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of each nonsense mutation while we used original full-
length dystrophin from the genome. Considering that the
mechanisin of read-through by gentamicin is complicated,
we speculate that the differences in our results may be
attributed to the different methods. Therefore, our monitor-
ing system is important to identify DMD patienis for
gentamicin therapy.

Wagner et al. [9] showed that four Duchenne/Becker
muscular dystrophies with various stop codons including
TGA were treated once daily with intravenous gentamicin at
7.5 mg/kg/day for 2 weeks. The peak serum concentration
of gentamicin was 40 pg/ml. However, full-length dysiro-
phin was not detected in pre- and post-treatment muscle
biopsies. They concluded that the lack of detection was
caused by the lower doses and short duration of gentamicin
therapy.

The quantity of dystrophin was calculated by density of
band of MHC and dystrophin. The results show that the
quantity of dystrophin in differentiated myotubes derived
from patient 7 was approximately 36% of non-DMD
patients. The results suggested that muscle weakness may
be improved by this therapy by the increase in dystrophin.

Fuji et al. (submitted for publication, I Fuji et al.,
Adenoviral mediated MyoD gene transfer to human
fibroblasts and application to genetic diagnosis of myogenic
diseases) showed that dystrophin expression was detected in
norimal myotubes that differentiated from human fibroblasts
2 weeks after transfection with AdMyoD. The efficiency of
differentiation of fibroblasts to myotubes using AdMyoD is
approximately 80%, which is much higher than other
iransfection methods. Although we only obtained an
efficiency of 30-40%, this method is still convenient and
easy for inducing fibroblasts to differentiate into myotubes
in vitro. We therefore, conclude that our system is useful for
finding DMD patients eligible for aminoglycoside
treatment.
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Abstract

The splicing pattern of pre-mRNA is unpredictable in genes harboring a single-nucleotide change within the consensus
sequence of a splice-donor site. In the dystrophin gene, a transition from G to A at the fifth position of intron-32 (4518 + 5G > A)
has been reported as a polymorphism within the consensus sequence or a mutation identified in Duchenne muscular dystrophy
(DMD). Here, we report both in vivo and in vitro evidence that shows inactivation of the splice-donor site caused by this muta-
tion. In one Japanese DMD case, two novel dystrophin mRNAs were identified in the patient’s lymphocytes, one with a 98 bp
deletion of the 3’ end of exon-32 (dys32 — 98) and the other with a 28 bp intron retained between exons 32 and 33 (dys32 + 28).
Genomic sequencing disclosed a single-nucleotide change from G to A at the fifth position of intron-32 (4518 + 5G > A). To dem-
onstrate in vitro the inactivation of this splice-donor site by this nucleotide change, mini-dystrophin genes comprising three exons
harboring either normal or mutant intron-32 sequences were expressed in Hela cells, and the splicing products were analyzed by
reverse-transcription PCR amplification. A normal transcript consisting of three exons was obtained from the normal construct.
From the mutant, we obtained one product containing a 98 bp deletion at the 3’ end of exon-32, indicating complete inactivation
of the native splice-donor site. Thus, both in vivo and in vitro experiments demonstrate that 4518 + 5G > A causes a splicing error
leading to transcript termination; it did not behave like a silent polymorphism. Our results indicate that the in vitro splicing
system is a powerful tool for determining the underlying mechanism of a disease-causing mutation in a splicing consensus
sequence.
© 2005 Elsevier Inc. All rights reserved.
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Introduction Mutations at consensus sequences have been reported to

result in exon skipping, activation of cryptic splice sites,

Splicing is the process by which introns are removed
from pre-mRNA. Consensus sequences located at
intron/exon boundaries have been extensively character-
ized; they act as cis-elements that define the splice site.

" Corresponding author. Fax: +81 78 382 6098.
E-mail address: matsuo@kobe-u.acjp (M. Matsuo).
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or both, producing aberrant mRNAs in allf cases [1]. At
the splice-donor site at the 5' end of an intron, the
sequence AG/GTAAG (/ denotes the exon/intron bor-
der) is the consensus sequence; the five bases in the
intronic portion of the splice-donor site base-pair with
Ut RNA as a prerequisite step for splicing [2,3}. The GT
dinucleotide of the consensus sequence is strictly
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conserved, and changes in this sequence uniformly result
in splicing errors. In contrast, only 20% of mutations at
the +5 position cause aberrant splicing, even though the
G at +5 position is very well conserved [1].

Duchenne muscular dystrophy (DMD) is the most
common inherited muscle disease, affecting approxi-
mately one in 3500 males, and is caused by mutations of
the dystrophin gene, the largest human gene, which cov-
ers 3000kb on the X chromosome. The dystrophin gene
comprises 79 exons encoding 14 kb of cDNA, such that
more than 99% of the sequence are intronic. More than
1000 single-nucleotide changes have been identified as
disease-causing mutations (http://www.dmd.nl/, viewed
on September 2004). Although most of them are non-
sense mutations, nearly 15% are located in splicing con-
sensus sequences, leading to either exon skipping or
activation of cryptic splice sites [4-7].

Previous extensive sequence analysis of genomic
DNA disclosed two instances of a single-nucleotide
change from G to A at the fifth position of intron-32 of
the dystrophin gene (4518 +5G > A); one was a poly-
morphism (http://www.genomes.utah.edu/DMD/dystro-
physnps, viewed on September 2004), whereas the
second led to a case of DMD (http://www.dmd.nl/,
viewed on September 2004) [8]. Although the latter sug-
gests that 4518+ 5G > A is a disease-causing mutation,
no evidence of the mutation affecting the coding
sequence was shown. To conclude the 4518 +5G> A is
indeed a disease-causing mutation, evidence of the splic-
ing error caused by 4518 + 5G > A must be provided.

Here, 4518 + 5G > A was first identified in a Japanese
DMD patient. Subsequently, both in vivo and in vitro
experiments disclosed inactivation of the native splice-
donor site by 4518+ 5G > A,

Case and methods
Case

A 12-year-old boy was referred to Kobe University
Hospital (KUHG329GA) for a genetic diagnosis of his
muscle weakness. At age 1, his serum creatine kinase
(CK) level was found to be markedly elevated, and
Gower’s sign was positive at age 3. At age 4, he was diag-
nosed with Duchenne muscular dystrophy (DMD) upon
demonstration of a lack of dystrophin staining in a mus-
cle biopsy. His muscle weakness progressed, and he was
wheelchair-bound at the age of 10. There was no family
history of neuromuscular disease. Laboratory examina-
tion disclosed an elevated level of serum CK (1646 1U/L,
control: <169 [U/L). No abnormalities were detected by
either X-ray or ECG examination. The Ethical Commit-
tee of Kobe University Graduate School of Medicine
approved this study and consent for this study was
obtained from his parents.

Methods
Mutation analysis

For mutation analysis of the dystrophin gene, DNA
was isolated from peripheral blood of the index case and
his family members by standard phenol-chloroform
extraction methods. Southern-blot analysis was per-
formed using HindllI restriction enzyme-digested DNA
as a template as described previously [9]. This technique
allows for the full extent of any deletions or duplications
to be recognized.

To find a mutation not detectable by Southern-blot
analysis, the dystrophin mRNA expressed in lympho-
cytes was analyzed using reverse-transcription nested
PCR (RT-nested PCR) as described previously [10].
Full-length dystrophin cDNA was amplified as 10 sepa-
rate, partially overlapping fragments [[1]. A fragment
showing an ambiguous sequencing result was further
examined by narrowing the amplified region. A region
encompassing exons 31-33 was amplified using a for-
ward primer corresponding to a segment of exon-31
(BC=5"-GCC CAA AGA GTC CTG TCT CA-3") and
a reverse primer complementary to a segment of exon-33
2B=5-CTG CTT TTT CTG TAC AAT CTG ACG-
3n.

To characterize the genomic nucleotide change, a
region encompassing exon-32 (174 bp of exons 32 and
68, and 145 bp of neighboring introns 31 and 32, respec-
tively) was PCR-amplified from the genomic DNA sam-
ples using the following pair of primers: a forward
primer on intron-31: g32F=5'-CAG AAA TAA AGG
CAG ATC TAT CAA-3' and a reverse primer comple-
mentary to intron-32: g32R =5'-CAC AGA ATA GGC
CAC AAT AC-3",

All PCR amplifications were conducted essentially
under conditions described previously [10]. PCR-ampli-
fied products were purified and subjected to sequencing
either directly or after subcloning into T7 blue T vector
[12]. Sequence analysis was done using a Dye terminator
cycle sequencing kit (Amersham Bioscience, Piscataway,
NJ) with an automatic DNA sequencer (model ABI
Prism 310, Perkin Elmer Applied Biosystems, Foster
City, CA).

In vitro splicing

To study splicing in vitro, three dystrophin exons (18,
19, and 20) and the intervening two introns [13] were
inserted into a pcDNA3.0 mammalian expression vector
(Invitrogen, Carlsbad, CA) that employs a cytomegalo-
virus (CMV) enhancer-promoter for high-level expres-
sion and contains a polyadenylation signal for complete
synthesis of mRNA. To analyze any secondary effects of
4518 +5G > A on splicing, the sequence of the central
exon-19-encompassing region was replaced with that of
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exon-32 and its flanking introns. An exon-32-encom-
passing fragment was amplified from DNA samples of a
normal individual or the index case using primers con-
taining restriction-enzyme recognition sites (g32F-
Xmal=5'-CgA CCC ggg TCT gTA TAT CTT CAg
AAA TAA Agg-3’ and g32R-BamHI=5-gCT ggA
TCC AgT ATA ATT ATT ATg gTT ATC TgA-3).
After digestion of the amplified product with both Xmal
and BamHI restriction enzymes, the digested product
was inserted into the dystrophin mini-gene that was pre-
digested with the same two restriction enzymes. The
resulting mini-dystrophin gene construct was then trans-
fected into HeLa cells.

HelLa cells were grown in DMEM (Dulbecco’s modi-
fied Eagle’s medium) dissolved in distilled water (NANO
pure DIAMOND VV/UF Water, Barnstead, Dubuque,
IA) containing 10% fetal bovine serum (Trace Biosci-
ences, Castle Hill, Australia) at 37 °C under 5% CO,. The
cells were plated on six-well tissue culture plates. One
microgram of the plasmid was transfected into semi-con-
fluent Hel.a cells using Lipofectamine (Invitrogen,
Carlsbad, CA, USA) [13], and the cells were incubated
for 24 h. Total RNA was extracted from HeLa cells and
3ug RNA was subjected to reverse transcription using
random hexamer primers as described previously [12].
To amplify the exogenous dystrophin mini-gene tran-
script, the following primers recognizing the vector/mini-
gene junction were used: cl8FKpnl=5-CGA GGT
ACC ACA GCT GGA TTA CTC GCT CA-3" and
c20RXhol =5'-GCT CTC GAG CAG CCA GTT AAG
TCT CTC ACT-3'. PCR products were separated by 3%
agarose gel electrophoresis and stained using ethidium
bromide. To confirm the nucleotide sequences, each
amplified product was excised from the gel and its
sequence was determined as described above.

Results

Mutational analysis of the dystrophin gene was per-
formed on genomic DNA of the index case using
Southern blot. No gross gene rearrangement was dis-
closed. Dystrophin mRNA in lymphocytes was ampli-
fled as 10 separate fragments by RT-nested PCR
amplification. Direct sequencing of these fragments
revealed a completely normal sequence, except in the
fragment encompassing exons 27-35; therefore,
mutational analysis was focused on this region.
Unexpectedly, amplification of a fragment from exons
31 to 33 disclosed two amplified products (Fig. 1A").
Subcloning and subsequent sequencing of both
products disclosed two novel dystrophin mRNAs; the
larger product showed a 28 bp insertion between exons
32 and 33 (dys32+28) (Fig. 1B"), whilst the smaller
product had a 98 bp deletion of the 3’ end of exon-32
(dys32 - 98) (Fig. 1B"). Both novel dystrophin mRNAs

were shown to result in a premature stop codon; this
nonsense mutation accords with the lack of dystro-
phin staining in his muscle. However, the mechanism
by which these two mRNAs were produced was not
clear.

The 28bp insertion in dys32+28 was found to be
homologous to the 5'-end sequence of wild-type intron-
32, except for the presence of a G-to-A transition at the
fifth position of that intron. To confirm this transition in
the patient’s genomic DNA, we determined the genomic
nucleotide sequence of intron-32 and found the same
mutation to be present (4518 +5G > A) (Fig. 1C'). The
complete match of the inserted 28 bp sequence to the
genomic sequence led us to conclude that the dys32+ 28
mutation constituted a retention of the 5’ end of
intron-32.

These results led us to believe that the two novel
dystrophin mRNAs were aberrant splicing products
resulting {rom inactivation of the wild-type splice-
donor site by 4518 + 5G > A. To validate this hypothe-
sis, Shapiro’s splicing probability score for the splice-
donor site [14] was examined for the observed aberrant
splice-donor sites (Fig. 2). These scores were found to
be 0.68 and 0.82 at the sites 28 bp downstream and
98bp upstream from the original splice-donor site,
respectively; these scores are both higher than that of
the mutated original splice-acceptor site (0.66; normal:
0.81), suggesting that the two aberrant dystrophin
mRNAs (dys32 +28 and dys32 — 98) are indeed splic-
ing products that result from the use of cryptic splice-
donor sites. Therefore, the in vivo results show that the
4518+ 5G > A mutation causes DMD by activating
cryptic splice-donor sites.

Although our results indicated that 4518 + 5G > A is
a disease-causing mutation, there has been a report
describing 4518 +5G > A as a polymorphism (http:/
www.genomes.utah.edu/DMD/dystrophysnps). To con-
firm the inactivation of the splice-donor site by
4518+ 5G> A, an in vitro splicing system was
employed in which the dystrophin mini-gene was sub-
jected to splicing in Hela cells, Mini-gene constructs
consisting of three dystrophin exons (18, 32, and 20)
and the intervening intronic sequences containing
etther wild-type or mutant intron-32 sequences were
prepared (Fig. 3) and transfected into HeLa cells. The
mini-gene transcript was analyzed by RT-PCR using
primers recognizing vector and exon junctions. When
the construct containing the normal intron-32 sequence
was transfected, one splicing product consisting of
exons 18, 32, and 20 was obtained, indicating that splic-
ing from the mini-gene transcript had occurred nor-
mally. On the other hand, a single smaller-sized
amplified product was obtained from the mini-gene
transcript containing the mutant intron-32 sequence
(Fig. 3). Sequence analysis of the product disclosed that
98 bp of the 3’ end of exon-32 were deleted in this tran-
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Fig. 1. Mutation analysis of the dystrophin gene. (A’) RT-PCR products. A fragment encompassing exons 31-33 was amplified from the patient’s
¢DNA. One clear band was visualized from the normal (C), whereas two bands were visualized in the index case (P). The upper band contains an
extra 28 bp between exons 32 and 33 (dys32 + 28), creating a stop codon in its sequence (X). In contrast, the lower band has a 98 bp deletion of the 3’
end of exon-32 (dys32 — 98), creating a stop codon in exon-33 (X). The structure of the product is shown schematically on the right side. Boxes and
the numbers in boxes indicate the exon and exon number, respectively. The box inserted between exons 32 and 33 is the 28 bp of inserted sequence.
(B") cDNA sequences. Each sequence showed completely normal exons 31 and 33. The sequence of the 3" end of exon-32 (5'-GTGTG-3') is joined to
two different sequences: GTATA (top) and AACTT (middle). At top, the 28 bp insertion was followed by a completely normal exon-33. In the bot-
tom panel, 98 bp of the 3’ end of exon-32 were deleted, and the truncated exon-32 joined directly to exon-33. (C') Intron-32 sequences. The PCR
product amplified from genomic DNA was directly sequenced. The fifth nucleotide from the 5" end of intron-32 was A in the index case (AIVS32 + 5)
{upper) and G in the control (GIVS32 -+ 5) (lower). The inverted triangle indicates the activated cryptic splice-donor site.

script; all other sequences were normal. The sequence the normal nor the dys32 + 28 transcript could be iden-
of the 98 bp deletion matched perfectly to that identi- tified. These results showed that 4518 + 5G > A inacti-

fied in the patient’s lymphocytes (dys32 — 98). Neither vates the original splice-donor site completely.
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Fig. 2. Splicing patterns of intron-32 and cryptic splice-donor sites near the original splice-donor site. Two novel dystrophin mRNAs are produced by
activating two cryptic splice-donor sites in 4518 + 5G > A, Splicing patterns identified in the index case are represented schematically (two solid diag-
onal lines; Dys + 28 and Dys — 98). One dotted line indicates a normal splicing pattern. Boxes and horizontal lines indicate exons and introns, respec-
tively. The numbers in parentheses indicate the Shapiro’s probability scores. The figure is not drawn to scale.

A
Xmal BeamHI
@ l 32 —@ 20
| | | 1 ! |
! 98-bp ! 73-bp | 105-bp ! 174-bp ! 110-bp ! 116-bp ! 98-bpj
[ |
786 bp
B
GIVS32+5G GIVS3245A

BonuanGoes
Exon 32 ‘/ Bxon 20

Fig. 3. In vitro splicing. (A) Structure of the mini-dystrophin gene. The mini-dystrophin gene contains sequences corresponding to exons 18 (98 bp),
32 (174 bp), and 20 (98 bp), and portions of introns 18 (73 bp) and 32 (105 bp) between exons 18 and 32, and introns 32 (110 bp) and 20 (116 bp)
between exons 32 and 20, respectively. Ximal and BamHI represent Xmal and BamHI restriction-enzyme recognition site, respectively. Horizontal
arrows indicate the positions and the directions of the primers. The bracket indicates the amplified product (786 bp). (B) RT-PCR products. The
mini-gene transcript was analyzed by RT-PCR amplification of a fragment encompassing (wo vector-cDNA junctions. One amplified product was
obtained each from the normal (GIVS832 + 5) and mutant (AIVS32 + 5), but the size differed clearly (left). Sequencing of the normal product dis-
closed the presence of exons 18, 32, and 19. From the mutant, however, 98 bp at the 3’ end of exon-32 were found to disappear, and the resulting trun-

cated exon-32 was inserted between exons 19 and 20 (left).

Combining both the in vivo and in vitro results, we
conclude that 4518+ 5G > A is a disease-causing muta-
tion responsible for DMD.

Discussion

In this report, a G-to-A transition at the fifth nucleo-
tide of intron-32 of the dystrophin gene (4518 +5G > A)
is shown to be a disease-causing mutation. Both in vivo
and in vitro analyses disclosed complete inactivation of
the original splicing donor site (Figs. I and 3). Though
skipping of an upstream exon is a common outcome of a
mutation of the consensus sequence of the splice-donor
site [1], exon-32 skipping was not demonstrated in our
patient. Instead, cryptic splice-donor activation was dis-

closed, and the resulting two dystrophin mRNAs were
found to encode a premature stop codon (Fig. 1). There-
fore, 4518+ 5G > A was concluded to be a disease-caus-
ing mutation.

Our conclusion was corroborated by in vitro splic-
ing experiments showing inactivation of the original
splice site (Fig. 3). Although two cryptic splice-donor
sites were shown to be activated in vivo, only one was
found in vitro. The limited activation of one cryptic
splice site in vitro may be due to environmental differ-
ences in the splicing machinery, including tissue differ-
ence and differences in pre-mRNA secondary structure
or in the size of intron-32. As demonstrated here, our
current mini-gene is a powerful tool for confirming dis-
ease-causing mutations in a splicing consensus
sequence.
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Because some of the introns in the dystrophin gene
are extraordinarily large (more than 100kb), splicing of
dystrophin pre-mRNA must be regulated by a very
sophisticated mechanism. Nucleotide changes at the fifth
position within introns of the dystrophin gene have been
identified in 10 cases. Their resulting splicing patterns
are described in several ways: five result in upstream
exon skipping, one gives activation of nearby cryptic
splice-donor sites, one results in both exon skipping and
cryptic splice-site activation, one is a silent polymor-
phism, and the others were identified in DMD cases
without examination of the mRNA transcripts. Our
results add another example of cryptic splice-donor site
activation. Although most previously described splice-
site mutations induce exon skipping, 4518+5G>A
induced cryptic splice-site activation only. It remains
unclear what factors determine the splicing pattern when
the fifth position within an intron is mutated.

At this moment, there is no effective way to treat
DMD. Exon skipping of nonsense mutations present in
exons 27, 29, or 72 is known to convert severe DMD to
mild BMD [15-17]. Therefore, artificial induction of
exon skipping is one candidate for alternative gene ther-
apy for DMD, and antisense oligonucleotides targeting
either splicing enhancer sequences or splicing consensus
sequences have been reported to induce exon skipping
successfully [18-23]. Our results, which disclose activa-
tion of nearby cryptic sites due to inactivation of the
wild-type splice-donor site, suggest that antisense oligo-
nucleotides against splicing consensus sequence induce
not only exon skipping but also cryptic splice-site activa-
tion. Therefore, this possibility should be considered
when a strategy for DMD treatment targeting splicing
consensus sequences with antisense oligonucleotides is
employed.
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