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Proper splicing is known to proceed under the control of ved cis-el ts
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 18, which maintains adequate splicing
d and ptor T , en 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 t 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,

tial cis-el

Key words: site  seq y exonic splicing enhancer,

polypyrimidine tract, splicing.
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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 valug: DK, dystrophin Kobe;
DMD, Duchenne muscular dystrophy; dys-ESE19, dystrophin exonie 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 (), 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 (AQ), 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).

*To whom correspondence should be addressed. Tal: +81-78-382-
6090, Fax: +81.78-382-6099, E-mail: myagi@med kobe-u.ac.jp

Val. 143, No. 3, 2008

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)

€ 2007 The Jopanese Biochemical Society.
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Fig. 1 The structure of the dystrophin exon 18-19.20
minigene and pl of its spli pattern analysis,
(A) The structure of the dystrophin exom 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
(Kpnl-Nhel, Nhel-BamHI and BamHI-Xhol) were ligated step
by step using cloning vectors, and finally cloned into the pcDNA3
human expression vector with Kpnl and Xhol. Two modified exon
19 constructs—DK exon 19, from which dys-ESE19 was replaced by
HindIlIl 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
18. 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

and the adjacent introns were constructed (Fig. 1A) and
cloned into a pcDNA3 mammalian expression vector
(Invitrogen, Carlsbad, CA, USA) using Kpnl and Xhol
sites, The actual minigene sequences are shown in Supple-
mentary Data Fig. 81. 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 Pstl 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 (Dulbeceo's modified
Eagle's medium) containing 5% fetal bovine serum (Trace
Biosciences, Castle Hill, Australia) at 37°C under 5% CO,.
Minigene reporter expression plasmids (0.75pg each)
were transfected into cells using Plus Reagent and
Lipofectamine (Invitrogen, Carlshad, 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)

wild type GRATITACTCATICTTTGCTCTCATGCTGCAGECT

o\
BPS PPT Psll  exon19

reporter SANTITACTARGGATATCHNNNNNNNNNCTGCAGEEC

BPS EcoRV  lesisequence  Psll  exon1d

of the dystrophin exons and the flanking introns are also shown.
The actual minigene sequences are shown in Supplementary
Data Fig. 81 (B) The result of minigene reporter splice patterns.
HeLa cells tr d 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 267bp
fragment (lane 1) shows that the WT exon 19 is included in the
mature mRNA and a 179bp 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 aceeptor site sequence of human dystrophin
exon 19 (wild type) and the sequence of the same region of the
minigene reporter for PPT sequénce exchange analysis (reporter).
Boxes show a BPS and the first 3 nt of exon 19. Between the EcoRV
and Pstl sites, 11 different sequences of PPT (see Fig. 2) were
inserted and tested.

using random hexamer primers or specific primers
(YH353, b6-AAGTCTCTCACTTAGC-3') with M-MLV
reverse transcriptase (Invitrogen, Carlsbad, CA, USA)
in a total volume of 20ul. PCR was performed using
a forward primer corresponding to a segment of exon 18
(YH307, 5-ATTACTCGCTCAGAAGCTGTGTTGC-3) and
a reverse primer complementary to a segment of exon
20 (YH308, 5-AAGTCTCTCACTTAGCAACTGGCAG-3).
Amplification was carried out in a total volume of 20
containing 4 ul of cDNA, 2yl of 10 x Ex Tag Buffer, 2 ul of
2.5mM dNTPs, 10 pmol of each primer and 1U of Ex
Tag Polymerase (Takara Bio, Inc., Kyoto, Japan). PCR
cycling conditions were as follows: initial denaturation
at 94°C for 2min followed by 30 cycles of denaturation at
94°C for 1min, annealing at 58°C for 1min, extension
at 72°C for 2min and a final extension at 72°C for 5min.
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 vitre transcription
were synthesized by standard PCR amplification using
forward [T7(19), 5-TAATACGACTCACTATAGG-3] and
reverse (YH304, 5-CTCGAGCAGCCAGTTAAGTCTCTC
AC-3') 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

of. Biochem.




Relationship Between ESE and PPT in Dystrophin Exon 19

exonl9, BPS | WT WT
nama, sequences
U10 GO0 |
Usaz UUGUULUGUY
[ usa2 UUAUUUUALY
UBG4 1
Udad LU
C10 GCCCCCCCCe
U466
U4AB AAUAALUALALY
U2G4A4 GAUGBAALIGA
G6A4 GBAGGA
ABG4 AAGAAGAGAG

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-Pstl cassette, which is shown in Fig. 1C. Exon 19 and
BPS categories show the exon 19 types (WT: wild type; DK: 52nt
deletion the same as dystrophin Kobe; AR: ampeillin resistance
gene fragment inserted in DK) and the last 4nt of the branch site
sequences (the first 3nt of the branch site are same UAC for all
constructs and were not shown in the figure). The splicing

templates were subjected to in vitro transcription using
a mMESSAGE mMACHINE T7 Kit (Ambion, Austin, TX,
USA). After DNasel 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 bicanalyser
with an RNA nano kit (Agilent Technologies, Santa Clara,
CA, USA), respectively. Standard in vitro splicing reac-
tions were carried out at 37°C for 2h in a total volume
0f 20 ul containing 50% (v/v) HeLa nuclear extract (HNE;
CIL BIOTEC, Mons, Belgium), 1.6mM MgCl, 0.5mM
ATP, 20mM creatine phosphate, 26ng pre-mRNA and
20U of RNaseOUT (Invitrogen, Carlsbad, CA, USA).
After ProteaseK treatment, RNAs were extracted by
phenol-chloraform 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
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W Ll DK DK DK DK AR,

UAAG | UAAU | UCAG | UCAU UAAC UAAU | UCAC | UCAU | UAAC

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 domi 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,

(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 52nt 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 3'end 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 10nt artificial PPTs were inserted
between the BPS and the 3' splice site consensus
seq . 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, I4), 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 nol
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 13nt) 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




