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post-treatment muscle tissue was examined for this possibility.
Ten separate fragments were amplified. Every fragment, ex-
cept the one containing exon 19, amplified exactly as expected
(data not shown). This result indicated that the splicing error
was limited to exon 19 skipping. This specificity was likely
because our target for AO19 was a splicing enhancer sequence
and not a consensus sequence for splicing.

Since our trial succeeded in producing an in-frame exon
19A transcript in skeletal muscle (Fig. 1), the production of
internally-deleted dystrophin protein was examined. Immuno-
histochemical examination of the biopsied muscle obtained
before treatment using three MADb that recognize different
epitopes of dystrophin identified no reactive material (Fig. 2).
However, the three dystrophin-reactive MAb did weakly iden-
tify protein along the sarcolemma with varied density in every
muscle cell (nearly 540 muscle cells total) after treatment.
These staining patterns differed from that of revertant fibers or
natural dystrophin-positive fibers observed in DMD (26) as
follows. Positive fibers were observed only after infusion of
the antisense oligonucleotide (Fig. 2). The percentage of
dystrophin-positive fibers was high (Fig. 2). This contrasts
with revertant cells, which are usually observed in only a few
percent of all muscle fibres (27,28). The intensity of dystro-
phin staining was not strong as seen with revertants. Stained
cells did not cluster.

Although newly expressed dystrophin in cultured myocytes
was localized in the cytosol (7), newly expressed dystrophin
in vivo appeared to be located in the sarcolemma. This result
indicates that dystrophin synthesized in vivo in a progressive
stage of DMD maintains the ability to be localized to the
sarcolemma. The intensity of a-sarcoglycan staining increased
with AO19 treatment (Fig. 2), indicating a stabilization of
a-sarcoglycan in the sarcolemma. This treatment appeared to
restore the dystrophin-associated glycoprotein complex. Un-
fortunately, immunoblot analysis of the biopsied muscle sam-
ple could not be performed due to severe fatty degeneration.

The dystrophin produced from the patient’s modified
mRNA was expected to lack 110 amino acids of the rod-
domain. It is known that a large portion of the rod domain of
dystrophin can be removed without significantly affecting the
patient’s muscle function (29,30). The largest in-frame dele-
tion of the dysirophin gene previously reported in a Becker
muscular dystrophy (BMD) patient encompassed exons 13 to
48 (30). The truncated dystrophin produced in the patient
would be expected to be semi-functional. However, in our
experiment, no apparent improvement in muscle power was
observed (data not shown) and the patient remained wheel-
chair bound after the treatment. In our case, the immunologic
reaction against the newly synthesized dystrophin should be
carefully monitored from this point on.

Our report is the first to show successful induction of exon
skipping in skeletal muscles in a case of DMD. This study
provides three important findings for the potential clinical
application of antisense oligonucleotide treatment, First, IV
infusion is a simple way of delivering oligonucleotides. Sec-
ond, no carrier material was necessary for delivery of oligo-
nucleotides in our experiment. Third. the amount of the in-
fused oligonucleotides was only 0.5 mg/kg. a dose lower than

that used for other diseases (31). This treatment circurnvents
the side effects associated with direct muscle injection, the
immunogenicity of carriers, and the accumulation of degrada-
tion products of antisense oligonucleotides (1.12). This simple
technique would make possible life-long treatment of DMD
with antisense oligonucleotide.

This treatment, which salvages mRNA transcribed from the
endogenous dystrophin gene, would be expected to produce
dystrophin in a physiologically appropriate manner, since the
internally deleted dystrophin translated from the edited
mRNA was expressed in the proper tissues, at the proper
times, and in the proper isoforms. In fact, dystrophin expres-
sion from exon-skipped mRNA has been reported in cases of
BMD with skipping of the exon encoding nonsense mutations
(32-35). Antisense oligonucleotides can be synthesized chem-
ically in large scale, reducing the cost. Therefore, more than
70% of DMD cases could be treated in this manner in the near
future (10).
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Abstract Duchenne muscular dystrophy (DMD) is an X-
linked recessive disorder. Here, we report a novel
mechanism for the occurrence of DMD in females. In a
Vietnamese DMD girl, conventional PCR amplification
analysis disclosed a deletion of exons 1219 of the dys-
trophin gene on Xp21.2, with a karyotype of 46, XY.
Furthermore, a novel mutation in the androgen-receptor
gene on Xq11.2-q12 was identified in this girl, which led
to male pseudohermaphroditism. Co-occurrence of
mutations of these two genes constitutes a novel mech-
anism underlying female DMD.

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked
recessively inherited muscle-wasting disorder caused by
mutations in the dystrophin gene on Xp21.2. DMD is
common in boys, with a worldwide incidence of about |
in 3,500 male births; only in rare instances DMD has
been diagnosed in girls. Four mechanisms are known to
cause female DMD: (1) a skewed pattern of X-
chromosome inactivation in carriers of the mutation of
the dystrophin gene (Azofeifa et al. 1995); (2) X;auto-
some translocations that disrupt the dystrophin gene
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(Cantagrel et al. 2004); (3) monosomy X (Turner syn-
drome) associated with a DMD mutation on the
remaining X chromosome (Chelly et al. 1986); and (4)
maternal isodisomy for the X chromosome carrying a
DMD mutation (Quan et al. 1997).

We report for the first time a female DMD patient
with co-occurrence of mutations in both the dystrophin-
and androgen-receptor genes. This constitutes the fifth
reported mechanism underlying female DMD.

Case

A 9-year-old Vietnamese girl was born to a non-cons-
anguinous couple. At age six, she was referred to the
National Children’s Hospital in Hanoi, Vietnam, for
muscle weakness. She showed Gowers’ sign, and her
serum creatine kinase (CK) level was 25,392 IU/I (nor-
mal: 57-197 TU/). She was diagnosed clinically with
female DMD. At age nine, she could not stand up by
herself, but the girl could walk independently starting
from a standing position. Laboratory studies demon-
strated high serum CK levels, reaching 9,420 TU/L. Her
18-year-old sister did not complain of muscle weakness,
and she had a serum CK level of 135 TU/L. After
obtaining informed consent, genetic analysis of the girl
and her family members was conducted.

Results

Conventional PCR amplification of 19 deletion-prone
exons of the dystrophin gene disclosed deletions of exons
12, 13, 17 and 19 in the patient’s genomic DNA
(Fig. 1a). The deletion was confined to exons 12~19, as
fragments of the flanking exons 11 and 20 were suc.
cessfully amplified (Fig. 1a) (Adachi et al. 2003). This
deletion shifted the translational reading frame and
created a premature stop codon in exon 20 of the dys-
trophin mRNA, confirming the diagnosis of DMD. To
test for monosomy X, the patient’s chromosome was
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Fig. 1 Analysis of the dystrophin gene. a Deletion mutation analysis
of the dystrophin gene. Results of PCR amplification of exons 11,
12, 13,17, 19 and 20 of the dystrophin gene are shown. From the
proband, no PCR products corresponding to exons 12, 13, 17 or 19
were obtained, whereas exons 11 and 20 were visualized (P); this
pattern confirms the deletion of exons 12-19. From the control
sample, every exon is shown as an amplified product (C). Numbers
over the amplified products indicate their respective exon numbers,
M refers to a size marker (HaeIIl-digested X174 DNA, Takara
Shuzo Co. Japan). b -Semi-quantitative PCR amplification of
multiple exons. Results of capillary electrophoresis (Agilent 2001,
Bioanalyzer with DNA 1000 Lab Chips, Agilent Technologies,
Palo Alto, CA) of PCR-amplified products are shown. Four exon
fragments, including those corresponding to exons 11, 12, 19 and
20, and an internal control fragment (a fragment of the Ca®*-
sensing receptor gene on 3q13) were co-amplified in one PCR
reaction. In a normal male and his sister, four peaks corresponding

analyzed and was found to be 46, XY (Fig. 2a). To
identify the cause of the patient’s male-to-female phe-
notypic conversion, we tested for mutation of the
androgen-receptor gene. A novel single-nucleotide
change from C to T at bp 82 in exon | (C82T) was
identified (Fig. 2b). The mutation changes codon 28
from CAG for glutamine to TAG for a stop codon

Mother i

to four exons are observed in addition to the internal standard,
Exons 12 and 19 are marked by their respective numbers, and
exons 11 and 20 are marked by open and filled arrow heads,
respectively. § refers to the internal standard that is an amplified
product of the Ca“-sensing gene. M refers to size markers of 15
and 1,500 bps. The proband has no amplified product for exons 12
and 19 (middle). In the mother, the amount of amplified fragments
of exons 12 and 19 were calculated and found to be equivalent to
that of the normal female control (bottom). ¢ Polyrorphism
analysis. Segregation analysis of the dystrophin gene was per-
formed by analyzing (CA), repeat markers in the promoter region
(DYSII) and in intron 44 (STR44). Two peaks of amplified
products at DYSII and the STR44 repeat region were obtained
from the mother. At each locus, a and b allele names are agsigned
to the small and large products, respectively (Top). The proband
had a and b alleles at DYSIT and STR4d, respectively (bottom),
whereas her sister had b and a alleles, respectively (middle)

(Q28X). This mutation, which leads to complete
androgen insensitivity, was concluded to be the cause of
male pseudohermaphroditism in this case.
Remarkably, the patient’s sister was also found to
have a 46, XY karyotype, due to the same nonsense
mutation in the androgen-receptor gene (Fig. 2b). Fur-
thermore, their mother was found to be a carrier for the
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Fig. 2 Analysis of sexual state of the index case. a Karyotype. A
karyotype of the proband (46, XY} is shown. b Mutation of the
androgen-receptor gene. Mutation of the androgen-receptor gene
was analyzed by sequencing exon-encompassing regions. The PCR
amplification of exons 2-8 was carried out as described previously,
and exon 1 was amplified as five separate fragments using five sets
of primers. Amplified products were either directly sequenced or
sequenced after subcloning into vector pT7 (Novagen Inc.,

nonsense mutation. It was concluded that the X chro-
mosome harboring the nonsense mutation of the
androgen receptor was inherited by both offsprings from
their mother. '

On the other hand, the sister’s DNA had no deletions
in any examined dystrophin exons, and was concluded
to be free of DMD. The mother was also found to be a
noncarrier for the deletion (Fig. 1b). The deletion
mutation of the patient was concluded to be a de novo
mutation. Analysis of polymorphisms at both the pro-
moter region (DYSII) and intron 44 (STR44) of the
dystrophin gene disclosed that the index case inherited
the a and b alleles in DYSII and STR44, respectively,
whereas her sister harbored the b and a alleles at those
respective loci (Fig. I¢). It is reasonable to consider that
complex recombination events occurred in the proband’s
genomic DNA.

Discussion

We report here a novel mechanism leading to female
DMD, which is caused by the co-occurrence of a dele-
tion mutation in the dystrophin gene and a nonsense
mutation in the androgen-receptor gene. This is only the
fifth mechanism reported so far to cause DMD in
females. Molecular genetic analysis of family members
disclosed that the deletion mutation of the dystrophin
gene was acquired in the index case, whereas the non-
sense mutation in the androgen-receptor gene was
inherited from her mother. Although the two mutations
are independent, our findings suggest that the
co-occurrence of mutations in both the dystrophin- and
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Madison, WI) with an automated DNA sequencer (model 3734,
Perkin-Elmer Applied Biosystems Inc., Norwalk, CT). A part of
the sequence of exon 1 of the androgen-receptor gene is shown, The
proband and her sister, both have a C-to-T nucleotide change atbp
82 within exon 1 (C82T) (top). The mother has double peaks
corresponding to T and C at bp 82 (bottom). This nucleotide
change altered the 28th codon from CAG to TAG (stop; Q28%)

androgen-receptor genes should be examined in cases of
DMD in females.

Deletion of exons 12-19 of the dystrophin gene is
relatively rare among the DMD-causing deletion mu-
tants. The segregation pattern of haplotypes of the
dystrophin gene disclosed that three haplotypes within
the dystrophin gene were completely different between
the two sisters (Fig. Ic). However, no changes recog-
nizable by chromosomal analysis were present in the
proband’s X chromosome (Fig. 2a), indicating the
occurrence of subtle genomic recombinations. Given the
complexity of the allelic differences, it is difficult to
propose a recombination model to explain the haplotype
difference.

The androgen-receptor signaling pathway plays a key
role in muscle development and in sexual differentiation.
Complete androgen insensitivity is usually characterized
by female masculization, and therefore DMD with
androgen insensitivity would be expected to manifest as
an aggravated progression of muscle wasting. However,
the index case, which indeed had combined DMD and
complete androgen insensitivity, did not exhibit such
accelerated degeneration, suggesting that muscle growth
at younger ages is independent of androgen-receptor
signaling. This finding may be relevant to the currently
controversial issue of steroid treatment in DMD
(Dubowitz 2005).

Acknowledgments This work was supported by grants from the
Ministry of Education, Culture, Sports, Science and Technology of
Japan, the Health and Labor Science Research (Research on Psy-
chiatric and Neurological Diseases and Mental Health), the
Research Grant for Nervous and Mental Disorders from the
Ministry of Health, Labor, and Welfare, and the Mitsubishi
Foundation,



References

Adachi X, Takeshima Y, Wada H, Yagi M, Nakamura H, Matsuo
M (2003) Heterogous dystrophin mRNAs produced by a novel
splice acceptor site mutation in intermediate dystrophinopathy.
Pediatr Res 53:125-131

Azofeifa J, Voit T, Hubner C, Cremer M (1995) X-chromosome
methylation in manifesting and healthy carriers of dystrophin-
opathies: concordance of activation ratios among first degree
female relatives and skewed inactivation as cause of the affected
phenotypes. Hum Genet 96:167-176

Cantagrel V, Lossi AM, Boulanger S, Depetris D, Mattei MG,
Gecz J, Schwartz CE, Van Maldergem L, Villard L (2004)

519

Disruption of a new X-linked gene highly expressed in brainin
a family with two mentally retarded males. ] Med Genst
41:736-742

Chelly J, Marlhens F, Le Marec B, Jeanpierre M, Lambert M,
Hamard G, Dutrillaux B, Kaplan JC (1986) De novo DNA
microdeletion in a gir] with Turner syndrome and Duchenne
muscular dystrophy. Hum Genet 74:193-196

Dubowitz V (2005) Prednisone for Duchenne muscular dystrophy.
Lancet Neurol 4:264

Quan F, Janas J, Toth-Fejel 8, Johnson DB, Walford JX, Popovich
BW (1997) Uniparental disomy of the entire X chromosome in
a female with Duchenne muscular dystrophy. Am J Hum Genet
60:160-165



Kobe J. Med. Sci., Vol. 52, No. 3, pp. 61-75, 2006

Novel Cryptic Exons Identified in Introns 2 and 3 of the
Human Dystrophin Gene with Duplication of Exons 8-11

KAZUTO ISHIBASHI, YASUHIRO TAKESHIMA, MARIKO YAGI,
ATSUSHI NISHIYAMA and MASAFUMI MATSUO

Division of Pediatrics, Department of Development and Aging,
Kobe University Graduate School of Medicine

Received 6 February 2006 /Accepted 16 February 2006
Key words: dystrophin, cryptic exon, splicing, Duchenne muscular dystrophy

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 2¢-1”. 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-l1 was also incorporated
into the dystrophin mRNA from normal lymphocytes, whereas exons 2¢-1 and 2¢-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 la from intron I, 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, 2¢-s and 3a-1). Exon
2¢-1is located downstream from exon 2b in intron 2. Exon 2c-s is located in the same region
as exon 2¢c-1, 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-] is incorporated into the
mRNA of normal lymphocytes, whereas exons 2¢-1 and 2¢-s are not.

PATIENT AND METHODS

Case

A Z2-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
Hindlll restriction enzyme-digested DNA as a template (Mitsubishi Co., Tokyo. Japan), as
described previously (14). The genomic regions encompassing the [57-bp inserted sequence
(exon 2c-1) and 357-bp inserted sequence (exon 3a-1) were amplified using primers derived
from the flanking sequences (g2cF and g2cR for exon 2¢-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 mRNA 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 c8R (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 ¢7F and
c12R for the first PCR, and then primers |E and cI12R were used for the second PCR (Table).

To examine the efficiency of exon 2¢-1, 2¢-s and 3a-1 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 [-2¢, primers 1A
and c2cR were used for the first PCR, and primers 1C and c2¢R were used for the second
PCR. For the semi-nested PCR amplification of exons 1-3a-I, primers 1A and c3a-IR were
used for the first PCR, and primers 1C and c3a-IR 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

)
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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 mRNA 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,
I, 8 9,10, 11 and 12 (Fig. Ic), 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 8-0
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 Jjunction
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 I-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 |a-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. 3¢), corresponding to the large band in the gel electrophoresis.
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Fig. 1. Analysis of the dystrophin
mutation in the index case. (a)
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

—exom [0~11

— exom 4 .
— exom & + bands, corresponding to exons
— exon -0 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. (¢) Partial sequence of
the largest-sized product. The 3°
terminal sequence of exon 11 is
precisely joined to the 3™ end of the
sequence of exon 8.

Fig. 2. RT-PCR amplifications of
N | lymphocyte mRNA  containing  the
cryptic exons. (a) RT-PCR product of
a fragment comprising exons [-5. C
and P refer to the control and index
case. respectivelv. 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
ncluding  an  unknown  137-bp
sequence.  Furthermore. the largest
| band of the index case consists of a

¢DNA  that includes an unknown

357-bp sequence. On the other hand.

¢DNAs  including these unknown

sequences are not obtained after subcloning in the control. The open and shaded boxes represent authentic and
<rypric exons. respectively. (b) RT-PCR products of fragments comprising exons 1-2¢-1 and 1-2¢-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. Subclaning and sequencing of this product revealed
o types of sequence. one containing exon 2¢-i and the other with the first 4 nucleotides of exon 2¢-| deleted
tsee Fig. 3b). (¢) RT-PCR product of a fragment comprising exons 1-3a-1. In the control. a cDNA including exon
Ja-lis amplified (lane C). A ¢DNA including exon 3a-s is amplified in one aliquot of the patient’s ¢DNA (lane
i while a cDNA including exon 3a-i 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 cryptjc exons.

(a) 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-l. 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-I. Since this product was amplified using primers in
exons | and 2c. the 3" end sequence of this inserted sequence was not obtained, but the same
splice donor site as exon 2¢-1 is likely to be used.

(¢) Nucleotide sequence of the 357-bp exon 3a-l 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-1. while its 37 end is precisely joined to the 5° end of
the sequence of exon 4. The sequence obtained for the junction between exons 3a-] 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 =Cor 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 mRNAs (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 2¢-I.

Since the exon 2c-l 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 435 bp 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-1 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
iFig. 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
ehcompassing exon 3a-l. In total. a 765 bp 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-| 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 cry ptic 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 13 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 2¢ is also used as a splice acceptor site. and
its Shapiro’s score is 0.83. The former and latter ervptic exons are designated exons 2c-1 and 2c-s.
respectively. The boxes and lines indicate exons and introns. respectively. The dotted boxes
indicate the novel eryptic 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 .88 and 0.80. respectively.,
Remarkably. the 3" end of the 357-bp inserted sequence 1s the same as that of exon 3a-s. whereas
its 57 end is 295 bp upstream of that of exon 3a-s. Therefore. the 357-bp sequence has been
designated exon 3a-l. The dotted boxes indicate cryptic exons 3a-s and 3a-1.
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Fig. 5. Genomic sequences of the cryptic exons.

(a) Genomic nucleotide sequences of exons 2¢-l and 2c¢-s. as well as their flanking introns. The
[57-bp exon 2c¢-1 sequence is shown in uppercase letters. while the sequences 140-bp upstream and
138-bp downstream of exon 2¢-l are shown in lowercase letters. Absolutely conserved AG and GT
dinucleotides. shown in italics. are present at the boundaries between exon 2¢-1 and its flanking
regions. The splice acceptor site of exon 2¢-3 is shown in parentheses. A putative branch point is
present 86 bp upstream of exon 2c-1 (inverted triangle). A pols pyrimidine tract is present between
evon 2¢-1 and the branch point. although its length is relatively short at 6 bp. The horizontal arrows
indicate the focations and directions of primers g2¢F and g2¢R.

tb) Genomic nucleotide sequences of exon 3a-l and its flanking introns. The 357 bp evon Ja-|
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-1 (inverted triangle). A
polypyrimidine tract is present between exon 3a-1 and the branch point. The exon 3a-s Sequence is
underlined. The horizontal arrovs indicate the locations and directions of primers g3a-II' and
g23a-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-1 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 mRNA. 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 mRNA 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 1-2¢ revealed a clear
band -corresponding to exons 1-2¢-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¢-l was detected afier
subcloning (Fig. 3b). This result indicated that a site 4 bp downstream from the 5° end of
exon 2c-I was also used as a splice acceptor site, and this cryptic exon was designated exon
2¢-s (Fig. 4a). On the other hand. the amplified product from exons 1-3a-1 was detected in
normal lymphocyte mRNA (Fig. 2c, lane 1). Furthermore, exons 3a-s and 3a-1 were both
amplified in the lymphocyte mRNA of the index case (Fig. 2¢). 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-I was also incorporated
into normal lymphocyte mRNA. whereas exons 2¢-| and 2¢-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 2¢-1, 2¢-s
or 3a-| 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¢-1 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¢-l or 2¢-s would direct the synthesis of a novel protein. Exon 3a-] encoding the 357
bp sequence maintained the translational open reading frame. However, since exon 3al
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-1 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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37 region of infron 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 2¢-1 and 2¢-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-l 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-] 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, 2c-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 2¢-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-I, 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 2¢-1,
~¢-s and 3a-1 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-l 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. 2¢-s and 3a-l. 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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