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Manumycin A corrects aberrant splicing
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& Shoichi Ishiura’
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Myotonic dystrophy type 1 (DM1) is the most common muscular dystrophy in adults and as yet no cure for
DM1. Here, we report the potential of manumycin A for a novel DM1 therapeutic reagent. DM1 is caused by
expansion of CTG repeat. Mutant transcripts containing expanded CUG repeats lead to aberrant regula’uon

. of alternative splicing. Myotonia (delayed muscle relaxation) is the most commonly observed symptom in

DM1 patients and is caused by aberrant splicing of the skeletal muscle chloride channel (CLCNI) gene.
Identification of small-molecule compounds that correct aberrant splicing in DM1 is attracting much
attention as a way of improving understanding of the mechanism of DM1 pathology and improving
treatment of DM1 patients. In this study, we generated a reporter screening system and searched for

small-molecule compounds. We found that manumycin A corrects aberrant splicing of Clenl in cell and
mouse models of DMI.

yvotonic dystrophy (DM), a genetic disorder, is the most common type of muscular dystrophy in adults'.

% The types of DM disease?, DM types 1 (DM1) and 2 (DM2), differ genetically but are similar clinically.

% DM is caused by expansion of a CTG repeat in the 3"-untranslated region (UTR) of the DM protein

kmabu (DMPK) gene, w hereas DM2 is caused by expansion of a CCTG repeat in intron 1 of the zinc finger 9

(ZNF9) gene™ . DM1 presents with a variety of symptoms, such as myotonia, progressive muscle wasting

cataracts, insulin resistance, and intellectual deficits™. Identification of the DM2 mutation® and studies

using DM1 mice that express the expanded CUG repeat’ suggest that RNA gain-of-function causes the DM1
phenotype.

How does nucleotide expansion within a non-coding region cause DM1? An investigation of the molecular
mechanism of DM1 proposed that expanded repeat RNA transcripts form hairpin structures that retain nuclear
fociin DML cells®, and affect the function of RNA-binding proteins®2. ‘Muscleblind-like’ (MBNL) and ‘CUGBP
and ETR-3 like factor’ (CELF) proteins are well-studied RNA-binding proteins. Sequestration of MBNL1 by toxic
expanded RNA transcripts’** and up-regulation of CUGBP-1"* result in aberrant regulation of alternative
splicing events in DM1% Our previous studies indicated aberrant regulation of MYOMI and PDLIM3 in DM1
patients'>’s; more than 25 genes have been found to be misregulated in patients with DMY. Missplicing of the
following genes has been associated with DM1 symptoms: CLCN1, which results in myotonia”?, BINI, which is
associated with T-tubule alterations and muscle weakness'®, and INSR, which contributes to insulin resistance®.
However, there is no evident relationship between additional misspliced genes and DM1 symptoms. Therefore,
further studies are needed to elucidate this association.

Myotonia is one of the features observed most commonly in individuals with DM1. People with myotonia are
unable to relax certain muscles after use. For example, a person may not be able to release their grip on a doorknob
or handle. In DM1 patients, the inclusion of alternative exons 6B and/or 7A, and retention of intron 2 of CLCN1,
are observed due to aberrant regulation of alternative splicing'®. Abnormal splicing of CLCNI results in a
frameshift and produces premature termination codons in transcripts, leading to nonsense-mediated mRNA
decay (NMD) or the production of a truncated protein with a dominant-negative effect®’. A mouse model of DM1
expressing an expanded CUG repeat (HSA™) also shows increased inclusion of Clenl exon 7A and displays

S% 1 3:2142 | DOY 10.1038/srep02142



myotonia’. Our previous study using a Clenl minigene identified
regulation of exon 7A by MBNL and CELF proteins™.:

The identification of small-molecule compounds that correct mis-
splicing events in DM1 would benefit both our understanding of
novel aspects of DM1 pathogenesis and DMI1 therapy. In DMI, there
may be other key players in addition to MBNL and CELF. There are
several approaches to DM1 therapy, such as overexpression of
MBNLI1%*, RNA interference targeting CUG repeat transcripts®,
inhibition of MBNL1 sequestration through use of a CAG oligonu-
cleotide that binds to the CUG repeats® or a small molecule?®, and
degradation of expanded CUG repeat transcripts through the RNase
H pathway, which occurs through induction of 2' methoxyethyl
(MOE) gapmers®. Although use of an antisense oligonucleotide
showed remarkable effects, there was a difficulty with body-wide
delivery while small-molecule compounds have the advantage of oral
formulation. )

In this study, we established a Clenl-L minigene reporter assay
and found that manumycin A corrects abnormal splicing of Clenl.
Furthermore, we confirmed that injection of manumycin A corrects
missplicing of Clenl in a mouse model of DM1 via H-Ras pathway.

Results

Generation of the Clcnl-L reporter assay system. To identify small
chemical compounds effective against aberrant splicing of CLCNI in
DM]1, we generated a minigene reporter vector containing the mouse
Clenl gene from exons 6 to 7 and the firefly luciferase gene (Fig. 1a).
As shown in Fig. 1b, luciferase expression was obtained upon
exclusion of exon 7A; however, inclusion of exon 7A produced a
termination codon, resulting in a lack of luciferase expression.
Next, we confirmed the co-transfection of Clenl-L and DMPK con-
structs harboring either CTG18 (DM18) or interrupted CTG480
(DM480) repeats. RT-PCR analysis revealed that inclusion of exon
7A was significantly increased upon co-expression of Clcnl-L and
DM480 compared to co-expression with DMI18 (Fig. lc.d).
According to the luciferase analysis, co-expression of Clenl-L and
DM18 displayed a higher activity than did co-expression with
DM480 (Fig. le). Note that we did not delete the initiation codon
of luciferase gene. It is possible that an extra ATG codon in the
Clenl-L might induce translation of luciferase irrespective of exon
7A exclusion. However, in our experiments, the luciferase activity
decreased when DM480 was transfected (Fig. le). Therefore, we
concluded that this reporter system was properly working,

Identification of small-molecule compounds that correct aberrant
splicing of Clenl under the expression of expanded CUG repeats
in vitro. The ICCB Known Bioactives Library is a collection of
compounds with defined biological activities. The library was
screened to identify compounds that corrected aberrant splicing of
Clenl using our luciferase reporter assay. Because expanded CUG
repeat expression causes aberrant regulation of alternative splicing in
DMI1, we transfected C2C12 cells with both the Clenl-L luciferase
reporter vector and DM480, which expresses the expanded CUG
repeat. Although most compounds showed little effect compared

to that of DMSO treatment (control, Table S1), some of the
compounds showed high luciferase activity (Fig. S1), and Ro 31-
8220, AGC, and manumycin A caused little toxicity to cells (Fig.
82). Since Ro 31-8220 was well studied with DM1*® and AGC
caused large SEM, manumycin A was chosen in this study for
further analysis. Manumycin A (20 pM) showed high liciferase
activity in the presence of the expanded CUG repeat (Fig. 2a and
Fig. S1).

Next, we performed RT-PCR analysis to investigate whether man-
umycin A corrects aberrant Clenl splicing caused by expression of
the expanded CUG repeats. Results from RT-PCR showed that the
addition of manumycin A effectively corrects aberrant splicing of
Clenl in the presence of the expanded CUG repeat (Fig. 2b,c).

Percentages of Clcnl exon 7A inclusion showed that manumycin
A treatment rescued abnormal exon 7A inclusion levels caused by
expression of the expanded CUG repeat to levels similar to those for
the normal CUG repeat (Fig. 2c). Additionally, we tested the dosage
of manumycin A (~10-40 uM), and found that the effects of man-
umycin A were concentration-dependent (Fig. S3). High-dosage
manumycin A rescued aberrant splicing in the presence of the
expanded CUG repeat and showed skipping of exon 7A (Fig. S3)
compared to the control (Fig. 2c).

Manumycin A corrects aberrant splicing of Clenl in a mouse
model of DM1. Next, we examined the ability of manumycin A to
rescue aberrant splicing of Clenl in a mouse model (HSA™) of DM1,
in which 250 CUG repeats are expressed under the control of the
actin promoter. RT-PCR analysis showed elevated inclusion of Clenl
exon 7A in the HSA™ mice compared with the wild-type mice
(Fig. 3a,b). Injection of manumycin A induced a remarkable reduc-
tion in Clenl exon 7A inclusion (Fig. 3¢,d). However, manumycin A
did not rescue aberrant splicing of Sercal and m-Titin (Fig. S4).

H-Ras regulates alternative splicing of Clenl exon 7A. Manumycin
A is an antibiotic generated by Streptomyces parvulus®. It acts as a
selective and vigorous inhibitor of Ras farnesyltransferase®. After
translation, Ras protein requires several modifications: isoprenyla-
tion, proteolysis, methylation and palmitoylation®'-**. Isoprenylation
by the enzyme farnesyltransferase (FTase) or geranylgeranyltrans-
ferase I (GGTase I) is the first step in the post-translational
modification of Ras. Farnesylation or geranylgeranylation is
necessary for Ras to attach to the inner side of the plasma
membrane. Without attachment to the cell membrane, Ras is
unable to be activated®. H-Ras, K-Ras and N-Ras are the members
of the Ras family. It is important that H-Ras is only farnesylated,
whereas K-Ras and N-Ras can be farnesylated and gerany-
lgeranylated. Thus, inhibitors of farnesyltransferase are effective in
reducing the activity of H-Ras but not that of K-Ras and N-Ras*.
Correction of Clcnl splicing by manumycin A may therefore be due
to the inhibition of H-Ras activity. To test this possibility, we
knocked down endogenous H-Ras expression using small
interfering RNA (siRNA) and examined the effect of H-Ras
inhibition on Clenl splicing. We confirmed the efficacy of the
siRNA in modulating the expression of the H-Ras by Western blot
analysis (Fig. 4a). RT-PCR analysis showed reduced inclusion of
Clenl exon 7A in the presence of expanded CUG repeats
(Fig. 4b,c). We also examined the effects of K-Ras and N-Ras
knockdown and found that N-Ras knockdown reduced the
inclusion of Clenl exon 7A, whereas K-Ras knockdown did not
alter Clenl splicing (Fig. S5). Additionally, we tested whether
expanded CUG repeats altered the expression levels of H-Ras.
Although there was no significant difference between DM18- and
DM480-transfected C2C12 cells, an upward trend was observed
when cells were transfected with DM480 (Fig,. S6).

Discussion
Misregulation of alternative splicing is a characteristic feature of
DMl1. Although the number of missplicing events is over 25, few
genes have been reported to play a role in disease manifestations.
Abnormal regulation of alternative splicing in the CLCNI gene is one
of the events that can account for myotonia, which is often recog-
nized in DM1. In this investigation, we generated a Clenl-L reporter
assay system and searched for small-molecule compounds that affect
abnormal splicing of Clenl in the presence of expanded CUG repeats.
We found that manumycin A corrects aberrant splicing of Clenl,
which was confirmed in vivo. We also revealed that H-Ras was
involved in the regulation of alternative splicing of Clecnl exon 7A.
Injection of DM1 model mice with manumucin A corrected aber-
rant splicing of Clcnl; however, splicing of Sercal and m-Titin, which
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Figure 1 | Construction of the Clen1-L reporter minigene and effect of triplet repeat expansion on the reporter vector Clenl-L. (a) Schematic structure
of the Clenl-L minigene reporter. A genomic segment of mouse Clenl containing exons 6 to 7 (including the intron) was sub-cloned downstream of
EGFP in the pEGFP-C1 plasmid. Firefly luciferase was inserted in-frame with a correct Clenl splicing pattern. (b) Schematic of how Clenl-L functions.
Exon 7A exclusion results in luciferase expression to detect correct Clenl splicing. (¢) Inclusion of Clenl exon 7A increased upon expression of the
expanded CUG repeat. (d) Bar charts show the quantified percentages of exon 7A inclusion (mean + SEM, n = 4). () Luciferase analysis showed that
relative luciferase activity decreased upon expression of the expanded CUG repeat (mean + SEM, n = 3). The gel image was cropped around the region of
interest and the samples (n = 4) were resolved in the same gel. Statistical significances were determined using #-tests (¥p < 0.05, ***p < 0.001).

is also abnormally regulated in DM1°%¥, was not changed. It has been
reported that Sercal is regulated by MBNL1*"** and CUGBP1* and
that m-Titin is also regulated by MBNL1%, Furthermore, the express-
ion of MBNL1 and CUGBP1 was not altered by treatment with
manumycin A (Fig. S7). For these reasons, we conclude that manu-
mycin A did not alter Clcn! splicing through effects on MBNL1 and
CUGBP1. How, then, does manumycin A correct Clenl missplicing?
Manumycin A is an inhibitor of Ras farnesyltransferase, and it could
inhibit Ras activity. In this study, we demonstrated that H-Ras

knockdown reduced the inclusion of Clenl exon74, indicating that
H-Ras is involved in a regulation of Clenl splicing,

Ras proteins perform functional roles in a large number of bio-
logical processes, leading to changes in cell morphology, survival,
apoptosis, and gene expression®. Because Ras is positioned as the
central molecular switch of these biological outcomes, it must inter-
act with a variety of downstream targets. Recent studies implicated
the Ras signaling pathway in alternative splicing regulation®.
Activation of the Ras-PI3-kinase-PKB/Akt pathway alters the
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phosphorylation level of the serine/arginine-rich (SR) proteins SF2/
ASF and 9G8%. SR proteins are the best-characterized splicing reg-
wlatory factors, and it is well known that the activity of SR proteins is
dependent on their phosphorylation level. Furthermore, the Ras-
Raf-MEK-ERK pathway, another Ras pathway, is known to modu-
late alternative splicing*"*.

Considering these studies, it is possible that manumycin A inhibits
H-Ras activity and alters the H-Ras signaling pathway, resulting in
correction of Clenl splicing. Therefore, modulation of H-Ras signal-
ing may influence a trans-acting factor other than MBNL1 and
CUGBP1 and thereby contribute to Clenl splicing. The effect of
manumycin A is illustrated in Figure 5, although the question
remains as to what kind of trans-acting factor is influenced by man-
umycin A and H-Ras. Importantly, manumycin A treatment showed
reduced total amount of Clcnl mRNAs (with and without exon 7A)
(Fig. 2b and Fig. 3c). Therefore, it is possible that manumycin A
has another effect on either transcription or stability of Clenl
pre-mRNA.

A recent study revealed that oncogenic mutated H-Ras G12V
inhibits muscle differentiation*. If H-Ras is involved in DM patho-
logy, it may help us to better understand DM1. Interestingly, man-
umycin A only slightly changes the splicing of Clcn1 in the absence of
DM480 expression (Fig. S8). Furthermore, transfection of C2C12
cells with the expanded CUG repeat tended to increase H-Ras
expression (Fig. $6). Considering the transfection efficiency of

C2C12 cells, it is likely that the expanded CUG repeat could alter
H-Ras expression. However, involvement of Ras in DM1 has not
been reported thus far, and further studies are needed in the future.

DML is the most commeon muscular dystrophy in adults, affect-
ing approximately one in every 8,000 individuals. However, there is
as yet no cure for DM. In this study, we showed that manumycin A
corrects aberrant splicing of Clenl and revealed that H-Ras is
involved in regulation of Clenl splicing. We hope that further
studies on manumycin A and H-Ras will lead to a novel therapy
for DM1.

Methods

Plasmid construction. Clenl-L is a luciferase reporter vector containing a genomic
segment of mouse Clcnl (exon 6 to exon 7) and the firefly luciferase gene. Firefly
luciferase (F-Luc) was amplified from the downstream of SV40 promoter of the pGL-
3 promoter vector (Promega, Madison, W1, USA) by PCR using PfuUltra High-
Fidelity DNA polymerase (STRATAGENE, La Jolla, CA, USA), generating a 1.7-kb
product with the addition of a restriction site for Sall and BamHI. Therefore, this
fragment did not contain SV40 promoter. The following primer pair was used: F-Luc
forward, 5'-AAAGTCGACCCATGAAGACGCC-3'; and F-Luc reverse, 5'-
CCGGATCCTTACACGGCGATCTT-3". The fragment was inserted into the Sall-
BamHI site of the Clenl minigene. The Clenl minigene contains PCR-amplified
fragments of mouse ClenI (exon 6 to exon 7) and has been described previously®. The
nucleotide sequences of the DNA inserts and reading frame were confirmed to be
correct by sequencing. DM18 and DM480 contain a fragment of the 3’ region of
DMPK with CTGI8 or interrupted CTG480 repeats, respectively, and have been
described previously®.
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Cell culture and transfection. C2C12 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 20% (v/v) fetal bovine serum and then incubated
at 37°C with 5% CO,. For the minigene and luciferase reporter assays, C2C12 cells
were transfected with plasmids for expression of a minigene with toxic RNA
transcripts using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA).
Transfection was conducted according to the manufacturer’s protocol. Cells were
cultured in 24- and 96-well plates for the minigene and luciferase reporter assays,
respectively.

Luciferase reporter assay and drug screening. Culture, transfection, cell harvesting,
and luciferase activity measurements were performed according to the standard
methods of the Dual-Glo Luciferase Assay System (Promega). Clenl-L and DM480
were co-expressed in cells. Plasmid pRL (Promega), which contains the sea pansy
luciferase gene, was co-transfected as an internal control for normalization of
transfection efficiency. In all experiments, luciferase activity was measured 48 h after
transfection and was assayed using the Dual-Glo Luciferase Assay System (Promega).
Firefly and sea pansy luciferase activities were measured using the Centro LB 960
(Berthold, Bad Wildbad, Germany), and the value of each sample was calculated as
light units of firefly luciferase per light unit of sea pansy. The ICCB Known Bioactives
Library (Enzo Life Sciences, Farmingdale, NY, USA) was referenced for drug
screening, Chemical compounds were added 24 h after transfection at 0.1% (v/v), and
luciferase activity was measured 24 h after the addition of chemical compounds.

Administration of manumycin A to DM mice. HSA'® transgenic mice were used for
animal experiments and have been described previously*. These mice express human
skeletal actin mRNA, with approximately 250 CUG repeats in the 3'-UTR.
Manumycin A was diluted to a final concentration of 75 ng/l in saline containig
0.1% DMSO. Manumycin A (40 ul, 3.0 ug) or vehicle (0.1% DMSO in saline) was
injected into the TA muscles of opposite limbs. Mice were killed 5 days after injection,
and TA muscle was obtained for splicing analysis. All experiments were conducted
according to the Regulations for Animal Experimentation at the University of Tokyo
(Tokyo, Japan).

Identification of Clcnl splice variants. Total RNA was isolated using a GenElute
Mammalian Total RNA Miniprep kit (Sigma-Aldrich, St. Louis, MO, USA). cDNA

synthesis was performed using a Prime-Script First Strand cDNA Synthesis Kit
(TAKARA BIO, Otsu, Japan) with an oligo dT primer, The Clenl-L minigene
fragments were amplified by PCR (24-27 cycles) with the following primer pair:
Clenl-Lforward, 5'-CATGGTCCTGCTGGAGTTCGTG-3"; and Clcn-L reverse, 5'-
CTCCAAGTGGTGTTCCAAAACAGC-3', To detect endogenous Clecnl fragments,
PCR amplification (32-34 cycles) was carried out with the following primer pair:
Clenl forward, 5'-GCTGCTGTCCTCAGCAAGTT-3'; and Clenl reverse, 5'-
CTGAATGTGGCTGCAAAGAA-3'. PCR products were resolved on 8%
polyacrylamide gels and stained with ethidium bromide. Band intensities were
quantified using an LAS-3000 instrument and Multigauge software (FUJIFILM,
Tokyo, Japan). The ratio of exon 7A inclusion in Clcnl was calculated as (7A
inclusion)/(7A inclusion + 7A exclusion) X 100.

RNA interference. An siRNA specific for H-Ras (H-Ras siRNA) and a negative
control siRNA (MISSION siRNA Universal Negative Control) were purchased from
Sigma-Aldrich. The siRNA target sequences were as follows: mouse H-Ras siRNA
sense, 5'- GUUGCAUCACAGUAAAUUAATAT-3'; and mouse H-Ras siRNA
antisense, 5'- UAAUUUACUGUGAUGCAACATAT-3'. The efficacy of the RNAi-
mediated knockdown of endogenous H-Ras and actin expression was determined by
Western blot analysis. Antibodies specific for H-Ras (C-20; Santa Cruz
Biotechnology, Santa Cruz, CA, USA,) and actin (A2066; Sigma-Aldrich) wete used.
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Ultrasound-enhanced delivery of
Morpholino with Bubble liposomes
ameliorates the myotonia of myotonic
dystrophy model mice |

Michinori Koebis', Tamami Kiyatake', Hiroshi Yamaura!, Kanako Nagano’, Mana Higashihara?,
Masahiro Sonoo?, Yukiko Hayashi, Yoichi Negishi®, Yoko Endo-Takahashi®, Dai Yanagihara',
Ryoichi Matsuda', Masanori P. Takahashié, Ichizo Nishino* & Shoichi Ishiura

'Graduate School of Arts and Sciences, the University of Tokyo, Tokyo, Japan, 2Division of Neurology, Department of lnternal
Medicine 3, National Defense Medical College, Saitama, Japan, ®Department of Neurology, Teikyo University School of Medicine,
Tokyo, Japan, *Department of Neuromuscular Research, National Institute of Neuroscience, National Center of Neurology and
Psychiatry (NCNP), Tokyo, Japan, *Department of Drug Dehvery and Molecular Biopharmaceutics, School of Pharmacy, Tokyo

University of Pharmacy and Life Sciences, Tokyo, Japan, ®Department of Neurology, Osaka University Graduate School of
Medicine, Osaka, Japan.

Phosphorodiamidate morpholino oligonucleotide (PMO)-mediated control of the alternative splicing of the
chloride channel 1 (CLCNI) gene is a promising treatment for myotonic dystrophy type 1 (DM1) because
the abnormal splicing of this gene causes myotonia in patients with DM1. In this study, we optimised a PMO
sequence to correct Clenl alternative splicing and successfully remedied the myotonic phenotype of a DM1
mouse model, the HSA'™® mouse. To enhance the efficiency of delivery of PMO into HSA'™® mouse muscles,
Bubble liposomes, which have been used as a gene delivery tool, were applied with ultrasound exposure.
Effective delivery of PMO led to increased expression of Clenl protein in skeletal muscle and the

amelioration of myotonia. Thus, PMO-mediated control of the alternative splicing of the Clcnl gene must
be important target of antisense therapy of DM1.

i

§ & yotonicdystrophy type 1 (DM1) is caused by expansion of the CTG repeat in the 3" untranslated region
g‘% ? (UTR) of the DMPK gene'™. Patients with DM1 show multi-systemic symptoms, including muscle
H % wasting, muscle weﬂl\n ess, myotonia, cardiac conduction defect, cataracts, mental Ietardann and
insuhn resistance®. A patient, however, does not always present with all of these symptoms and the severity of
the disease varies among individuals. Among the symptoms, myotonia is the most prominent and common
phenotype of DM1: most patients feel muscle stiffness and difficulty in relaxing muscles soon after developing the
disease.

The characteristic feature of the pathology of DM1 is the aberrant regulation of dozens of alternative splicing
events, and some of the abnormal splicing events have been suggested to be involved in some of the symptoms®°.
Myotonic discharge is thought to be caused by the aberrant alternative splicing of the chloride channel 1 (CLCN1I)
gene'™, In patients with DMI, extra exons from intron 6 are spliced into the CLCNI mRNA, leading to the
appearance of a premature termination codon in the subsequent exon, degradation of the mRNA by nonsense-
mediated decay and decreased expression of CLCN1 protein’!. The idea that abnormal splicing of the CLCNI
gene causes myotonia is strongly supported by the fact that the CLCNI gene is the only gene responsible for
congenital myotonia, and the identification of multiple mutations in patients with the disease and their families™.
Wheeler and his colleagues corrected the abnormal splicing of the Clcnl gene in a DM1 mouse model, the HSA™
mouse, by using an antisense oligonucleotide (AON) and successfully alleviated the myotonic phenotype™. Thus,
correction of the abnormally regulated splicing is a promising treatment for DM1.

An AONisa short, synthetic nucleic acid molecule with a sequence complementary to a target transcript. It can
be used to manipulate an alternative splicing event: the AON that binds to the region around the target exon,
specifically splice sites or splicing enhancer domains, physically blocks assembly of the spliceosome on the exon
and induces exon skipping'®. The efficacy of an AON is dependent on its half-life, affinity for its target RNA and in
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vivo kinetics. A variety of AON molecules with 2'-O modifications
and/or unnatural backbones have been developed to improve nucle-
ase resistance and affinity for RNA'®, Among them, Morpholino
(also referred as phosphorodiamidate morpholino oligonucleotide
[PMO)) is one of the most hopeful AONs. PMO has morpholine
rings linked with phosphorodiamidate linkages in its backbone
instead of deoxyribose and phosphodiester bonds. Due to its com-
pletely unnatural chemistry, PMO is hardly recognised by cellular
nucleases. It has higher affinity for RNA than for DNA; the T, value
of a hybrid of PMO and RNA is much higher than that of DNA and
RNA'¢. Several papers have reported the local and systemic admin-
istration of PMO to mice and dogs. For example, when a high dose of
PMO (3 g/kg) was administrated intravenously into the mdx mouse,
a mouse model of Duchenne muscular dystrophy, the PMO entered
skeletal muscle without any assistive delivery reagent'”. However,
unlike mdx mice, muscle penetration of Evans Blue dye did not
increase in HSA™ and wild-type mice', which indicated a physical
barrier to PMO uptake should be grater in HSA™ than in mdx, In
preceding reports on PMO treatment in HSA'®, intravenous admin-
istration of CAG25 PMO led no detectable improvements in Sercal
splicing in HSA™ mice', and even when PMO was injected intra-
muscularly its uptake was limited to the needle track'. In these
studies, they used electroporation to administer unmodified PMO
intramuscularly, so we investigated a less invasive PMO delivery
method to develop PMO treatment for DM1.

Recently, ultrasound exposure has been used for the intracellular
delivery of molecules such as dextran, plasmid DNA and siRNA. If
ultrasound is sufficiently strong, it will generate microscopic vacuum
bubbles in a solution by a process known as inertial cavitation. The
bubbles immediately collapse, producing a shock wave, which is
believed to transiently increase the permeability of cell membranes
in the vicinity. Inertial cavitation is enhanced by using micro bubbles
of echo-contrast gas. This method has been applied to gene delivery
into various mouse tissues, including skeletal muscle, liver and
tumour tissues®**% however, introducing genes into deep tissues
with microbubbles is difficult because of their size and instability.
To overcome these problems, we previously developed a novel drug
delivery reagent coined “Bubble liposomes”, polyethylene glycol-
modified liposomes (PEG liposomes) encapsulating echo-contrast
gas®. Owing to the stability in serum and uniform microscopic size
of PEG liposomes, we successfully delivered genes and siRNA. into
several tissues**®. However, does the Bubble liposome-ultrasound
delivery system efficiently deliver PMO into skeletal muscles in the
HSA™ mice? In this study, we examined the ability of the Bubble
liposome-ultrasound system to deliver PMO into skeletal musdles of
HSA™ mice as a treatment for abnormal splicing,

We newly designed antisense PMOs targeting exon 7A of the
Clenl gene and delivered them into HSA™ mice. The PMOs were
successfully delivered into skeletal muscles by the Bubble liposome-
ultrasound system, which decreased the inclusion of exon 7A in vivo.
Furthermore, the injection of PMO ameliorated the myotonic
phenotype of the model mice. Our results suggest that Bubble lipo-
somes should be effective for delivering PMOs into muscle tissues
and can be applied to PMO treatment of DM1.

Results :

We first determined the optimal target sequence of the Clen! pre-
mRNA to promote skipping of exon 7A. To achieve this, we used a
Clen] minigene and examined its alternative splicing using a cell
culture-based assay. The minigene contains the genomic region from
exon 6 to exon 7 of the murine Clen! gene. When it was transfected
into COS-7 cells, approximately 50% of transcripts contained exon
7A (Fig. 1b, minigene only). To screen for an optimal AON sequence,
we used 25-mer phosphorothioate 2’ O-methyl (PS20Me) RNA,
which can regulate alternative splicing by sterically preventing spli-
ceosomal assembly, just like PMO. We examined PS20Me RNA

molecules that covered the whole of exon 7A (1-25, 26-50, 51-75
and 76~90) and the boundary of intron 6 and exon 7A (— 10-15). We
transfected the minigene together with the PS20Me RNA into COS-
7 cells and analysed the alternative splicing of the minigene. We
found that —10-15 and 1-25 PS20Me significantly reduced the rate
of inclusion of exon 7A, with 1-25 PS20Me being the most effective
molecule (Fig. 1b).

Previously, we identified the 8 nt at the 5’ end of exon 7A as an
exonic splicing enhancer (ESE) essential for basal inclusion of the
exon®. Given that both ~10-15 and 1-25 PS20Me covered the ESE,
and that 1-25 PS20Me seemed to be more effective at excluding
exon 7A, we speculated that another ESE (16-25) would be located
in the region +16 to +25, and that 1-25 PS20Me would not share it
with —10-15 PS20Me. To examine this possibility, we tested
whether 16-40 PS20Me enhanced normal splicing.  16-40
PS20Me markedly reduced the rate of inclusion of exon 7A of the
Clenl minigene (Supplementary Fig. $1). As 26-50 PS20Me did not
change the alternative splicing, we conclude that the other ESE (16-
25) is important for exon 7A inclusion. Thus, we used 1-25 AON,
which targeted both ESEs, in subsequent experiments.

PS20Me is highly resistant to nuclease-mediated degradation
owing to its phosphorothioate linkages; however, it is still degraded
slowly and releases monomers that have a toxic, free phosphorothio-
ate group. In contrast, PMO is remarkably resistant to degradation
and is not noxious. Therefore, we next investigated whether a PMO
with the same sequence as 1-25 PS20Me also improved the alterna-
tive splicing of exon 7A by using the cell culture-based splicing assay
(Fig. Ic). The —11-14 PMO we used here had the same sequence as
that Wheeler and his colleagues used in a previous study'. RT-PCR
analysis showed that both 1-25 and —11-14 PMOs significantly
reduced exon 7A inclusion. Although the effect of 1-25 PMO was
greater than that of —11-14 PMO, no statistically significant differ-
ence was observed between them.

1-25 PMO was so effective at improving alternative splicing of the
Clenl minigene in cultured cells that we expected it to work well in
vivo. To test whether 1-25 PMO could work in vivo, we admini-
strated 60 pg of 1-25 PMO intramuscularly four times at weekly
intervals into the tibialis anterior (TA) muscles of HSA™® mice. The
alternative splicing of the ClcnI gene was moderately improved, with
an approximately 30% decrease in exon 7A inclusion. Electromyo-
graphy (EMG) with a single needle electrode, however, revealed that
the occurrence of myotonia was not altered by PMO injection
(Supplementary Fig. S2). Because 60 g of PMO was quite a high
dose for administration into a single muscle, we assumed that an
effective delivery system would be required to introduce 1-25 PMO
into muscle tissues. We therefore examined the usefulness of ultra-
sound-enhanced delivery with Bubble liposomes for PMO delivery.
Weadministrated 20 pgof 1-25 PMO three times at weekly intervals
into the TA muscles of HSA™® mice with or without Bubble liposomes
and ultrasound (Fig. 2). RT-PCR analysis revealed that the rate of
inclusion of exon 7A decreased to its lowest level when both Bubble
liposomes and ultrasound were applied, indicating that use of the
combination of Bubble liposomes and ultrasound could enhance
PMO delivery efficiency.

We next investigated whether 1-25 PMO could cure myotonic
symptoms in HSA™ mice when delivered using the Bubble lipo-
some-ultrasound system. We administrated 1~25 PMO as described
above. Three weeks later, we harvested the injected muscles and
conducted RT-PCR and immunohistological analyses, RT-PCR
showed that 1-25 PMO decreased the inclusion of exon 7A to a level
comparable to that in wild-type FVB/n mice (Fig. 3a). We checked
four other alternative splicing events, Cypher (Ldb3) exon 11, Mbnll
exon 5, Ryrl exon 70 and Sercal exon 22, which are known to be
abnormally regulated in patients with DMland HSA® mice®. We
found that the alternative splicing of none of them was changed by

[ 3:2242 | DOL: 10.1038/srep02242

2



1 79

Exon 7A

———

60 1

50 4
40 A
30"
20 +

10

Exon 7A inclusion (%)

Q-

N
[~
L

Exon 7A inclusion (%)
oy
<

(1

Figure 1 | AON-mediated exclusion of Clenl exon 7A in COS-7 cells. (a) Locations of the target sites of AONs (thick black lines) along the Clecnl
pre-mRNA. The numbers over exon 7A (rectangle) indicate the positions of nucleotides. (b) Cellular splicing assay to detect the exclusion of exon 7A of
the Clenl minigene by PS20Me RNA in COS-7 cells. 1-25 was the most successful AON. A representative result is shown above and the bars indicate

mean and s.e.m. (1 = 6). (c) The same assay as in (b) except that PMOs were used. 1-25 PMO decreased the inclusion of exon 7A effectively (n = 3).
Statistical significance was analysed by Tukey’s multi-comparison test (* P < 0.05, ** P < 0.01, *** P < 0.001).

the injection of 1~25 PMO (Fig. 3b); thus, the effect of the PMO was
specific to the alternative splicing of the Clenl gene.

The abnormal splicing of Clenl is believed to cause myotonia by
introducing a premature termination codon into the subsequent
exon and by decreasing the expression of the Clenl protein via non-
sense-mediated mRNA decay. Thus, we examined whether 1-25
PMO restored the expression of Clenl protein in HSA'™ mice.
Immunofluorescence analysis of TA muscles showed the sarcolem-
mal localisation of Clenl protein in wild-type muscle, but such a
pattern was not detected in saline-injected HSA™ mice. The injection
of 1-25 PMO clearly restored the sarcolemmal distribution, dem-
onstrating that correction of the abnormal splicing of the Clcnl gene
led to the normal expression of its protein (Fig. 3c).

Finally, we investigated whether injection of 1-25 PMO improved
the myotonic phenotype of HSA'™® mice. Electromyographic analyses
showed bursts of action potentials after electrical stimulation (4-
8 V) in HSA™ mice, but not in wild-type mice (Fig. 4a). Myotonia
occurred even in denervated muscles (data not shown), which indi-
cates that it was not caused by hyperactivation of motor neurones,
but by increased excitability of the sarcolemma. Myotonic EMG
activities continued for 1 to 3 s and their average duration was
1.27 s in saline-treated TA muscles. The injection of 1-25 PMO
decreased their duration, but the change was not statistically signifi-
cant; the integrated EMG (iEMG) was reduced by the PMO admin-
istration (P < 0.05). The decreased iEMG indicated that 1-25 PMO
mitigated the hyperexcitability of the HSA'™® muscles.

These results suggest that 1-25 PMO could improve the function
of the Clenl gene in the DM1 model mouse at the RNA, protein and

*k

%%

Exon 7A inclusion (%)

PMO - - + + +
BL - + - +
us - + + - +

Figure 2 | PMO delivery by the combination of Bubble liposomes and
ultrasound. 1-25PMO (20 pg) or saline was locally administrated into TA
muscles of HSA™ mice with/without Bubble liposomes (BLs) and
ultrasound (US). The inclusion rate of exon 7A decreased most when both
Bubble liposomes and ultrasound were applied. (# = 3). The bars indicate
mean and s.e.m., and statistical significance was analysed by Tukey’s multi-
comparison test (*.P < 0.05, ** P < 0.01).
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Figure 3 | In vivo improvement of aberrant splicing of the Clcnl gene by 1-25 PMO. (a) The alternative splicing of Clcnl exon 7A in HSA™ and WT
mice. 1-25 PMO (20 pg) or saline was locally administrated into TA muscles of HSA'® mice. The ratio of the splicing variant containing exon 7A in
thevPMO-injected muscles decreased to a level comparable with that in WT muscle (r2 = 5). The bars indicate mean and s.e.m., and statistical
significance was analysed by Tukey’s multi-comparison test (¥** P < 0.001). (b) Abnormal splicing of other genes in HSA™ mice was not affected by 1-25
PMO. (c) Immunofluorescence analysis of transverse sections of TA muscle with an anti-Clenl antibody. Injection of 1-25 PMO restored the

sarcolemmal localisation of Clcnl protein in TA muscles of HSA'™ mice.
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Figure 4 | Reduction of myotonic discharge by 1-25 PMO in HSA™® mice. (a) Representative EMG signals of TA muscle. Tibialis muscle was
electrically stimulated 1 s after the EMG recording started. In the HSA™ muscle, repetitive discharges that were absent in the WT muscle could be seen.
(b)vDuration of myotonic discharge and integrated EMG (iEMG). 1-25 PMO significantly reduced iEMG in HSA™ muscle (saline, n = 6; 1~25 PMO, n
= 7).The bars indicate mean and s.d., and statistical significance was analysed by Student’s t-test (* P < 0.05).
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phenotypic levels, and that the Bubble liposome-ultrasound system
should be capable of delivering enough PMO to ameliorate myotonia.

Discussion

The greatest advantage of PMO is its remarkable innocuity.
According to a report from Gene Tools, administration of a single
700 mg/kg dose of PMO to a mouse did not cause any obvious acute
toxicity”’, while the 50% lethal dose of phosphorothioate DNA, a
first-generation antisense oligonucleotide, was estimated to be
750 mg/kg in mice*. The high pharmaceutical potential of PMO is
also supported by the fact that safety issues were not raised following
its administration to mice and humans; however, PMO must over-
come the low permeability of the cell membranes to achieve a sig-
nificant effect on alternative splicing. Because of the inefficient
cellular uptake of PMO, systemic delivery and functional splicing
modification were not successful in a mouse model®. Therefore,
for the clinical application of PMO, establishing an effective delivery
method is essential.

The major achievement in thxs study was that we increased the
efficiency of PMO delivery using Bubble liposomes and ultrasound.
The use of the ultrasound-mediated delivery system with Bubble
liposomes improved the alternative splicing of the Clenl gene in
HSA™ mice to a level comparable to that of wild-type mice and
decreased myotonic discharges, indicating that the delivery system
increased introduction of 1-25 PMO into skeletal muscle. Our
results show that the intramuscular injection itself delivered the
PMO into muscle to some extent, and so the intramuscular injection
might have contributed to the relief of the pathology. However, the
Bubble liposome- and ultrasound-mediated enhancement of deliv-
ery efficiency suggests that the new delivery system will have a bene-
ficial effect over much less invasive injection, such as intravenous
injection, which cannot by itself be expected to promote the entry of
PMO into skeletal muscle'”.

A fair amount of the Clcnl splicing variant without exon 7A was
expressed even in the HSA™ mouse. Because the myotonic discharge
of a HSA™ mouse was remedied by correcting Clenl alternative
splicing in a previous study', abnormal splicing of the gene must
be the primary cause of myotonia. The expression levels of the “nor-
mal” splicing variant in saline-injected muscles were 57% of that in
the wild-type muscles. PMO injection increased the expression about
1.4-fold to 78% of that in wild-type mice. As Clenl heterozygous
mutant mice did not show a myotonic phenotype*, the myotonia
in HSA™ mice was unlikely to have been caused by haploinsuffi-
ciency of full-length Clenl protein. Instead, the truncated protein
translated from the exon 7A-countaining mRNA may have dom-
inant-negative activity, since full-length Clenl protein functions in
a dimeric form. Berg et al. showed that the truncated Clenl protein
did not function as a chloride channel, but rather disturbed the
channel activity of full-length Clcnl protein®. In this study, express-
ion of the splicing variant containing exon 7A was decreased by 40%
in the PMO-administered group. Thus, this may have contributed to
the improvement of the pathology, as well as the increased express-
ion of the exon 7A skipping variant. The dominant-negative hypo-
thesis suggests that the AON therapy should completely prevent
exon 7A inclusion when used to treat myotonia, in contrast to
Duchenne muscular dystrophy, in which the partial restoration of
dystrophin expression could lead to the improvement of muscle
strength.

In the course of our search for the optimal PMO sequence to
correct Clenl splicing, we found that 1-25 and 16-40 PMOs sup-
pressed the inclusion of exon 7A well, but that 26-50 PMO did not.
The fact that steric blocking of the 16-25 region promoted exon
skipping indicates that proteins that bind to this region are essential
for exon 7A recognition. Previously, we showed that the 8 ntat the 5
end of exon 7A serve as an ESE and that an RNA-binding protein,
Mbnll, prevented the inclusion of exon 7A by binding to the ESE®.

Unlike the ESE, the sequence of the 16-25 region was pyrimidine-
rich and did not contain the Mbnll-recognition motif, YGCY. It
remains to be determined which proteins bind to the region to regu-
late exon 7A splicing.

In this study, we tried to cure DM1 model mice using a PMO
targeted to Clenl. However, c0n51denng that dozens of genes are
abnormally spliced in patients with DM], it might be impractical
to treat all symptoms due to mis-splicing of such genes with AONs at
the same time. DM1 is caused by expansion of the CTG repeats in the
3" UTR region of the DMPK gene, Transcripts with these expanded
repeats sequester Mbnl proteins, which regulate alternative splicing,
leading to global alternative splicing dysfunction®. Thus, expanded
CUG repeat-containing RNA must be the most important target of
antisense therapy for DM1, and many groups have studied the use of
CAG repeat-containing AONs to dissociate Mbnll proteins from
CUG repeat-containing RNA. Some trials to treat DM1 model mice
with CAG AONSs were successful'® *, but here again the obstacle to
clinical application of the AONs was the lack of an efficient delivery
method. Our ultrasound-mediated delivery system with Bubble lipo-
somes must have a beneficial effect on the delivery of CAG-contain-
ing AONSs.

Methods

AONSs. Phosphorothioate 2’ O-methyl RNA oligonucleotides and
phosphorodiamidate morpholino oligonucleotides were purchased from IDT
(Coralville, 1A, USA) and Gene Tools (Philomath, OR, USA), respectively. The

sequences of the oligonucleotides are listed in Supplementary Table ST1. Both AONs
were dissolved in water.

Construct. The Clen] minigene has been described previously®. Briefly, a Clenl
minigene fragment covering exons 6 to 7 was amplified from mouse genomic DNA by
PCR and inserted into the BgllI-Sall sites of pEGFP-C1 (Clontech Laboratories,
Mountain View, CA, USA).

Cellular splicing assay. COS-7 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% heat-
inactivated fetal bovine serum (Life Technologies, Foster City, CA, USA) in a
humidified atmosphere containing 5% CO, at 37°C.

For the splicing assay, COS-7 cells were cultured in 12-well plates and transfected
with 0.1 g of the Clenl minigene and AONs (0.1 pmol) at 60-80% confluence.
Polyethylenimine and Endo-Porter (Gene Tools) were used for the transfection of
PS20Me RNA and PMOs, respectively. Forty-eight hours later, total RNA was
extracted from the transfected cells using a GenElute Mammalian Total RNA
Miniprep Kit (Sigma-Aldrich).

Animals, HSA*® mice are FVB/n-background transgenic mice that express expanded
CTG repeats under the control of the human skeletal actin promoter in skeletal
muscle®. Compared with the first established line, the number of the repeat was
reduced: the mice used in this study carried 180200 repeats. All the mutant mice
showed persistent contraction of gluteal muscles after they bucked. We used FVB/nJcl
mice (Clea Japan, Tokyo, Japan) as wild-type controls.

The present study was approved by the Ethical Committee for Animal Experiments
at the University of Tokyo, and was carried out in accordance with the Guidelines for
Research with Experimental Animals of the University of Tokyo and the NIH Guide
for the Care and Use of Laboratory Animals (NIH Guide, revised 1996).

Bubble liposomes. Bubble liposomes were prepared by previously described
methods®, Briefly, PEG liposomes composed of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) (NOF Corporation, Tokyo, Japan) and 1,2-distearoyl-sn-
glycero-3-phosphatidyl-ethanolamine-polyethyleneglycol (DSPE-PEG2000-OMe)
(NOF Corporation) at a molar ratio of 94 : 6 were prepared by a reverse phase
evaporation method. Briefly, all reagents were dissolved in 1:1 (v/v) chloroform/
diisopropyl ether. Phosphate-buffered saline was added to the lipid solution, and the
mixture was sonicated and then evaporated at 47°C. The organic solvent was
completely removed, and the size of the liposomes was adjusted to less than 200 nm
using extruding equipment and a sizing filter (pore size: 200 nm) (Nuclepore Track-
Etch Membrane; Whatman Plc, Maidstone, Kent, UK). The lipid concentration was
measured using a Phospholipid C test (Wako Pure Chemical Industries, Ltd, Osaka,
Japan). Bubble liposomes were prepared from liposomes and perfluoropropane gas
(Takachio Chemical Ind. Co. Ltd, Tokyo, Japan). First, 2-ml sterilised vials containing
0.8 ml of liposome suspension (lipid concentration: 1 mg/ml) were filled with
perfluoropropane gas, capped and then pressurised with a further 3 ml of
perfluoropropane gas. The vial was placed in a bath-type sonicator (38 kHz, 250 W)
(SONO-CLEANER CA-4481L; Kaijo Denki, Tokyo, Japan) for 1 min to form Bubble
liposomes.
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