2 have been shown to contain a cryptic exon la and cryptic exons 2a and 2b, respectively
(7,23,36). On the other hand, the relatively small intron 3 has also been reported to contain a
cryptic exon (30). In the present study, we identified novel cryptic exons 2c-I and 2c-s in the
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3’ region of intron 2 and novel cryptic exon 3a-l in the central region of intron 3. These
exons possess all of the characteristic sequences required for exon recognition and are
incorporated into dystrophin mRNA.

Exons 2c-l and 2c-s are the third and fourth cryptic exons discovered within intron 2,
which is the second largest intron at 170 kb. Exons 2a and 2b are 140 and 98 bp long and
located 60 kb and 141 kb downstream from exon 2, respectively. Neither of the exons
contains an in-frame ATG codon after the last termination codon, and it is therefore unlikely
that transcripts containing these exons will be translated (7,36). On the other hand, the last
three nucleotides of exons 2c-I and 2c-s are ATG. However, since the upstream sequences of
these initiation codons are not compatible with the Kozak sequence (15), it is also unlikely
that transcripts containing these exons would direct the synthesis of novel proteins.

Exon 3a-1 is the second cryptic exon discovered within the 4.9-kb intron 3, which has
already been reported to contain exon 3a-s (30). The splice donor site of exon 3a-1 is the
same as that for exon 3a-s, whereas its acceptor site is 295 bp upstream of that of exon 3a-s.
Due to the absence of an in-frame ATG codon after the last termination codon, exon 3a-l is
also nonfunctional for producing a protein.

Although exons 2c-1, 2¢c-s and 3a-1 have similar structures to real exons, they have not
previously been described. This may be due to their low Shapiro’s splicing probability scores
or unsuitable branch sites. The scores for exon 2c-1 are 0.72 for both the splice acceptor and
donor sites, while those of exon 2c-s are 0.83 and 0.72, respectively, and the putative branch
point is 86 bp upstream of the splice acceptor site of exon 2c-1, which is too far to act as a
suitable branch point. The scores for exon 3a-l are also relatively low (0.88 for the splice
acceptor site and 0.80 for the splice donor site) compared with those of the authentic exon 2
(0.83 and 0.94, respectively) and exon 3 (0.94 and 0.81, respectively), and the putative
branch point sequence differs from the consensus sequence by two nucleotides. It remains to
be clarified why these cryptic exons are activated in the index case with duplication of exons
8-11 in the dystrophin gene. It is likely that the gross genomic rearrangement may modify
the splicing environment, although further studies are necessary. The newly identified exons
are the sixth, seventh and eighth examples of cryptic exons embedded in introns of the
dystrophin gene, and it is possible that additional cryptic exons will be uncovered within the
introns of this gene.

There are many sequences that match splicing consensus sequences as well as or better
than the sequences at real splice sites, yet they are not used for splicing (16). Real exons are
recognized and spliced cotranscriptionally (40). Therefore, there must be additional signals
that distinguish real splice sites from pseudo sites or vice versa. These additional recognition
elements could act either positively or negatively. For example, one study reported that
authentic splice sites had significantly higher scores than cryptic sites (24), while another
study found that negative elements play important roles in distinguishing a real splicing
signal from the vast number of false splicing signals (31). 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 (6). Incorporation of exons 2c-I,
2c¢-s and 3a-l1 may therefore be regulated in a very specific manner by a number of factors.

The RT-PCR analysis using normal lymphocytes revealed that exon 3a-l is also
incorporated into normal lymphocyte mRNA, whereas exons 2c-I and 2c-s are not.
Furthermore, amplified products corresponding to the incorporation of these three novel
exons were not detected after single PCR amplifications using normal and patient muscle
tissues as templates. Therefore, activation of these cryptic exons is very low or absent in
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muscles. The physiological or pathophysiological roles of these novel cryptic exons remain
to be clarified. 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, stepwise
removal of a large intron was demonstrated to occur via resplicing at a junction between
certain joined exons (12). Exons 2c-l, 2c-s and 3a-1, which are embedded in the 140-kb
intron 2 and 4.9-kb intron 3, respectively, may be remnants of such stepwise removal of
introns. Further studies are required to clarify this possibility.

In dystrophinopathy, the differences between DMD and BMD can be explained by the
frameshift theory (19), although many dystrophinopathy cases with deletions in the 5’ region
of the dystrophin gene have been shown to be exceptions to this rule. Furthermore, there is a
wide variety of clinical phenotypes with involvement of skeletal and cardiac muscles and the
mental status. The possibility that alternative splicing could modify the clinical phenotypes
by editing the translational open reading frame has been pointed out (5,38). We have
identified six novel alternative splicing patterns in the 5’ region of the dystrophin gene in
addition to the six already-known patterns (33). Furthermore, it has been proposed that the
cryptic start codon in exon 8 is activated and that its translation product modifies the clinical
phenotype (9,39). Therefore, incorporation of cryptic exons may have roles in stabilizing the
MRNA or altering the splicing pattern.

In conclusion, we have identified three novel cryptic exons in introns 2 and 3 of the
dystrophin gene, one of which is also incorporated into the normal lymphocyte transcript.
The physiological and pathophysiological roles of these three cryptic exons in addition to
those of the five already-known cryptic exons remain to be clarified.
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