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Proper splicing is known to proceed under the control of conserved cis-elements
located at exon–intron boundaries. Recently, it was shown that additional elements,
such as exonic splicing enhancers (ESEs), are essential for the proper splicing of
certain exons, in addition to the splice donor and acceptor site sequences; however,
the relationship between these cis-elements is still unclear. In this report, we utilize
dystrophin exon 19 to analyse the relationship between the ESE and its upstream
acceptor site sequences. Dystrophin exon 19, which maintains adequate splicing
donor and acceptor consensus sequences, encodes exonic splicing enhancer (dys-
ESE19) sequences. Splice pattern analysis, using a minigene reporter expressed in
HeLa cells, showed that either a strong polypyrimidine tract (PPT) or a fully active
dys-ESE19 is sufficient for proper splicing. Each of these two cis-elements has
enough activity for proper exon 19 splicing suggesting that the PPT, which is
believed to be an essential cis-element for splicing, is dispensable when the down-
stream exon contains a strong ESE. This compensation was only seen in living cells
but not in ‘in vitro splicing’. This suggests the possibility that the previous splicing
experiments using an in vitro splicing system could underestimate the activity
of ESEs.
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Abbreviations: AO, antisense oligonucleotide; AR, ampicillin resistant gene; BMD, Becker muscular
dystrophy; BPS, branch point sequence; CV, Shapiro’s splice site consensus value; DK, dystrophin Kobe;
DMD, Duchenne muscular dystrophy; dys-ESE19, dystrophin exonic splicing enhancer 19; ESE, exonic
splicing enhancer; PPT, polypyrimidine tract; RT–PCR, reverse transcription–PCR.

The dystrophin gene, one of the largest genes in the human
genome, is characterized by the extraordinary length of its
introns (1), and its splicing regulatory mechanism is not
fully understood. In dystrophin Kobe, which harbours a
52 nt deletion in exon 19 of the dystrophin gene, exon 19
was totally skipped in mature mRNA; however, this dele-
tion does not disturb either splicing donor or acceptor site
consensus sequences (2). This exon skipping suggested that
the deleted region contains an exonic splicing enhancer
(ESE), a cis-acting splicing signal located within an exon
that stimulates the inclusion of that exon in the mature
mRNA (3). ESEs are thought to be recognized by protein
factors such as SR proteins, which comprise a family
of splicing factor containing an N-terminal RNA-binding
domain and a C-terminal RS (arginine/serine-rich) domain
(4). The exon 19 skipping observed in patients was repli-
cated when an antisense oligonucleotide (AO), which
hybridized to the region deleted in dystrophin Kobe, was
introduced into cultured cell (5). Both in vitro and in vivo
studies suggest that part of the exon sequence is essential
for proper splicing; this part was named dystrophin exonic
splicing enhancer 19 (dys-ESE19).

It is not clear why exon 19 requires ESE for proper
splicing. Our previous study indicated that dys-ESE19 is
necessary for intron 18 splicing, but not for intron 19
splicing (6). This suggested that the acceptor site of exon
19 is a weak splice site, as it has been suggested
that ESEs are essential for the proper splicing of an exon
with weak splice consensus sequences (4, 7). However,
the Shapiro’s splice site consensus value (CV) for the
acceptor site of exon 19 (8) is not notably low among all
of the 78 acceptor sites in the dystrophin gene exons:
the CV for the exon 19 acceptor site is 0.91, while the
average CV for all 78 acceptor sites in dystrophin gene
exons is 0.87 (9). Therefore, there are unknown factors or
rules that determine the exon 19 splicing patterns.

In this report, we investigate the relationship between
dys-ESE19 and the quality of a polypyrimidine tract (PPT)
using a minigene reporter made from dystrophin exons 18,
19, 20 and the adjacent introns. Our results suggest that
either a strong PPT or a fully active dys-ESE19 is sufficient
for the correct splicing of dystrophin exon 19.

MATERIALS AND METHODS

Minigene Reporter Construction—To study splicing
patterns, minigene expression plasmids containing three
exons (exon 18, 19 and 20 of the human dystrophin gene)
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and the adjacent introns were constructed (Fig. 1A) and
cloned into a pcDNA3 mammalian expression vector
(Invitrogen, Carlsbad, CA, USA) using KpnI and XhoI
sites. The actual minigene sequences are shown in Supple-
mentary Data Fig. S1. For minigene construction and other
splicing analysis, we used standard molecular cloning
methods (10). To make PPT- and branch point sequence
(BPS)-modified reporters, an altered BPS and an EcoRV
recognition site were introduced into intron 18 of the
minigene using PCR-based methods. Synthesized PPT
oligonucleotides containing EcoRV and PstI sites were
then cloned into the same restriction site (Fig. 1C). All
minigene sequences amplified by PCR were confirmed
by DNA sequencing using an ABI model 310 genetic
analyser (Applied Biosystems, Foster City, CA, USA).
Transfection—HeLa cells were grown in 12-well plates

to �70% confluency in DMEM (Dulbecco’s modified
Eagle’s medium) containing 5% fetal bovine serum (Trace
Biosciences, Castle Hill, Australia) at 378C under 5% CO2.
Minigene reporter expression plasmids (0.75mg each)
were transfected into cells using Plus Reagent and
Lipofectamine (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. Cells were harvested 24 h
after transfection and total RNA was extracted using
ISOGEN (Nippon Gene Co., Ltd., Japan).
Analysis of Splicing Products—Five micrograms of

total RNA was subjected to reverse transcription (RT)

using random hexamer primers or specific primers
(YH353, 50-AAGTCTCTCACTTAGC-30) with M-MLV
reverse transcriptase (Invitrogen, Carlsbad, CA, USA)
in a total volume of 20 ml. PCR was performed using
a forward primer corresponding to a segment of exon 18
(YH307, 50-ATTACTCGCTCAGAAGCTGTGTTGC-30) and
a reverse primer complementary to a segment of exon
20 (YH308, 50-AAGTCTCTCACTTAGCAACTGGCAG-30).
Amplification was carried out in a total volume of 20 ml
containing 4 ml of cDNA, 2 ml of 10�Ex Taq Buffer, 2 ml of
2.5 mM dNTPs, 10 pmol of each primer and 1 U of Ex
Taq Polymerase (Takara Bio, Inc., Kyoto, Japan). PCR
cycling conditions were as follows: initial denaturation
at 948C for 2 min followed by 30 cycles of denaturation at
948C for 1 min, annealing at 588C for 1 min, extension
at 728C for 2 min and a final extension at 728C for 5 min.
PCR products were separated on an 8% polyacrylamide
gel and stained using ethidium bromide.
In Vitro Splicing Assay—To make substrate pre-mRNA,

template DNA fragments for the in vitro transcription
were synthesized by standard PCR amplification using
forward [T7(19), 50-TAATACGACTCACTATAGG-30] and
reverse (YH304, 50-CTCGAGCAGCCAGTTAAGTCTCTC
AC-30) primers with plasmid templates, which were the
same plasmids utilized in the splicing assays in HeLa cells.
Then, fragments were purified using a MiniElute PCR
Purification Kit (QIAGEN, GmbH, Germany) and purified

Fig. 1. The structure of the dystrophin exon 18-19-20
minigene and examples of its splice pattern analysis.
(A) The structure of the dystrophin exon 18-19-20 minigene.
Dystrophin exons 18, 19 and 20, and the adjacent introns, were
amplified by PCR using primers containing a restriction enzyme
cutting site, as shown in the figure. Then, three fragments
(KpnI–NheI, NheI–BamHI and BamHI–XhoI) were ligated step
by step using cloning vectors, and finally cloned into the pcDNA3
human expression vector with KpnI and XhoI. Two modified exon
19 constructs—DK exon 19, from which dys-ESE19 was replaced by
HindIII cutting site, and AR exon 19, in which dys-ESE19 was
replaced by a part of the AR gene—are shown below the WT exon
19. Open arrow and open box indicate the CMV promoter and the
BGH polyadenylation signal of the pcDNA3 vector, respectively.
Shaded boxes and lines indicate dystrophin exons and their
flanking introns, respectively. Dark shaded boxes are dys-ESE19
(in WT exon 19) or a part of the AR gene (in AR exon 19). The sizes

of the dystrophin exons and the flanking introns are also shown.
The actual minigene sequences are shown in Supplementary
Data Fig. S1. (B) The result of minigene reporter splice patterns.
HeLa cells transfected with the minigene reporter plasmid were
harvested 24 h after transfection using ISOGEN. After RNA puri-
fication and RT–PCR, samples were separated on an 8% poly-
acrylamide gel and stained with ethidium bromide. A 267 bp
fragment (lane 1) shows that the WT exon 19 is included in the
mature mRNA and a 179 bp fragment shows exon 19 skipping
(lane 2). A schematic description of these RT–PCR products is
shown on the right. The names of the exon 19 types are shown on
the top. (C) The splice acceptor site sequence of human dystrophin
exon 19 (wild type) and the sequence of the same region of the
minigene reporter for PPT sequence exchange analysis (reporter).
Boxes show a BPS and the first 3 nt of exon 19. Between the EcoRV
and PstI sites, 11 different sequences of PPT (see Fig. 2) were
inserted and tested.
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templates were subjected to in vitro transcription using
a mMESSAGE mMACHINE T7 Kit (Ambion, Austin, TX,
USA). After DNaseI treatment, the resultant RNAs were
purified on Quick Spin Columns G-50 (Roche, IN, USA)
and the concentration and size of RNAs were confirmed
using an ND-1000 Spectrophotometer (NanoDrop,
Wilmington, DE, USA) and an Agilent2100 bioanalyser
with an RNA nano kit (Agilent Technologies, Santa Clara,
CA, USA), respectively. Standard in vitro splicing reac-
tions were carried out at 378C for 2 h in a total volume
of 20 ml containing 50% (v/v) HeLa nuclear extract (HNE;
CIL BIOTEC, Mons, Belgium), 1.6 mM MgCl2, 0.5 mM
ATP, 20 mM creatine phosphate, 25 ng pre-mRNA and
20 U of RNaseOUT (Invitrogen, Carlsbad, CA, USA).
After ProteaseK treatment, RNAs were extracted by
phenol–chloroform extraction and ethanol precipitation.
Splice patterns were analysed using the same RT–PCR
methods as described above, except that the PCR cycle
number was reduced to 15. When samples showed
both exon included and skipped bands, these two bands
were quantified by capillary electrophoresis using an
Agilent2100 bioanalyser with a DNA1000 kit. The mole-
cular ratio of the upper and lower bands was calculated
using an index of peak height number divided by
nucleotide length.

RESULTS

Effects of PPT Alteration with/without ESE on the
Exon 19 Splice Pattern—To investigate dys-ESE19 func-
tion during the splicing reaction, we first synthesized
minigene reporters, which contain dystrophin exons 18,
19, 20 and the adjacent introns (Fig. 1A). Minigenes
containing a wild-type exon 19 (WT) or a dys-ESE19
deleted exon 19, mimicking the dystrophin Kobe muta-
tion (DK), were cloned downstream of a CMV promoter
in pcDNA3 vectors and transfected into HeLa cells. One
day after transfection, cells were harvested and splicing
patterns were analysed by RT–PCR. The minigene with
the WT exon 19 showed a normal splicing pattern

(Fig. 1B, lane 1), whereas the minigene with the DK
exon 19 showed an exon 19-skipped splice pattern
(Fig. 1B, lane 2). This result confirmed that this mini-
gene reporter system reproduces the in vivo splicing
patterns seen in both healthy controls and the DK
patient who has a 52 nt dys-ESE19 deletion in exon 19
(2). This splice pattern was also confirmed in other
cell-lines (MRC5 and NIH3T3, data not shown). We
concluded that this reporter system recapitulates the
in vivo splice pattern as all of the cell-lines used showed
the same splice patterns as healthy controls and the
patient; we used HeLa cells for following experiments.

The splice acceptor site sequence contains three differ-
ent elements (11, 12): a BPS, a PPT and a 30end consen-
sus sequence AG. First, we analysed the relationship
between the PPT and the dys-ESE19. For this purpose,
we modified the PPT of exon 19 in reporter plasmids to
make minigenes with different PPT sequences (Fig. 1C).
In total, 11 different 10 nt artificial PPTs were inserted
between the BPS and the 30 splice site consensus
sequence, and the splicing pattern with or without dys-
ESE19 was analysed (Fig. 2). As the most efficient type
of PPT sequence is a poly(U)-tract (13, 14), a U10 test
sequence was examined first. Reporters containing a U10
PPT and the WT exon 19 showed a splice pattern that
included exon 19, as expected (Fig. 3A, lane 1).
Interestingly, reporters with a U10 PPT and the DK
exon 19 also showed a splice pattern that included exon
19 (Fig. 3A, lane 2; the band size is smaller than that in
lane 1 because the DK exon 19 is shorter than the WT
exon 19), indicating that dystrophin exon 19 does not
require the ESE if the upstream PPT has enough
strength. It also suggests the possibility that dystrophin
exon 19 requires the ESE because the upstream PPT is
too weak to define exon 19, even though the PPT
contains enough pyrimidines (10 out of 13 nt) and its
CV is sufficiently high (see ‘Introduction’ section). To
elucidate the relationship between PPT sequence and
ESE requirement, we tested a series of minigenes with
different PPTs, in which pairs of uridines were replaced

Fig. 2. All results of splicing assay using reporter mini-
genes transfected into HeLa cells. Name and sequence
columns show the names and actual sequences of the PPT in
the EcoRV–PstI cassette, which is shown in Fig. 1C. Exon 19 and
BPS categories show the exon 19 types (WT: wild type; DK: 52 nt
deletion the same as dystrophin Kobe; AR: ampcillin resistance
gene fragment inserted in DK) and the last 4 nt of the branch site
sequences (the first 3 nt of the branch site are same UAC for all
constructs and were not shown in the figure). The splicing

patterns are categorized into four types based on the results
of acrylamide gel electrophoresis. Exon 19 included: +; exon 19
skipped: �; both included and skipped bands are observed and
included was dominant or the densities of the two bands were
almost the same: +/�; skipped band was dominant: �/+. Blank
cells mean no such plasmid was made. Each cell is coloured as
described below: light shaded: + or supposed to be +; dark
shaded: � or supposed to be �; shaded medium colour: +/� or
�/+; white: unknown.
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with purines or all 10 uridines were replaced with
cytosines (Fig. 2). The results showed that dys-ESE19
is not necessary for proper splicing if the PPT contains
eight or more uridines; however, if the PPT contains six
or fewer uridines, dys-ESE19 is necessary (Fig. 3A, lanes
4 and 6). On the other hand, when the exon contains dys-
ESE19, as few as four uridines are sufficient for proper
exon 19 usage (Fig. 3A, lane 7), and even two uridines
are enough for proper splicing of �90% of the transcript
(Fig. 3A, lane 9; Fig. 4). These results suggest that

if exon 19 does not contain the ESE, its proper splicing
requires a strong PPT, and that if exon 19 contains the
ESE, the upstream PPT is not necessary for proper
splicing. It also suggests that the original PPT, which
looks like a strong PPT, is not strong enough to promote
the inclusion of exon 19 without the ESE.
Effects of BPS Mutation and Exon Length Alteration

on Exon 19 Incorporation—Among the three acceptor site
elements, the BPS and PPT are known for their variety.
The minigene reporter used in the PPT exchange
analysis illustrated in Fig. 1C contained the best BPS,
UACUAAC (12, 15). On the other hand, the genomic
sequence of the intron 18 BPS is UACUCAU, 2 nt of
which differ from the best BPS (underlined) (Fig. 1C).
We analysed the effect of the alteration of these 2 nt on
the splice pattern of exon 19. The fifth and seventh
position of the BPS (underlined above) were mutated in
minigene reporters, which were cloned into an expression
vector and the resultant plasmids were introduced into
HeLa cells for splicing pattern analysis using the same
methods as above. For the reporter containing the PPT
U8G2 and the DK exon 19, the change in the BPS
slightly reduced exon 19 usage (Fig. 3B, lanes 3 and 4).
For the reporter containing the U2G4A4 PPT and the
WT exon 19, of the change in the BPS showed that
both the fifth and seventh positions of the BPS are
important for proper splicing and that when these are
mutated, exon 19 usage was gradually reduced (Fig. 3B,
lanes 7–10). For other cases of PPT mutation, no differ-
ence was observed due to the change in the BPS (Fig. 2;
Fig. 3B, lanes 5 and 6) Considering all of these results
together (Fig. 2), these2 nt changes in the BPS has an
effect on the splicing efficiency of exon 19 both with and
without the dys-ESE19 sequence; however, this change
does not have as drastic an effect as a uridine to purine
change in the PPT.

It is known that short exons are sometimes difficult
to splice correctly. To confirm that the DK exon 19 (41 nt)
is not too short for proper splicing compared to the WT
exon 19 (88 nt), we constructed minigene reporters in
which dys-ESE19 was replaced with other gene frag-
ments that lack the ESE. For this purpose, we used a
46 nt fragment of an ampicillin resistance (AR) gene,
which should not have any ESE activity because it is a
bacterial gene (Fig. 1A). The fragment was selected by
eye, so as not to contain too many purine residues

Fig. 3. Splice pattern analysis using HeLa cells.
(A) Representative results of PPT exchange experiments.
Samples were prepared in the same way as those shown in
Fig. 1B. A 267 bp fragment (for example, lane 1) and a 179 bp
fragment (for example, lane 6) show that WT exon 19-included
and skipped splice pattern shown as Fig. 1B, respectively.
A 220 bp fragment (for example, lane 2) shows that DK exon 19
is included in the mature mRNA. A schematic description of
these RT–PCR products is shown on the right. The names of the
tested PPTs (Fig. 2) and exon 19 types (Fig. 1A) are shown on
the top. Splice patterns for exon 19 inclusion (+) and exon 19
skipping (�) are shown on the bottom. If the sample showed
both included and skipped bands, when included bands were
dominant they are shown as +/�, and when skipped bands were
dominant they are shown as �/+. (B) Representative results of
BPS exchange experiments. Samples were prepared in the same
way as above. The names of the tested PPTs (Fig. 2), the last
4 nt of the BPS and the type of exon 19 are shown on the top.
PPT name ‘wild type’ represents the same sequence as the
genomic dystrophin gene, the same as the upper sequence
shown in Fig. 1C. The first 3 nt (UAC) of the BPS are not shown
as they are the same for all tested pre-mRNAs; the last 4 nt are
shown in solid letters where they are the same nucleotides
as consensus (UAAC) and outlined letters represent mutated
nucleotides. A schematic description of the RT–PCR products
and splice pattern for exon 19 is shown as in (A). (C) Repre-
sentative results of exon length exchange experiments. Samples
were prepared in the same way as above. The names of the
tested PPTs, type of exon 19, schematic description of RT–PCR
products and splice pattern for exon 19 are shown as in (A).

Fig. 4. In vitro splicing analysis using HeLa nuclear
extract. Representative results of an in vitro splicing experi-
ment are shown. After the in vitro splicing reaction, RNA was
purified from the reaction mixture. RT–PCR and acrylamide gel
electrophoresis were then performed. The names of the tested
PPTs, type of exon 19 and schematic description of RT–PCR
products are the same as those shown in Fig. 3.
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to avoid cloning a purine-rich ESE by accident (16); this
fragment showed no ESE activity in an in vitro splicing
reaction (6). When the exon length was expanded,
AR exon 19 (93 nt) was incorporated into mRNA with
a slightly higher efficiency than the DK exon 19 with a
U6G4 PPT or a C10 PPT (Fig. 3C, lanes 9 and 12).
Without the presence of the dys-ESE19 sequence, the
U8G2 and U6G4 PPT are on the border of exon 19
inclusion/skipping determination (Fig. 3C, lanes 5 and 8).
This result suggests that an exon length expansion leads
to slightly more effective exon 19 recognition. The 41 nt
DK exon 19 is probably slightly shorter than standard
exon length required for proper exon recognition.
In addition to that, AR exon 19 with a wild-type acceptor
site (completely the same as the genomic dystrophin gene
acceptor site) did not show exon inclusion (Fig. 3C,
lane 3), confirming that dys-ESE19 is essential for the
proper splicing of exon 19.

These BPS mutations and exon length alterations
suggest that both the BPS and exon length have an
effect on exon 19 usage in the splicing reaction; however,
the effects were not drastic compared to those with/
without ESE or PPT alteration.
In Vitro Splicing Assay with Same Reporter

Minigene—Most previous reports that have analysed
PPT strength (13, 14) or the relationship between the
ESE and the PPT (17–19) have used a biochemical method
called ‘in vitro splicing’ to analyse splicing patterns.
We also tried the same in vitro splicing system using
HNE. The synthesized pre-mRNAs, which had the same
exon–intron structures used above, were incubated with
HNE at 378C for 2 h. After the in vitro splicing reaction,
RNA was extracted and RT–PCR was used to analyse
splicing patterns. Interestingly, the results using HeLa
cells and HNE are slightly different. In HeLa cells, dys-
ESE19 is not necessary for DK exon 19 inclusion when the
PPT is U10 or U8G2, so there was no exon 19 skipping in
these two reporters (Fig. 3A, lanes 2 and 4); on the other
hand, a fraction of these two reporters showed skipping of
exon 19 in in vitro splicing (Fig. 4, lanes 2 and 4). A similar
phenomenon was observed for dys-ESE19-dependent
splicing. In HeLa cells, there was no WT exon 19 skipping
when the PPT was U6G4, C10 or U4G6 (Fig. 2; Fig. 3A
lanes 5 and 7); however, a fraction of the mRNAs showed
a WT exon 19-skipped splice pattern following in vitro
splicing of these reporters (Fig. 4, lanes 5, 7 and 9; Fig. 5).
As many samples showed both exon-inclusive and

exon-skipped splice patterns, PCR products were quanti-
fied by capillary electrophoresis and the molecular ratio of
exon inclusion/skipping was calculated (Fig. 6). It seems
that on/off (or include/skip) regulation of exons is more
strictly controlled in living cells than it is in vitro (Fig. 6).
Sequence Analysis of All 78 Acceptor Sites in the

Dystrophin Gene—According to the experimental results,
eight or more uridine residues in a 10 nt stretch has
sufficient activity to be spliced correctly without an ESE.
To try to predict how many exons could be spliced in
an ESE-independent manner, we scanned all 78 dystro-
phin acceptor sites to determine whether they have a
good PPT or not. If the acceptor site has eight or more
uridines in a 10 nt stretch, it was categorized as a good
PPT (Supplementary Data, Table S1). When we scanned
sequence positions �4 to �20 of the acceptor sites (the
50-end of the exon is at +1), 25 acceptor sites had a good
PPT, and if the sequence position of the upstream end
was extended to �35, 6 more sites were added to this
category. Thus, approximately one-third of dystrophin
exons have a good PPT and can be supposed to be spliced
in an ESE-independent manner; meanwhile, the remain-
ing two-thirds of dystrophin exons do not have a good
PPT and can be supposed to contain ESEs.

We also scanned the BPSs because these also affected
correct splicing efficiency (Fig. 3C). As the BPS is highly
degenerate in humans (12), only five acceptor sites have
a typical YNCTRAC (Y = C or T, R = A or G, N = any
nucleotide) sequence in the �60 to �10 position in the
acceptor sites (Supplementary Data, Table S1). Using a
BPS finding program on an SSF website (Splicing
Sequences Finder; http://www.umd.be/SSF), 56 of the
78 acceptor sites in the dystrophin gene have at least
one BPS candidate sequence in the �60 to �10 position.

Fig. 5. All results of in vitro splicing assay using HNE.
PPTs, exon 19 types and splice pattern categorization are the
same as in Fig. 2. For BPS, only UACUAAC was tested for
in vitro splicing and so is not shown in this figure.

Fig. 6. Results summary and quantification analysis of
the splicing assay in HeLa cells and the in vitro splicing
reaction with different PPTs. Each box represents a splicing
assay result and the light and dark shadowed areas in the boxes
represent the molecular ratio of exon 19 inclusion/skipping.
For the in vitro splicing assay, samples that showed both exon
19-included and exon 19-skipped splicing patterns (in Fig. 4,
lanes 2, 4, 5, 7, 9 and 11) were subjected to capillary
electrophoresis in an Agilent2100 and each band was quantified
using peak height. For the splicing assay in HeLa cells, only the
U2G4A4 sample (Fig. 3A, lane 9), showed both included and
skipped splice patterns; this was amplified by a reduced number
of PCR cycles (15 cycles) and analysed by same method as
above. The molecular ratio of included/skipped was calculated
and shown by the extent of light and dark in the shadowed area.
The names of the PPTs (purine residues are omitted) are
shown on the top; exon types and assay methods are shown on
the left.
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In other words, 22 of the 78 acceptor sites in the dystro-
phin gene do not have a BPS candidate sequence.

DISCUSSION

Our results show that dys-ESE19 is necessary for the
correct splicing of exon 19 to compensate for the poor
splicing activity of the PPT in intron 18. Meanwhile, a
degenerate PPT, more than half of which contains purine
residues, causes no problem as long as exon 19 has a fully
active dys-ESE19. It was surprising that a PPT containing
only two uridines (minigene with the U2G4A4 PPT) could
be properly spliced in the majority of transcripts when
exon 19 contained a dys-ESE19. We also showed that
a biochemical method called ‘in vitro splicing’, which is
commonly used for splicing analysis, does not fully reca-
pitulate the splicing pattern in living cells.

The first report to describe the relationship between
exon sequence and PPT came out in 1991, using the
doublesex (dsx) gene in Drosophila melanogaster (17).
It was known that exon 4 of the dsx gene has a sub-
optimal PPT (containing 12 pyrimidine residues and
seven purine residues) upstream of it and that this exon
is skipped in males, but is used in females. Their report
suggested that two female-specific proteins (Tra and
Tra2) bind to exon 4 to encourage its inclusion in the
mature mRNA in females. This report provided a proto-
type of the hypothesis that ESE-binding proteins bind to
exons with suboptimal PPTs and stimulate exon inclu-
sion. Several reports (7–19) followed this hypothesis,
assuming that SR proteins (including Tra2) bind to ESE
and stimulate binding of U2AF to the PPT for several
contexts of alternatively spliced exons, in several species.
Our approach to analyse the relationship between an
ESE and splicing cis-signals, mainly PPTs, is different
from previous reports in two regards. First, we analysed
a human constitutively spliced exon, whereas most pre-
vious reports have analysed alternatively spliced exons
among several species. It is understandable that an
alternatively spliced exon would have a suboptimal PPT,
because that exon should be skipped in certain condi-
tions. However, our results showed that the constitu-
tively spliced dystrophin exon 19 also has a suboptimal
PPT, and that its splicing depends on an ESE. In addi-
tion to this, the fact that over half of the dystrophin
exons could contain suboptimal PPTs suggests that a
number of constitutively spliced exons, possibly over half,
contain suboptimal PPTs, the proper splicing of which is
dependent on an ESE. Second, we mainly used cultured
cells for the splicing reporter assay, whereas a number of
previous reports have used in vitro splicing. As far as we
know, the U2G4A4 PPT that we used here is the weakest
PPT, yet it showed an almost normal splicing pattern
in the reporter assay that was dependent on an ESE.
Why would a predominantly ‘purine-tract’ work well in
our assay and not in others? We think this is because
most previously reported splicing analysis experiments
used an in vitro splicing system with HNE, whereas
we used living cells. The on/off control of each exon is
probably more strictly controlled in living cells than in
nuclear extract; furthermore, ESE activity in living cells

is stronger than in nuclear extract. These differences
between living cells and in vitro splicing also suggest the
possibility that when other ESE experiments show the
same tendency, ESE activities could be underestimated
in most splicing pattern analysis, because the experi-
ments were performed using nuclear extract.

It is said that ‘weak splice sites need ESE’ (4); how-
ever, there is not yet a good standard method to evaluate
acceptor site strength. As opposed to a splicing donor
site in which the consensus sequence is relatively simple
(AG|GURAGU), a splicing acceptor site consensus
sequence is complicated since it contains three different
elements: a BPS, a PPT and a 30end consensus sequence
AG (11, 12). In addition to this, the length of the PPT
and the pyrimidine/purine nucleotide ratio are various in
each acceptor site, as a previous report suggested that
when a PPT has a long uridine stretch, the location of
the uridine stretch between the BPS and the 30-splice
site AG is variable, and that there might also be a purine
stretch between these elements (14). YNCURAC is the
consensus BPS; however, this sequence is highly degen-
erate and it is usually difficult to predict an actual BPS.
For instance, only 5 introns have a typical YNCTRAC
sequence among all 78 acceptor sites of the dystrophin
gene (Supplementary Material, Table S1). Because of this
flexibility, there is no good scoring method for splice
acceptor sites. CV is a good indicator of splice site
strength; however, it accounts for only 15 nt (�14 to +1)
around the 30 splice site (8) and is not sufficient to
evaluate splice site strength accurately. Fairbrother et al.
(20) used longer sequences (�22 to +2) than Shapiro’s CV
to search for ESEs in ‘weak exons’ and so this scoring
method should be more informative than the CV; how-
ever, their calculation method also did not account for
the BPS. During the actual splicing reaction in living
cells, splice sites should be chosen on the basis of the
balance between the strengths of each cis-acting signal.
There are a number of reports about the role of cis-acting
signals and how to evaluate their strength. However,
the relationship between them remains unclear. There
are not yet enough experiment-based conclusions to
predict the contribution to splicing of each cis-acting
signal (21).

The reason why we want to understand the relation-
ship between these cis-acting signals and their relative
contributions is for the accurate diagnosis and therapy of
genetic disorders. In the case of the dystrophin gene,
when a mutation (in most cases, deletion of a single exon
or several exons from the genome) in the gene results in
the absence of protein due to disruption of the transla-
tional reading frame of the mRNA, that patient will show
a severe Duchenne muscular dystrophy (DMD) pheno-
type. On the other hand, if several exons are deleted but
the translational reading frame is maintained correctly,
the patient usually expresses a truncated protein, which
is partly active, and shows a milder Becker muscular
dystrophy (BMD) phenotype. Thus, for the therapy of
DMD, AO-induced exon skipping, which could correct
the translational reading frame from out-of-frame to
in-frame in DMD patients, could possibly change those
patients’ phenotype from severe DMD to the milder
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BMD (1, 22, 23). The mechanism of this exon skipping
is thought to be through the hybridization of the AO to
an ESE, thereby abolishing the exon recognition (24).
Our results suggested that two-thirds of dystrophin
exons are likely to be good therapeutic targets for AO,
because two-thirds of the acceptor sites in the dystrophin
gene do not contain a strong PPT and so are likely to
have an ESE in the downstream exon. Indeed, exon 19,
which contains an ESE and does not have a strong PPT
upstream of it, is a good therapeutic target exon for
AO treatment. This exon was skipped by AO in in vitro
splicing experiments (6) and in primary cultures of cells
from a DMD patient with an exon 20 deletion in the
dystrophin gene (5). The expression of newly synthesized
dystrophin protein induced by the AO was also confirmed
in cultured cells (5). This AO treatment was finally
applied to the patient and in-frame mRNA and dystro-
phin protein expression was confirmed (25). These
results suggest that two-thirds of dystrophin exons are
good candidate therapeutic targets; on the other hand,
it is likely not a good idea to try exon skipping for the
remaining one-third of exons.

In summary, we show that either a strong PPT or
a strong ESE is sufficient for proper exon recognition
during the splicing reaction. It was surprising that a
predominantly ‘purine tract’ does not disturb splicing
when the downstream exon has an ESE, suggesting that
when a downstream exon contains a strong ESE, the
PPT is almost dispensable. This high activity of an ESE
is seen only in living cells, not in ‘in vitro splicing’ reac-
tions, suggesting the possibility that previous experi-
ments may have underestimated ESE activity. Analysis
of all of the dystrophin acceptor sites suggests that two-
thirds of the dystrophin exons are potentially spliced in
an ESE-dependent manner and the remaining one-third
are possibly ESE-independent exons. Here we elucidated
the relationship between the dys-ESE19 and the
upstream PPT, only one relationship of many between
two cis-acting signals that regulate splicing patterns.
Splicing events are the result of a fine ‘balance of power’
between a number of regulatory elements (21); thus,
clarifying each relation could be a way to achieve an
understanding of the splicing machinery and it enables
the development of therapies for genetic disorders by
splicing-associated methods.

Supplementary Data are available at JB Online.
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