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Tissue- and case-specific retention of intron 40
in mature dystrophin mRNA

Atsushi Nishida1, Maki Minegishi2, Atsuko Takeuchi2, Emma Tabe Eko Niba1, Hiroyuki Awano3,
Tomoko Lee4, Kazumoto Iijima3, Yasuhiro Takeshima4 and Masafumi Matsuo1

The dystrophin gene, which is mutated in Duchenne muscular dystrophy (DMD), comprises 79 exons that show multiple

alternative splicing events. Intron retention, a type of alternative splicing, may control gene expression. We examined intron

retention in dystrophin introns by reverse-transcription PCR from skeletal muscle, focusing on the nine shortest (all o1000 bp),

because these are more likely to be retained. Only one, intron 40, was retained in mRNA; sequencing revealed insertion of a

complete intron 40 (851 nt) between exons 40 and 41. The intron 40 retention product accounted for 1.2% of the total product

but had a premature stop codon at the fifth intronic codon. Intron 40 retention was most strongly observed in the kidney

(36.6%) and was not obtained from the fetal liver, lung, spleen or placenta. This indicated that intron retention is a tissue-

specific event whose level varies among tissues. In two DMD patients, intron 40 retention was observed in one patient but not

in the other. Examination of splicing regulatory factors revealed that intron 40 had the highest guanine–cytosine content of all

examined introns in a 30-nt segment at its 3′ end. Further studies are needed to clarify the biological role of intron 40-retained

dystrophin mRNA.
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INTRODUCTION

The dystrophin gene is one of the largest human genes, spanning
2.4Mb on the X chromosome. Mutations in the dystrophin gene cause
dystrophin deficiency in the skeletal muscles of people with Duchenne
muscular dystrophy (DMD), the most common inherited muscle
disease, which shows progressive and fatal muscle wasting. The
dystrophin gene encodes a 14-kb mRNA consisting of 79 exons;
499% of the gene sequence is intronic. The splicing machinery
recognizes the introns properly to produce mature mRNA, even with a
wide range of sizes from 107 bp (intron 14) to 248, 401 bp (intron 44).
The mechanisms involved in splicing huge introns are controversial.1

Recently, multiple nested splicing was proposed as a mechanism for
splicing of the huge dystrophin intron 7 (110, 119 bp).2 In this
mechanism, many splice site-like sequences within the large intron
are consecutively activated in the splicing of nested introns.
Alternative splicing produces different patterns of mRNA, thus

generating several protein isoforms from one gene. There are three
types of alternative splicing: (1) exon skipping, whereby an exon is not
included in the mature mRNA, (2) alternative use of splice sites,
resulting in longer or shorter exons, and (3) intron retention, whereby
the full intron sequence is incorporated into the mature transcript.3,4

Exon skipping is the most common type of alternative splicing and its
physiological role has been well studied.5,6 In the dystrophin gene,

at least 20 patterns of alternative exon skipping have been
identified.7–9

Intron retention is a less common type of alternative splicing and is
certainly the least studied, especially because these variants are believed
to be largely derived from unspliced or partially spliced pre-mRNA.
Intron-retained mRNA, which can sometimes insert a premature stop
codon in the mature mRNA,4 has been considered to be degraded by
nonsense-mediated decay.10 However, recent reports have indicated
that intron retention can have a biological role, such as in the control
of gene expression.11–14 For instance, multiple intron retention events
were shown to regulate the differentiation of granulocytes.15 The
intron-retaining transcripts were suggested to act as RNA-based
signals.12,15

We have previously analyzed the dystrophin mRNA in DMD
patients to identify the responsible gene mutation. We identified
splicing errors in 5% of the 442 cases.16 At the same time, we have
identified the incorporation of intronic regions into the dystrophin
mRNA, forming cryptic exons.17–19 So far, 15 cryptic exons have been
identified, scattered among the introns of the dystrophin gene.20 In
addition, we have identified circular RNA consisting of authentic
dystrophin exons.8 Recently, six novel long non-coding RNAs were
shown to be transcribed from the dystrophin gene.21 Taken together,
these indicate the diversity of dystrophin transcripts.
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The dystrophin gene possesses tissue-specific promoters that pro-
duce alternative tissue-specific mRNAs, such as the retina-specific
R-dystrophin mRNA.22 In our previous study, we identified an intron
retention in the 5′ untranslated region of the R-dystrophin transcript.23

This was compatible with the fact that most intron retention events
occur in the 5′ untranslated region.13 It has been proposed that shorter
introns have a higher chance of being retained.24 Here, we examined
the possibility of retention of the nine shortest dystrophin introns in
mRNA from skeletal muscle. For the first time, we identified a
complete intron 40 retained in mature dystrophin mRNA.

MATERIALS AND METHODS

Dystrophin mRNA analysis
Human total RNAs from skeletal muscle and 19 other tissues (colon,
cerebellum, whole brain, fetal brain, fetal liver, heart, kidney, liver, lung,
placenta, prostate, salivary gland, small intestine, spleen, testis, thymus, thyroid
gland, trachea and uterus) were obtained from a human total RNA Master
Panel II (lot number 1007127A, Clontech Laboratories, Inc., Mountain View,
CA, USA). Total RNA was extracted from peripheral blood cells of two DMD
patients (KUCG# 434 and 449 with a mutation in the dystrophin gene of
c.3347-3350AGAAdel in exon 25 and deletion of exons from 10 to 13,
respectively) for clinical diagnosis as described before.16 Blood samples were
obtained after obtaining the informed consent.16 Dystrophin mRNA was
analyzed as described previously.25 cDNA was synthesized from 0.5 μg of each
total RNA.26 To examine intron-retention events in the dystrophin mRNA, nine
introns o1000-bp long (considering the efficiency of PCR amplification) were
selected from the 78 dystrophin introns. The introns selected were introns 10,
14, 24, 31, 35, 40, 58, 70 and 75, and their size ranged from 107 bp (intron 14)
to 991 bp (intron 24). The introns were amplified using primers within the
flanking exons (Table 1). To confirm retention of introns 40, 58 and 70, the
regions were amplified using a primer from a neighboring exon (Table 1).
PCR amplification was performed in a total volume of 10 μl, containing 1 μl

cDNA, 1 μl 10×ExTaq buffer (Takara Bio, Inc., Shiga, Japan), 0.25U ExTaq
polymerase (Takara Bio, Inc.), 500 nM each primer and 200 μM dNTPs (Takara
Bio, Inc.). Thirty cycles of amplification were performed on a Mastercycler
Gradient PCR machine (Eppendorf, Hamburg, Germany) using the following
conditions: initial denaturation at 94 °C for 3min, subsequent denaturation at
94 °C for 0.5 min, annealing at 60 °C for 0.5 min, and extension at 72 °C for
1.5 min.
Amplified products were separated and semi-quantitated with a DNA 1000

LabChip Kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa
Clara, CA, USA). The percentages of intron-retaining mRNA were calculated
using the following formula: percentage= (amount of intron-retaining product/
(amount of intron-retaining product+amount of noramlly spliced
product)) × 100.
The amplified products were sequenced using gel cut products by the

Greiner Bio-One Co. Ltd., (Tokyo, Japan). To check the integrity and

concentration of the cDNA, the mRNA of the GAPDH (glyceraldehyde

3-phosphate dehydrogenase) gene was also amplified by reverse-transcription

PCR (RT–PCR) as described previously.27

Indices of splicing regulatory factors
Indices of splicing regulatory factors for each exon/intron were obtained as

described before.20 Splice site strength was determined by Shapiro’s splicing

probability matrix scores at the 5′ and 3′ splice sites.28 The number of exonic

splicing enhancers (ESEs) was calculated using the ‘RESE’ prediction algorithm

available at http://genes.mit.edu/burgelab/rescue-ese/. The number of exonic

splicing silencers (ESSs) was calculated using the ‘FESS’ algorithm available at

http://genes.mit.edu/fas-ess/.29 To calculate the densities of ESSs and ESEs, the

RESE and FESS numbers were divided by the sequence length (in nucleotides)

and this figure was multiplied by 100 to give the RESE-D and FESS-D scores.30

The percentage of guanine–cytosine (GC) content for 30 nucleotides upstream

and downstream of the 5′ and 3′ splice sites was also calculated.31

RESULTS

Detection of intron 40 retention in dystrophin mRNA
The nine shortest introns were examined for intron retention. Splicing
patterns of the nine introns were analyzed by RT–PCR amplification
of each intron-encompassing region using total RNA from skeletal
muscle. Among the nine amplifications, six regions, encompassing
introns 10, 14, 24, 31, 35 and 75, were amplified as a single product
with the expected size (Figure 1a). Three regions, encompassing
introns 40, 58 and 70, displayed a minor larger product in addition to
the major expected-size product. To confirm the larger product, the
three regions were amplified again using a primer within a neighbor-
ing exon (Figure 1b). One region, extending from exons 39 to 41, was
amplified as two products but the other two regions were not
(Figure 1b). Sequencing of the larger product spanning exons 39 to
41 revealed that the entire 851-bp intron 40 was present between
exons 40 and 41. We supposed that the intron retention would be
caused by nucleotide changes that suppressed intron 40 recognition by
the spliceosome, but none were identified within exon 40, intron 40 or
exon 41. Therefore, the retention of intron 40 was considered to be
because of alternative splicing. In other words, the genomic region
from the beginning of exon 40 to the end of exon 41 was recognized as
a 1187-bp exon by the spliceosome. Because a stop codon occurred at
the fifth codon in intron 40 based on the dystrophin reading frame
(Figure 1b,c), it is difficult to predict the role of intron 40 retention
based on protein-coding ability. Overall, only one intron of the nine
examined was subjected to intron retention.

Table 1 List of primers used for PCR amplification

Flanking exon primers Neighboring exon primers

Intron Name Forward (5′→3′) Name Reverse (5′→3′) Name Sequence (5′→3′)

10 1E TTGCAAGCACAAGGAGAGATT 1D TCCTGTTCCAATCAGCTTACTTC —

14 Dys-ex14f TCGATGGGCAAACATCTGTA Dys-ex15r GGCCAGTTTTTGAAGACTTGAT —

24 2E GAGCATTGTCAAAAGCTAGAGGA 2D CCCACCTTCATTGACACTGTT —

31 3C GCCCAAAGAGTCCTGTCTCA 2F TCCACACTCTTTGTTTCCAATG —

35 Dys-ex35f CAAAAAGAGATTGAGAAACAGAAGG Dys-ex36r TGTCAGCCTGAATGATCCAC —

40 Dys-ex40f CTGAGCCCAGAGATGAAAGG c41r TGCGGCCCCATCCTCAGACAA Ex39f CAGCAGCTGTTACAGACAAAACA

58 5C GACAGAGCAGCCTTTGGAAG 4F AGGTCATTGACGTGGCTCA Ex60r AGGTCATTGACGTGGCTCA

70 Dys-ex70f CATCAGGAGAAGATGTTCGAGA Dys-ex71r CTGGCCAGAAGTTGATCAGAG c72r TATCATCGTGTGAAAGCTGAG

75 Dys-ex75f CTAAAGCAGCAGCACGAACA Dys-ex76r CTGACTGCTGTCGGACCTCT —

Nine sets of primers in flanking exons were used to screen for intron retention. To confirm intron retention, three additional primers were designed in neighboring exons.

Tissue-specific dystrophin intron 40 retention
A Nishida et al

328

Journal of Human Genetics

http://genes.mit.edu/burgelab/rescue-ese/
http://genes.mit.edu/fas-ess/


Tissue specificity of intron 40 retention
As tissue-specific alternative splicing has been reported in the
dystrophin gene, we supposed that this intron 40 retention was a
tissue-specific event. We therefore semi-quantitatively RT-RCR ampli-
fied the exon 39–41 region in 20 human tissue RNAs (Figure 2). We
found that the retention levels of intron 40 varied among tissues. In
the skeletal muscle, the percentage of intron 40-retaining product
calculated from electropherogram density was 1.2% (Figure 2). The
intron 40-retaining product was obtained most abundantly from
kidney, where it represented 36.6%. The thymus showed the second
strongest intron 40 retention at 9.7%. The salivary gland and testis had
48% intron 40 retention. Intron retention was not observed in the
fetal liver, liver, lung, spleen or placenta (Figure 2).

Intron 40 retention in DMD patients
To examine whether intron 40 retention occurs in DMD patients,
dystrophin mRNA of two DMD patients was RT–PCR amplified. In

one patient (#449), only one band was visible, corresponding to the
normally spliced product (Figure 3). In contrast, two amplified bands
were visualized in the other patient (#434): one corresponded to the
normally spliced product and the other larger band corresponded to
the intron 40-retained product (Figure 3). Remarkably, it accounted
for 52.9% of the total amplified product. There is therefore a
difference in the patterns of intron 40 retention among DMD patients.

Characterization of intron 40
Despite our supposition that many short dystrophin introns would be
retained in the mRNA, only one, intron 40, was found to be retained.
This suggests unique splicing regulation of intron 40. Therefore, we
compared the splicing regulatory factors of intron 40 with those of the
other, non-retained introns (Table 2). Although intron size has been
proposed to be an important factor for intron retention,24 intron 40
ranked only the seventh shortest among the nine introns examined.
The size of the generated exon (two exons plus retained intron) was

Figure 1 RT–PCR amplification of nine fragments of dystrophin mRNA. Nine fragments encompassing the shortest dystrophin introns were amplified from
skeletal muscle total RNA. Electropherograms of the amplified products. (a) A single amplified product was obtained from six introns: a single fragment of
the expected size was seen (10–11, 14–15, 24–25, 31–32, 35–36 and 75–76, containing introns 10, 14, 24, 31, 35 and 75, respectively). For the
fragments encompassing exons 40–41, 58–59 and 70–71, an additional weak larger band was observed. (b) Re-amplification of these three regions using a
primer in the neighboring exon revealed an additional large size product (*) from the region encompassing intron 40 (39–41) but not the other two (58–60
and 70–72). Sequencing of the large product revealed the full 851-bp sequence of intron 40 between exons 40 and 41 (*). The exon structure of the two
products is described schematically on the right (* and **). Partial nucleotide sequences at the junctions between exon 40 and intron 40 and between intron
40 and exon 41 are shown under or over the boxes, respectively. The inserted sequence starts with GT and ends with AG and completely matches the full
sequence of intron 40. MK refers to the size marker (DNA 1000 Marker). (c) Nucleotide sequence of the 5′ end of intron 40. A TAG stop codon appears at
the fifth codon (marked with ‘bold’). A full color version of this figure is available at the Journal of Human Genetics journal online.
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the third longest. Furthermore, the sizes of the upstream and down-
stream introns did not highlight intron 40. Functionally, intron 40 was
supposed to have weak splice site-recognition signals. We calculated
scores for splice site recognition at both the 5′ and 3′ splice sites
(Table 2). The average scores for the 5′ and 3′ splice sites of the nine
introns were 0.81 (range: 0.74–0.87) and 0.83 (range: 0.66–0.95),
respectively. The scores for intron 40 were 0.81 and 0.85, respectively,
meaning that they were not notably weak. GC content and stop codon
density have also been reported to contribute to intron retention,13 but
once again, intron 40 displayed nothing unusual (GC content, 30.9%;
stop codon density, 2.23/100 nt) (Table 2). Furthermore, there were
no peculiarities in the densities of ESEs and ESSs in the intron 40
sequence (Table 2).
Recently, intron retention was shown to be related to GC content

in intron subregions.15 We examined this by segmenting intron
40 into five parts (the upstream exon sequence, 30 nt at the 5′ end
of the intron, 30 nt at the 3′ end of the intron, the remaining
intron sequence and the downstream exon sequence) (Table 3).
In four of the segments, the value for intron 40 was within one
s.d. of the mean. Remarkably, however, the GC content in the 30 nt at
the 3′ end of intron 40 was the highest among the nine introns
examined. This was the only factor that discriminated intron 40 from
the others.

DISCUSSION

The splicing of dystrophin pre-mRNA is considered to occur with
incredible fidelity, even though this gene contains huge introns. In this
study, we examined intron retention in nine short dystrophin introns
and determined that the full 851-nt sequence of intron 40 was inserted
between exons 40 and 41 of dystrophin mRNA from the skeletal
muscle (Figure 1b). This was enabled by PCR amplification using
primers in flanking exons (Figure 1a). In contrast, intron retention
was not identified in the other eight short dystrophin introns
(Figure 1a). It was remarkable that the short intron 14, at only
107-nt long, was spliced well. With respect to the mechanism of
somatic intron retention, the most intuitive explanation was that a
somatic mutation had occurred at the splice sites that altered the
splicing signal, therefore the splice sites were not properly recognized.
However, we could not find any nucleotide change affecting splicing.
Currently, there are two ways to detect intron retention:

(1) RT–PCR amplification of the target region32,33 and (2) transcrip-
tome analysis.14,15,34,35 By whole-transcript sequencing of lung ade-
noma and matched normal tissues, nearly 3700 genes were found to
exhibit intron retention.14 No intron retention event in the dystrophin
gene was detected in this previous study, even though dystrophin has
been shown to be a tumor-suppressor gene.36 Our results suggest that
RT–PCR amplification of the target region is a more powerful way to
identify intron retention.

Figure 2 Intron 40 retention in 20 human tissues. The fragment encompassing dystrophin exons 39–41 was RT–PCR amplified from 20 human tissues and
the percentage of intron 40 retention calculated. (a) Electropherograms of RT–PCR amplified products. The large fragment corresponding to intron
40 retention is marked. The exon structure of the two products is described schematically on the right (arrows). GAPDH (a 302-bp fragment) was amplified
as a control. MK refers to the size marker (DNA 1000 Marker). (b) Percentage of intron 40 retention in each tissue. A full color version of this figure is
available at the Journal of Human Genetics journal online.
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In constitutive splicing, each pre-mRNA is spliced in the same way
from a given gene based on the presence of consensus sequences,
including the 5′ splice site, the branchpoint and the 3′ splice site, each
of which is strictly required by the spliceosome for substrate
recognition and catalysis.37 In alternative splicing recognition, the
joining of a 5′ and 3′ splice site pair are in competition with at least
one other 5′ or 3′ splice site; the competition is controlled by splicing
regulatory elements that are often target sites for trans-acting factors.5

The fact that intron retention patterns can be different among various

tissues suggests that other factors, such as the cellular environment,
may also function in promoting intron retention.13 In our study, we
demonstrated tissue-specific differences in intron 40-retention rate
(Figure 2), indicating tissue-specific differences in the splicing
environment. In this study, commercially available RNAs were used
as source materials. RNAs of whole brain, kidney, liver and colon were
from single individuals, and other tissues were from pooled popula-
tions. Therefore, it is possible that inter-individual variability in
alternative splicing patterns influenced the results.

Figure 3 Intron 40 retention in DMD. The region from exon 39 to 41 was RT-PCR amplified from the blood cell RNA of two DMD patients.
Electropherograms of RT-PCR amplified products are shown. In one patient (#449), a single, normally spliced product was observed. In the other patient
(#434), two PCR products were visible: the normal fragment and the intron 40-retaining fragment. The exon structures of the two products are described
schematically on the right. A full color version of this figure is available at the Journal of Human Genetics journal online.

Table 2 Splicing regulatory factors for the nine shortest dystrophin introns

Splice site score

Intron (number) Size (nt) Enlarged exon size (nt) 5′ 3′ GC content (%) Stop codon (stop/100 nt) ESE (RESE-D) ESS (FESS-D)

10 650 1021 0.8 0.95 37.38 2.15 6.62 5.54

14 107 317 0.85 0.86 33.64 0.93 14.02 4.67

24 991 1261 0.74 0.84 32.19 2.12 7.77 4.54

31 396 681 0.74 0.9 28.79 1.52 10.86 4.04

35 309 618 0.87 0.74 27.51 2.59 9.06 1.62

40 851 1187 0.81 0.85 30.9 2.23 6.93 4.35

58 608 998 0.86 0.75 33.39 2.47 10.36 2.80

70 698 874 0.83 0.93 36.1 1.58 6.88 2.72

75 860 1228 0.8 0.66 32.44 1.63 7.33 5.23

Mean 608 909 0.81 0.83 32.48 1.91 8.87 3.95

Abbreviations: ESE, exonic splicing enhancer; ESS, exonic splicing silencer; GC, guanine–cytosine.
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To clarify the relationship between intron retention and splicing
regulatory factors, we examined the characteristics of intron 40
splicing regulatory factors. It has been suggested that cis-regulatory
elements are likely to have a crucial role in regulating intron
retention.24 A higher frequency of intron retention has been observed
in introns with weaker splice sites and genes with shorter intron
lengths, higher expression levels and lower density of both ESEs and
intronic splicing enhancers.13,24,32,38–40 Our findings showed that the
only factor discriminating intron 40 from the non-retained introns
was that it had the highest GC content in a 30-nt segment at its 3′ end
(Table 3).
It has long been questioned why the dystrophin gene is so huge, with

499% of its sequence being intronic. However, transcript analysis has
revealed additional active regions: 15 cryptic exons,20 12 circular
RNAs8 and 6 long non-coding RNAs,21 which serve to highlight the
complexity of transcripts arising from the dystrophin gene. Our study
indicates yet further complexity.
Intron retention has been widely recognized to be a consequence of

mis-splicing. It remains doubtful whether a significant fraction of
these events have biological significance or whether they are spurious
products from the splicing machinery.13 Recently, intron retention has
been shown to control gene expression; it was associated with a
downregulation of splicing factors and reduced mRNA and protein
levels by triggering the nonsense-mediated RNA decay pathway.15 It
has been hypothesized that intron retention and consequent nonsense-
mediated RNA decay collectively counteract the overexpression of
genes promoting cancer development.14 In the RON gene, a uni-
versally expressed tyrosine kinase receptor gene, intron retention has a
role in controlling receptor function; that is, intron retention
suppresses receptor activity.41 Conversely, one out of the three intron
retentions in the DKC1 gene are suggested to lead to the exonizing of
an intronically encoded small nucleolar RNA.33 Considering these
observations, the intron 40-retaining transcript may have a
biological role.
DMD is considered stereotyped in its clinical presentation, evolu-

tion and severity, with patients succumbing mostly in their twenties
because of cardiac or respiratory failure.42,43 The well-known com-
plication of mental retardation provides some diversity in the DMD
phenotype. A recent detailed examination of DMD patients revealed
clinical heterogeneity, dividing DMD into four sub-phenotypes that
differed in the severity of muscle and brain dysfunction.44 Our

preliminary results showed a different degree of intron 40 retention
in DMD patients (Figure 3); this alternative splicing event may have a
role in the clinical heterogeneity. In our study, however, there was no
clear clinical difference between the two patients. To clarify this, it is
necessary to study intron retention in greater numbers of dystrophino-
pathy patients.
We identified intron 40 retention not only in skeletal muscle but

also in other tissues, such as kidney, fetal brain, thymus, salivary gland
and testis (Figure 2). The level of intron 40 retention differed greatly
from tissue to tissue. The highest retention was observed in kidney
(Figure 2). If the intron-retained transcript has a biological role, this
implies that renal abnormalities would be part of the DMD phenotype,
as previously suspected.45
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