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Figure 1| An SVA retrotransposal insertion induces abnormal splicing in
FCMD. a, Expression analysis of various regions of fukutin mRNA in
lymphoblasts. Grey bar, the ratio of RT-PCR product in patients with FCMD
relative to the normal control; numbers on the x axis, nucleotide positions of
both forward and reverse primers in fukutin. Error bars, s.e.m. b, Long-range
PCR using primers flanking the expression-decreasing area (nucleotide
position 1,061-5,941) detected a 3-kb PCR product in FCMD lymphoblast
cDNA (open arrow) and an 8-kb product in FCMD genomic DNA (filled
arrow). In the normal control, cDNA and genomic DNA both showed 5-kb
PCR products. The 8-kb band was weak, probably because VNTR region of

exon, and the new stop codon exists downstream of the new last exon-
exon junction (Supplementary Fig. 4).

‘We have recently generated knock-in mice that carry a humanized
fukutin exon 10, which either includes (Hp allele) or excludes (Hn
allele) the SVA insertion, and bred these strains with heterozygous
fukutin knockout mice to obtain compound heterozygotes (Hp/—)'¢.
Knock-in mice that are homozygous (Hp/Hp) and compound hetero-
zygous (Hp/—) are representative of the human FCMD alleles. These
mice exhibit hypoglycosylation of a-DG in skeletal muscle, which is
the most significant characteristic in o-DGpathy'®. Quantitative RT—
PCR in various tissues from Hp/Hp mice revealed an aberrant splicing
pattern identical to that seen in human patients (Supplementary
Fig. 5). Northern blot analysis detected abnormally spliced fukutin
mRNA species at the expected sizes of 5.6 and 4.6 kb in patients with
FCMD, whereas the normal fukutin mRNAs appeared at 7.4 and 6.4 kb
(Fig. 1d and Methods). We replicated these results in the knock-in
model mice (Fig. 1e and Supplementary Fig. 6a). The consistent obser-
vations between patients with FCMD and knock-in model mice lead us
to conclude that a splicing abnormality underlies the pathogenesis of
FCMD.

Abnormal splicing excises the authentic stop codon and produces
another stop codon located 388 bp downstream from the 5’ side of the
new exon 11 (Fig. 1c). The predicted protein lacks the C-terminal 38
amino acids of fukutin, instead containing 129 amino acids derived
from the SV A sequence (Supplementary Fig. 7). Endogenous fukutin is
scarce and difficult to detect; however, we were able to identify both
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codon is coloured red, and the new stop codon is coloured blue. d, e, Northern
blot analysis of fukutin in human lymphoblasts (d) and model mice (e); F,
FCMD; N, normal control. The wild-type mouse fukutin mRNA was detected
at a size of 6.1 kb. Both skeletal muscle (left) and brain (right) showed smaller,
abnormal bands in Hp/Hp mice. WT, wild type; Hn, Hn/Hn mice; Hp, Hp/Hp
mice. f, Representation of genomic DNA and cDNA in ARH (LDLRAPI, left),
NLSDM (PNPLA2, middle) and human (AB627340, right).

normal and aberrant forms of the protein in human and mouse using
immunoprecipitation followed by western blot analysis. The abnormal
fukutin protein in FCMD displayed the predicted mobility shift
(Fig. 2a—c and Supplementary Fig. 6b).

We introduced normal and aberrantly spliced fukutin cDNA con-
structs into mammalian cell lines. Whereas normal fukutin localized to
the Golgi apparatus, the aberrantly spliced fukutin protein is displaced
completely from the Golgi to the endoplasmic reticulum (Fig. 2d and
Supplementary Fig. 8). Further examination showed that a fukutin
construct lacking the C-terminal 38 amino acids also mislocalized to
the endoplasmic reticulum (Fig. 2d and Supplementary Fig. 8), sug-
gesting that the C-terminal domain of fukutin is important for local-
ization to the Golgi. Thus, impairment of this domain may lead to
fukutin dysfunction in FCMD. The mislocalization is unlikely to be
toxic because FCMD is an autosomal recessive disease and heterozyg-
ous carriers of the SVA insertion have no symptoms.

We next tested if exon-trapping occurs in other diseases with SVA
insertion®. In a patient with autosomal recessive hypercholesterolemia
(ARH), a 2.6-kb SVA was inserted within intron 1 of the LDLRAPI
gene®. A patient with lipid storage disease with subclinical myopathy
(NLSDM) also had a 1.9-kb SVA insertion in exon 3 of the PNPLA2
gene®. We found abnormally spliced products induced by SVA exon-
trapping in these patients’ fibroblast (Fig. 1f left and middle panels,
Supplementary Figs 9 and 10, and Supplementary Table 1). Cyclo-
heximide treatment to fibroblasts from these patients increased
expression of the genes (Supplementary Figs 9a and 10a), suggesting
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Figure 2 | Abnormal fukutin protein in FCMD. a-c, Immunoprecipitation
analysis of fukutin protein in human lymphoblasts (a), both skeletal muscle and
brain tissues from Hp/Hp mice (b) and brain tissue from patients with FCMD
(c); filled arrow, abnormal fukutin; N, normal sample; F, sample from patient
with FCMD; Hn, Hn/Hn mice; Hp, Hp/Hp mice; P, pre-immune serum; D,
patient with Duchenne muscular dystrophy. d, The subcellular localization of
fukutin. Top, normal fukutin; middle, mis-spliced fukutin; bottom, truncated
fukutin. Stained with anti-FLAG (left, to detect fukutin), anti-GM130 (middle,
Golgi marker, top) and anti-KDEL (endoplasmic reticulum marker, middle
and bottom), and merge (right, with DAPI stain). Scale bar, 10 pm.

that the SVA-trapped transcripts are likely to be subjected to non-
sense-mediated mRNA decay®"”. In a search for the same events using
the same acceptor site as FCMD in the human genome, we located two
- expressed sequence tags on human chromosome 4 (DA436529 and
DA060755) that represent a spliced transcript induced by an SVA
element. We found exonization in a human-specific insertion of
SVA (AB627340) into a small gene (Fig. 1f right panel and Sup-
plementary Fig. 11). The human-specific exon-trapping of SVA in
the small gene might influence human evolution and development.
FCMD alleles of the fukutin gene contain a fully intact protein
coding sequence, raising the possibility that FCMD could be treated
by restoring translation of the full-length protein through splicing
modulation with AONs. To identify promising target sequences in
various cell lines, we produced 25-mer 2'-O-methyl phosphoramidite
(2'OMePS) AONS targeted to the acceptor (A1~A3), donor (D1-D5)
and exonic splicing enhancer sites (E1-E4) in fukutin pre-mRNA
(Supplementary Fig. 12). We introduced the AONs into various cell
types and assessed the recovery of normal processing and restoration
of the authentic stop codon (Fig. 3a). Cells with A3 and E3 showed
strong suppression of SVA-derived splicing. The greatest recovery of
Sfukutin mRNA, to levels of more than 40% of the normal control, was
achieved with a combination of A3, E3 and D5 (AED) (Fig. 3a). The D5
sequence overlaps with a predicted intronic splicing enhancer site
within the aberrant intronic sequence; in normal fukutin, this
sequence resides in exon 10 (Supplementary Fig. 12).
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Figure 3 | AON cocktail rescues normal fukutin mRNA. a, RT-PCR
diagram of three primers designed to assess normal fukutin mRNA recovery
(upper). Black arrow, a common forward primer located on fukutin coding
region; dark grey arrow, a reverse primer to detect the abnormal RT-PCR
product (161 bp); light grey arrow, the other reverse primer to detect the
restored normal RT-PCR product (129 bp). The effect on Hp/Hp ES cells
treated with each single or a cocktail of AONs (lower). F, FCMD; N, normal
sample. b, Rescue from abnormal splicing in VMO-treated Hp/Hp and Hp/—
mice. Local injection of AED cocktail into tibialis anterior (n = 3). Dys, a
negative control. ¢, Rescue from abnormal splicing in VMO-treated human
FCMD lymphoblasts (left, n = 2) and myotubes (right, n = 2). The y axis shows
the percentage recovery of normal mRNA (¥P < 0.01 by Student’s #-test). TA,
tibialis anterior. Error bars, s.e.m.

We injected octa-guanidine morpholino oligonucleotide (vivo-
morpholino, VMO)'® AED cocktail locally into skeletal muscle of
knock-in mice and evaluated the therapeutic effect by calculating the
percentage recovery of normally processed mRNA. In the AED-treated
tibialis anterior and gastrocnemius of Hp/Hp and Hp/— mice, the
amount of corrected fukutin mRNA increased significantly relative to
mice treated with control VMO (Fig. 3b and Supplementary Fig. 13). We
assessed fukutin protein recovery in injected skeletal muscle tissue from
Hp/Hp mice. Consistent with the significant increase of restored normal
mRNA, normal fukutin protein was rescued (Fig. 4a). We examined
o-DG glycosylation in AED-treated Hp/— mice. Deficiently glycosy-
lated o-DG, at the predicted smaller size, was reduced in abundance,
whereas normal-sized o-DG increased after AED treatment (Fig. 4b).
The signal intensity for glycosylated a-DG was clearly increased, and a
shift in the a-DG core was observed, indicating that the rescued
fukutin is functional. Laminin overlay assays revealed a marked
increase in o-DG laminin-binding ability, indicating that o-DG
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Figure 4 | AON cocktail treatment rescues normal fukutin protein and
functional @-DG. a, d, Immunoprecipitation analysis of fukutin protein after
local treatment with VMO (AED) in FCMD model mice (a) and human FCMD
lymphoblasts (d). Arrow, normal fukutin protein. L, left tibialis anterior; R,
right tibialis anterior; Dys, negative control. b, ¢, e, Tibialis anterior muscle after
local (b) or systemic (c) treatment with AED and human FCMD lymphoblasts
treated with the AED (e) were analysed by western blot using antibodies against
o-DG core protein (top panel) and glycosylated o-DG (second), and by a
laminin overlay assay (third). Bottom, B-DG (internal control). f, Laminin
clustering assay. Left, anti-laminin; middle, anti-glycosylated o-DG; right,
merged images. Upper, normal myotubes treated with control VMO; middle,
FCMD patient myotubes treated with control VMO; bottom, FCMD patient
myotubes treated with AED.

function also is recovered (Fig. 4b). We next tested systemic AED
treatment by intravenous injection of Hp/— mice. This treatment also
showed the recovery of normally glycosylated «-DG in AED-treated
mice (Fig. 4c).

We administered the VMO AED cocktail to human lymphoblasts
and myotubes. As in knock-in mice, we observed successful correction
of the splicing abnormality. The corrected fukutin mRNA was restored
to 50% or more of the levels seen in normal controls (Fig. 3c). We
believe this to be sufficient recovery, considering that unaffected
FCMD carriers have only 50% of normal fukutin mRNA. Finally, we
tested recovery of the fukutin protein and the glycosylation of a-DG in
the cells of patients with FCMD. Not only was normal fukutin protein
expression significantly rescued in AED-treated lymphoblasts
(Fig. 4d), but also we observed recovery of normally glycosylated
o-DG in AED-treated myotubes (Fig. 4e). Inmunofluorescence stain-
ing also showed immensely increased glycosylated o-DG (Fig. 4f). A
laminin clustering assay showed increased laminin clustering ability,
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which is characteristically absent in a-DGpathy'® (Fig. 4f). These data
show that AED treatment effectively rescues normal fukutin, confirm-
ing our observation of abnormal fukutin splicing and raising the pos-
sibility of splicing modulation therapy as the first treatment for FCMD.
To treat neuronal migration disorder of FCMD, prenatal treatment
may be necessary, but it is currently difficult for ethical and technical
reasons. Nevertheless, improving even only the muscular symptoms
would greatly ameliorate quality of life of the patients as well as their
families.

Retrotransposons account for nearly half of the human genome®.
Increased numbers of reports have highlighted positive and negative
contributions of retrotransposons to human health and disease’**. In
addition to being the causative factor for FCMD, ARH and NLSDM,
SVA insertions have also been implicated in hereditary elliptocytosis,
X-linked agammaglobulinemia, neurofibromatosis type 2 and X-linked
dystonia-Parkinsonism'>**7°. It has been suggested that SVA inser-
tions cause such diseases through genomic deletion, reduced mRNA
expression or skipping of neighbouring exons'”?%. Recently, SVA splic-
ing has been suggested to generate variation within and across species
by activating functional 3’ splice sites within SV As across the human
genome, controlling gene transcription, creating alternative splicing by
exon-trapping, or inducing premature stop codons, and was experi-
mentally demonstrated®. Our findings emphasize the importance of
SVA functions in human disease and support the possibility of radical
treatment against SVA-induced disease by splicing modulation ther-
apy. AONs have become one of the most promising and practical
candidate chemicals for splicing modulation therapy in cancer”’, infec-
tious diseases®® and Duchenne muscular dystrophy***". In demonstrat-
ing the ability of AONs to rescue fukutin function in FCMD, we
introduce a novel clinical role for them in treating FCMD and other
SVA-mediated diseases, while providing new insights about the influ-
ence of SVAs on human evolution, development and disease.

METHODS SUMMARY

For AON treatment, 25-mer 2’OMePS (GeneDesign and Invitrogen) and octa-
guanidine morpholino (VMO; Gene-Tools) were used. The knock-in mouse was
produced as described previously's.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Antisense oligonudeotides. Twenty-five-mer 2'OMePS (GeneDesign and
Invitrogen) and VMO oligonucleotides (Gene-Tools) were designed to target
potential splice-modulating sequences of SVA-inserted fukutin, including a splic-
ing acceptor site, a splicing donor site, exonic splicing enhancers and intronic
splicing enhancers as follows: Al, CCGTGGAAGGAGACTGTGGAGGGAG;
A2, GGAGACCGTGGAAGGAGACTGTGGA; A3, AGAGGGAGACCGTGGA
AGGAGACTG; E1, CACCGTCCAGCCTTGGCTCGGCATG; E2, CTGCAGTG
AGCCGAGATGGCAGCAG; E3, GAGGCAGGAGAATCAGGCAGGGAGG;
E4, GAAAACCAGTGAGGCGTAGCAGGCT; D1, CAGGTCTTACCATAGT
TGGCTTCAA; D2, CAGGAATCTTCCAGGTCTTACCATA; D3, GAGCGCIT
CCAGTCCCACGTCTTTA; D4, TCCATTGGGTTGCACATTGGGAGGA; D5,
CATCCCACTCAGAAATAGGCCAGAT; DYS, GGCCAAACCTCGGCTTAC
CTGAAAT*. U (uracil) was used instead of T (thymine) for the synthesis of
2'0-MePS oligonudleotides. Target sequences are shown in Supplementary Fig. 12.
Exonic splicing enhancer sites were predicted by ESEfinder 3.0 (http://rulai.cshl.edu/
cgi-bin/tools/ESE3/esefinder.cgi), and intronic splicing enhancer sites were predicted
by ACESCAN?2 (http://genes.mit edu/acescan2/indexhtml). AONs were solubilized
in sterile distilled water.

Animals and cells. All mouse experimental protocols were approved by the Ethics
Review Committees for Animal Experimentation at Osaka University Graduate
School of Medicine and Kobe University Graduate School of Medicine. FCMD
knock-in model mice and the mouse nomendature have been described previ-
ously'®. The transgenic alleles containing normal and SVA-inserted human exon
10 were named Hn and Hp, respectively: Hp/Hp is homozygous for the SVA allele;
Hn/Hn is homozygous for the normal allele; Hp/+ and Hp/— are SVA carriers
and compound heterozygotes for the SVA and knockout alleles, respectively. The
ages of mice used in experiments varied from 2 to 6 months. The mouse ES cell line
carrying the SVA-inserted human genomic fukutin exon 10 was generated from
Hp/Hp mice. The ES cell line carrying a fukutin knockout allele has been described
previously®®. The commerdially available mouse ES cell line AB2.2 was used as a
control. Human lymphoblasts were obtained from patients with FCMD with
homozygous SVA insertions and from unaffected individuals. Human primary
myoblasts were derived from muscle biopsies from patients with FCMD and
unaffected individuals. Human primary fibroblasts were obtained by skin biopsy
from patients with ARH and NLSDM. Human autopsy brain samples were
obtained from patients with FCMD (fetus and 34-year-old) and DMD (34-year-
old). Chimpanzee brain sample was provided by the Great Ape Information
Network, Japan. Human brain RNA was purchased from Clontech. All clinical
samples were used with the approval of Human Ethics Review Committees of
Osaka University Graduate School of Medicine and Kobe University Graduate
School of Medicine.

Myoblast differentiation. Myoblast cells were maintained at 37 °Cand 5% CO, in
DMEM medium plus 20% fetal bovine serum, 2.5ngml™" of basic fibroblast
growth factor (Sigma), and a 0.5% penicillin-streptomycin-amphotericinB mix
(Wako). Myotubes were obtained from confluent myoblast cultures after 10-14
days of serum deprivation and replacement with 2% FBS.

RNA isolation, RT-PCR, qRT-PCR and sequencing. To inhibit nonsense-
mediated mRNA decay, cycloheximide (100 pgml"l) (Sigma) was added to the
culture medium 24 h before RNA isolation. For RT-PCR and gRT-PCR, total
RNA was extracted using the RNeasy Plus Mini kit (Qiagen), and cDNA was
obtained using the Superscript III One-step RT-PCR system (Invitrogen) with
random primers, following the manufacturer’s instructions. SYBR Pre-mix Ex Taq
(Takara) was used for qRT-PCR, and expression values were normalized to gapdh
as an internal control for mRNA quantity. Data were obtained from triplicate
experiments. To detect abnormally spliced RT-PCR products from patients with
FCMD, ARH and NLSDM, and from human brain AB627340 cDNA, long-range
PCR was performed using LA Taq with LA Taq Buffer II (Takara), adding
dimethyl sulphoxide and 7-deaza-dGTP (Roche). The RT-PCR products were
directly sequenced (FCMD and NLSDM), or cloned with the TOPO TA
Cloning Kit (Invitrogen) before sequencing (ARH and AB627340). To calculate
the expression ratio in Fig. 1a and Supplementary Figs 4, 5,9, 10 and 13, the value
in the mutant sample was divided by the value in the normal sample, as measured
by qQRT-PCR. To identify AON target sequences, we designed three primers to
distinguish recovered transcripts from unrecovered transcripts by AON treatment
(Fig. 3a). Similarly, we designed three primers to compare expression amount of
SVA-trapped to SVA-untrapped transcripts of the AB627340 gene (Supplemen-
tary Fig. 11a). One primer on SVA in Fig. 3a and Supplementary Fig. 11a was
within Alu-like domain: the sequence was 5'-GAAAACCAGTGAGGCGTAGC-3'".
To calculate the percentage recovery of normal mRNA processing in Fig. 3b, c and
Supplementary Fig. 13, the value of treated sample was divided by that of normal
samples, as measured by qRT-PCR at sequence position 1341, where the authentic

stop codon resides. Primer sequences for gRT-PCR and RT-PCR are available
upon request.

Northern blot analysis. Previous attempts to detect fukutin mRNA in patients
with FCMD by northern blot analysis have been unsuccessful’, probably because
the predicted mRNA sequence is the same size as abundant ribosomal RNA.
Moreover, the tertiary structure of fukutin mRNA is presumably complicated
owing to the immensely GC-rich SVA sequence. Therefore, we performed northern
blot analysis of FCMD and control mRNA after treatment to remove abundant
ribosomal RNA and strong denaturation to untangle the fukutin transcript. Total
RNA (1 mg) was extracted from human lymphoblasts, mouse ES cells, mouse brain
and mouse skeletal muscle using TRIzol (Invitrogen). Oligotex-dT30<Super>
(Takara) was used to extract more than 3 ug of poly-A RNA. Ribosomal RNA
was removed using Ribo-Minus (Invitrogen). Stronger denaturation of RNA was
achieved by incubating polyA-RNA samples with a combination of 0.8 M glyoxal
and 50% DMSO in 10 mM sodium phosphate buffer (pH 7.0) for 60 min at 55 °C.
Three micrograms of poly-A RNA was loaded on the agarose gel. A fukutin cDNA
clone covering the fukutin coding sequence was **P-labelled and used as a probe.
cDNA expression constructs. The normal fukutin cDNA encodes full-length
fukutin protein. The spliced fukutin construct encodes abnormal fukutin, as
shown in Supplementary Fig. 7. The truncated fukutin construct lacks the
C-terminal 38 amino acids. All constructs encoded FLAG epitope tags fused to
the C terminus of the expressed protein.

Cell transfection. Hela S3 cells and C2C12 cells were transfected with normal
fukutin construct, spliced fukutin construct and truncated fukutin construct using
FuGENE 6 (Roche). Fukutin localization was determined using immunocyto-
chemistry 2 days after transfection. For transfection of AONs, 2’OMePS were
introduced into various cell lines, induding mouse ES cells, human myoblasts
and human lymphoblasts, using Lipofectin (Invitrogen).

Detection of endogenous fukutin protein. The polyclonal rabbit anti-fukutin
antibody RY213 recognizes the peptide CLKIESKDPRLDGIDS, and the polyclo-
nal goat-anti-fukutin antibody 106G2 recognizes full-length fukutin protein lack-
ing the amino (N)-terminal hydrophobic domain. Endogenous fukutin was
detected by immunoprecipitation using 106G2, from cell or tissue lysates contain-
ing 5~10 mg of total protein in lysis buffer (1% Nonidet P-40, 0.5% deoxycholate,
0.1% SDS, 20mM Tris-Cl, pH 7.5 and 150 mM NaCl), followed by western blot
analysis using affinity-purified RY213.

Immunofluorescence and western blot analysis. Cells were washed and fixed
with 4% paraformaldehyde in PBS. The following primary antibodies were used:
anti-GM130 (monodonal, BD Bioscience), anti-KDEL (monoclonal, Stressgen),
anti-FLAG (rabbit polyclonal, MBL), anti-a-DG (monoclonal, ITH6C4 and
VI1A4-1, Millipore) and anti-laminin (rabbit polyclonal, Sigma). To stain nucdei,
4'6-diamidino-2-phenylindole (DAPI, Sigma) was added to the secondary
antibody solution at a final concentration of 1 ngml ™. Cells were observed under
fluorescence confocal microscopy (Carl Zeiss). Western blot analysis and laminin
overlay assays were performed as described previously'.

Mutagenesis analysis. We made the four fukutin constructs: pHn, human normal
fukutin construct consisting of exon 2-9 cDNA and genomic normal exon 10;
pHp, patient fukutin construct consisting of exon 2-9 cDNA and genomic patient
exon 10 with SVA insertion; pSpl, patient fukutin construct pHp, which lacks the
abnormally spliced region; pAcc, patient fukutin construct pHp with AG to GG
replacement at the acceptor site within the SVA sequence. These constructs were
transfected into HeLa S3 cells using Effectene (Qiagen). After extraction of poly-A
RNA by Oligotex, northern blot analysis was performed using 2 pg of poly-A RNA
for each sample with stronger denaturation mentioned above.

AON treatment of FCMD model mice. For intramuscular injection, we injected
cardiotoxin (10 uM) (Latoxan) percutaneously into tibialis anterior (0.3 nmol)
and gastrocnemius (0.7 nmol) of Hp/+, Hp/—, Hp/Hp and Hn/Hn mice on
day 0 (n =3 for each genotype). On days 1, 4 and 7, VMO (400 mgkg™") solu-
bilized in sterile distilled water was injected. AED and Dys were administered to
the left and the right legs, respectively. For systemic injection, an intraperitoneal
injection of butorphanol tartrate (5mgkg™") (Bristol-Myers Squibb) was per-
formed on day 0. VMO (20mgkg™") solubilized in 5% glucose solution was
administered by intravenous injection through the tail vein on days 1 and 7
(n = 4 for Hp/—, n= 2 for Hp/+). Mice were killed on day 21, and total RNA
or protein lysate was isolated from each tissue for further analyses of fukutin
mRNA expression, fukutin protein translation, and glycosylation of a-DG.
AON treatment of human patient cell lines. For protein analysis, VMO cocktails
(AED and Dys) were introduced into FCMD and normal control lymphoblasts at a
final concentration of 25uM in culture medium using a Gene Pulser II
Electroporator (0.25-kV voltage, 960-pF capacitance, with 0.4-cm gene pulser
cuvettes, giving a time-constant readout of approximately 40ms) (Bio-Rad)
(n = 2). For glycosylation analysis, VMO cocktails (AED and Dys) were introduced
into myoblasts from patients with FCMD and normal control cells by direct
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addition to the culture medium at a final concentration of 4 M (n = 2). After
incubation for 48 h, cells were collected and total RNA or protein lysate was isolated.
Laminin clustering assay. The AED cocktail was introduced into myotubes by
direct addition to the culture medium at a total concentration of 4 pM after a
medium change on day 2. On days 10-14, mouse EHS laminin-1 (Sigma) was
added with fresh medium at a concentration of 1.0nM and incubated for 30 min,
followed by immunocytochemistry.

SV A sequence analysis. SVA sequence was aligned to the SVA reference sequence
present in Repbase (http://www.girinst.org/repbase/update/index html)* and the

3N RESEARCH

location on the SVA reference of the splicing acceptor and donor sites in SVA was
determined.
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Abstract

significant differences among the 3 groups.

myocardial impairment in CXMD,.

Background: Two-dimensional speckle tracking echocardiography (STE) is a relatively new method to detect
regional myocardial dysfunction. To assess left ventricular (LV) regional myocardial dysfunction using STE in
Duchenne muscular dystrophy model dogs (CXMD)) without overt clinical signs of heart failure.

Methods: Six affected dogs, 8 carrier dogs with CXMD), and 8 control dogs were used. Conventional
echocardiography, systolic and diastolic function by Doppler echocardiography, tissue Doppler imaging (TDI), and
strain indices using STE, were assessed and compared among the 3 groups.

Results: Significant differences were seen in body weight, transmitral E wave and E’ wave derived from TDI among
the 3 groups. Although no significant difference was observed in any global strain indices, in segmental analysis,
the peak radial strain rate during early diastole in posterior segment at chordae the tendineae level showed

Conclusions: The myocardial strain rate by STE served to detect the impaired cardiac diastolic function in CXMD,
without any obvious LV dilation or clinical signs. The radial strain rate may be a useful parameter to detect early

Background

Duchenne progressive muscular dystrophy (DMD) is
characterized by progressive degeneration of skeletal
and cardiac muscles with fibrotic tissue replacement and
fatty infiltration [1]. Resulting myocardial dysfunction
has been estimated to be responsible for death in 20%
of human DMD patients [2,3].

Echocardiography is one of the useful noninvasive meth-
ods used to assess cardiac function in patients and animals
with Duchenne’s cardiomyopathy [4-9]. It is possible that
the recognition of earlier subclinical cardiac systolic or
diastolic dysfunction could allow for an early medical
approach, thus improving long-term cardiovascular out-
comes. Several studies have demonstrated the usefulness
of tissue Doppler imaging (TDI) to detect subclinical myo-
cardial systolic and diastolic dysfunction in patients with
normal conventional echocardiographic parameters [10].
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These studies have also confirmed that myocardial veloci-
ties, myocardial wall-thickening velocities, myocardial
velocity gradients and strain during systole and early dia-
stole in the left ventricular free wall were reduced in
patients [11-15] and dogs with DMD [16,17]. However,
strain measurements derived from TDI involve several dis-
advantages including angle-dependence and the limita-
tions of an available cardiac region for an assessment.
Since it has been reported that the distribution of myocar-
dial lesions detected by magnetic resonance imaging
(MRI) and single photon emission computed tomography
(SPECT) varied among DMD patients [18-20], TDI might
underestimate the severity of myocardial dysfunction in
certain patients.

Two-dimensional speckle tracking echocardiography
(STE) is a new approach designed to assess left ventricu-
lar function in humans and animals [21,22]. STE has no
angle-dependence and allows the assessment of any
region of the heart. Usefulness of STE analysis in human
patients with idiopathic dilated cardiomyopathy to detect
systolic and diastolic dysfunction has been described in

© 2011 Takano et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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several reports. STE provides several advantages over
TDI, in for example, estimation for the increase in LV
filling pressure [23-25]. In addition, STE has the ability to
detect regional myocardial dysfunction [22]. We hypothe-
sized that STE could detect early myocardial lesions in
patients with Duchenne’s cardiomyopathy without clini-
cal signs. To our knowledge, there have been no reports
assessing the cardiac function of Duchenne’s cardiomyo-
pathy using STE.

Canine X-linked muscular dystrophy in Japan
(CXMDy) is a Beagle-based dog colony established by
artificially inseminating frozen semen from spontaneous
Golden retriever muscular dystrophy. CXMDj has been
reported to be comparable to human patients and dogs
with DMD [9,26-28]. The purpose of the present study
was to assess left ventricular regional myocardial dys-
function using STE in affected and carrier CXMDy dogs
without overt clinical signs of heart failure.

Methods

Animals

Beagles aged 8 months old or more from a CXMDj col-
ony at the Division of Laboratory Animal Resources,
National Institute of Neuroscience, National Center of
Neurology and Psychiatry used in the present study
included 6 dogs affected with CXMDy, 8 carrier dogs,
and 8 control dogs. Control dogs had no history of car-
diopulmonary diseases, and each had a normal physical
examination, standard 6 lead electrocardiogram and
conventional echocardiogram. Dogs were categorized as
affected, carrier or normal (control) dogs on the basis of
DNA analysis conducted immediately after the birth
[27]. All experiments were approved by the Ethics Com-
mittee for the Treatment of Laboratory Animals of the

National Institute of Neuroscience (approval No. 20-03

and 21-03).

Echocardiographic Examination

All echocardiographic images were acquired using Vivid
S6 (GE Medical System, Tokyo, Japan) ultrasound unit
equipped with a 7 MHz transducer and were obtained
by one trained examiner (HT). Dogs were restrained
manually in lateral recumbency. Skilled experimental
animal technicians handled the dogs and assisted in the
experiments. For dogs that became agitated, the exami-
nation was performed 15 minutes after sedation with
acepromazine (0.01 mg/kg, IV, A.C.P. 10, 10 mg/mL,
Delvet, The State of New South Wales, Australia) and
buprenorphine (0.0075 mg/kg, IV, Lepetan injection, 0.2
mg/mL, Otsuka, Tokyo, Japan). ECG monitoring with

clear R wave recognition was recorded in concurrence
with an echocardiographic examination using the same

ultrasound unit. The mean value of variables in 3 conse-
cutive cardiac cycles was used for statistical analysis.

Page 2 of 8

Conventional Echocardiography

M-mode echocardiographic measurements were made
from the right parasternal short-axis view at the chordae
tendineae (Ct) level (LV end-diastolic and end-systolic
internal diameters [LVIDd and LVIDs], and fractional
shortening [FS]). We calculated left ventricular end-dia-
stolic volume (EDV), left ventricular end-systolic volume
(ESV) and left ventricular ejection fraction (EF) from LV
internal diameters using the Teichholz method. LV end-
diastolic and end-systolic volume indices (EDVI and
ESVI) were derived from EDV and ESV divided by body
surface area (BSA), respectively [29]. Diameters of the
left atrium (LAD) and aortic root (AoD) were measured
from the right parasternal short-axis view at the heart
base level by B-mode method, and the LA/Ao ratic was
calculated [30].

Systolic and Diastolic Function by Doppler
Echocardiography and TDI

Systolic time intervals (pre-ejection period [PEP] and LV
ejection time [ET]) were measured using an aortic flow
velocity curve [31]. Transmitral inflows (TMF) were cre-
ated from the left parasternal apical 4-chamber view.
Early (E wave) and late (A wave) filling velocities, the E
wave deceleration time (DcT) and E/A ratio were mea-
sured from the transmitral flow tracing. Left ventricular
isovolumic relaxation time (IVRT) was calculated as the
time difference between the intervals from the beginning
of the Q wave on the ECG to the onset of early diastolic
flow and intervals from the Q wave to the end of aortic
flow tracing. Tissue Doppler trace of mitral annulus
velocity (MAV) on the lateral side was obtained from
the left parasternal apical 4-chamber view to measure
peak velocities during systole (S’) and during early dia-
stole (E’). Then, the E/E’ was calculated [32,33].

Speckle Tracking Echocardiography (STE)

Right parasternal short-axis views at Ct level were used
to measure all STE indices below, because myocardial
lesion of dogs with CXMDj was reported to be localized
in free wall at basal level of LV [9]. Images were
acquired in cine loops triggered by the QRS complex,
saved in digital format, and analyzed using off-line soft-
ware (EchoPAC PC ‘08 ). The principal of speckle
tracking analysis has been described in several previous
studies [21,22,34-37]. All analysis was performed by one
observer (HT).

For the each of 6 regions of interest, peak systolic radial
and circumferential strains (SR and SC), and peak radial
and circumferential strain rates during systole and early
diastole (SrRg, SrRg, SrCq and SrCg) were measured at
the level of the Ct (Figure 1). The E/SrRg and E/SrCg
were derived from E divided by SrRg and SrCg, respec-
tively. Since the values of radial and circumferential
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Figure 1 Radial strain rate tracking for one cardiac cycle obtained from the parasternal short-axis view at Ct level. Six curves with
different colors depict respective each myocardial segments of left ventricule (anteroseptum, anterior, lateral, posterior, inferior and septum).
Systolic and early diastolic values of radial strain rate (SrRg and SrRg) were calculated.

direction were calculated from 6 segments as described
previously, the mean of all 6 segments and the mean of
each segmental value were calculated for all parameters.

Experimental Protocols

Conventional echocardiographic parameters, systolic
time intervals, diastolic functional parameters and STE
indices were obtained and compared among the
affected, carrier and normal dogs.

Since sedatives were administered when a dog was not
cooperative, the influence of sedation on all indices was
assessed using 6 normal dogs. Parameters were obtained at
baseline and 15 minutes after sedation with acepromazine
(0.01 mg/kg, IV) and buprenorphine (0.0075 mg/kg, IV),
and then compared.

For the assessment of reproducibility, intraobsever varia-
bility of STE analysis was assessed by use of images from 6
normal dogs. Using same cine loops, each STE value was
determined again 3 weeks after the primary analysis.

Statistics

Comparisons among the 3 groups were performed using
one-way ANOVA. A post hoc testing for the difference
among the groups was performed by the Steel method.
The assessment of the influence of sedation was per-
formed using the paired f-test. When the normality test
failed, the Wilcoxon signed-rank test was applied.
Intracbserver variability was express as mean of absolute
difference as the percentage of the mean of two absolute

measurements. A value of P < 0.05 was considered sta-
tistically significant.

Results

Animals

The characteristics of affected, carrier and normal dogs
in the present study are shown in Table 1. There was a
significant difference in BW among the 3 groups.

Influence of Sedation

A significant difference between pre- and post-sedation
values was seen in HR and ESVL In addition, a signifi-
cant difference was also seen in the A wave of TMF
(Table 2).

Conventional Echocardiography

No significant difference among the 3 groups was noted
in any parameters (Table 3). Mild mitral regurgitation
(MR) was detected using the color Doppler imaging in 1
carrier dog.

Systolic and Diastolic Function by Doppler

Echocardiography (Table 4)
Significant differences were seen in E wave of TMF and
MAYV on the lateral side (E’) among the 3 groups.

Speckle Tracking Echocardiography
The frame rate used for this study to analyze STE
indices ranged from 72 to 93 frames per second. Frames
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Table 1 Characteristics of each group

Page 4 of 8

Index Unit Normal dogs Carrier dogs Affected dogs
Number 8 8 6
Gender F/M 4/4 8/0 3/3
Number of sedated dogS 5 6 4

Age months 3286 + 29.73 33.13 £ 23.68 2450 + 1527
Body weight kg 1219 £ 1.04 1141 £122 949 + 2.05%

+: Significant difference compared with normal dogs by multiple comparison (P < 0.05).

per cardiac cycle were 57.38 + 6.53, 49.36 + 10.70 and
49.44 + 12.16 frames, in normal, carrier and affected
dogs, respectively, and there was no significant differ-
ence among the 3 groups (P = 0.21). Intraobserver varia-
bility of measurements was 3.6 to 13.2%. Table 5 shows
the results of global values in the STE indices of the 3
groups. In strain indices, only E/SrRg had significant dif-
ferences between normal and carrier dogs.

SrRg in the posterior segments were significantly
decreased in carrier and affected dogs when segmental
values were compared with normal dogs (Figure 2 and
table 6).

Discussion

In the present study, no significant difference was found
in any parameters using conventional echocardiography
among the 3 groups, which indicated no apparent LV
dilation or systolic dysfunction with normal FS in
affected and carrier dogs.

SrRg has been reported to show a significant correla-
tion with LV relaxation [38,39]. A significant difference
in SrR; was observed in posterior segments at the Ct
level in carrier and affected dogs. SrRg tended to decrease
in other LV segments. The results of segmental STE ana-
lysis suggest an impairment of LV relaxation in the basal
inferoposterior segments of CXMD; - affected dogs prior
to a detectable decrease in global indices of cardiac func-
tion. In previous studies, pathological lesions were fre-
quently observed in the posterior and lateral wall of the
left ventricle in patients and dogs with DMD [9,40,41].
Previous reports have indicated that TDI-derived para-
meters also identified myocardial dysfunction in the LV
free wall [11,14-17,42], which supported our results.

Circumferential strain parameters in affected dogs
were not significantly changed in the present study. In
contrast, Mertens et al. reported significant decreases in
TDI-derived strain indices in the apical, mid and basal

level of LV long-axis views in DMD patients [15]. One
possible explanation for this difference is more advanced
disease in the previously reported population, supported
by the presence of obvious LV dilation in the patients of
that study. A second possibility is different measurement
techniques. Mizuguchi et al. have suggested that LV sys-
tolic dysfunction may begin with reduced longitudinal
shortening that is compensated by augmented circum-
ferential shortening in early stages. Therefore, one could
hypothesize that STE performed using long-axis views is
a more sensitive method than with short-axis views,
although it was not evaluated in the present study.

E wave velocity in carrier dogs was significantly
increased compared with normal dogs. Increased E wave
was noticed in dogs with overt and occult dilated cardi-
omyopathy (DCM), which may suggest diastolic dys-
function [43]. However, in the present study, the other
measured parameters derived from transmitral flow,
such as DcT and A wave velocity, were all within the
reference range and no statistical significance was found
among groups. In addition, the TMF pattern was not
the typical restrictive pattern (i.e. E/A>2 as well as short
DcT) in any individual carrier dogs [43,44]. The clinical
relevance of this finding is uncertain given the relatively
small magnitude of difference and the large amount of
overlap in values among groups. In addition, higher
value of E/SrRg in carrier dogs might be influenced by
the increased E wave. E’ measured using TDI was signif-
icantly reduced in affected dogs compared with normal
dogs. This is similar to a previous report of reduced
peak E’ velocity in patients with DMD [13].

Duchenne’s cardiomyopathy in a carrier female was
previously reported, though it was found to be mild com-
pared with that in an affected male [45,46]. In the present
study, there was significant difference in segmental
assessment of SrRy between normal and carrier female
dogs as well as affected dogs. Since our carrier females

Table 2 Effects of sedation on echocardiographic parameters

Index Unit Awake Sedated P value

Conventional echocardiography HR bpm 89.10 + 27.29 6961 + 7.01 < 005
ESVI mL/m? 2737 + 3.64 2143 + 361 0.0042

Transmitral flow A wave cm/sec 4633 + 1241 3422 + 828 0.015

ESVI = Left ventricular end-systolic index; A = Peak velocity of late diastolic flow in transmitral flow (results with P value < 0.05).
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Table 3 Conventional echocardiographic parameters of each group

Index Unit Normal dogs Carrier dogs Affected dogs
HR bpm 9254 + 11.22 10639 + 2622 102.16 + 35.79
EF % 6542 + 813 67.13 £ 1035 62.89 + 13.05
FS ' % 35.04 £ 6.66 3692 + 841 3361 £ 987
EDVI ml/m? 56.19 £ 19.53 69.79 + 20.62 5335 % 27.03
ESV mb/m? ‘ 1543 + 457 2004 £ 11.02 1787 + 1375
LA/Ao 1.22 + 0.095 117 £ 014 1.08 + 0.081

EF = Ejection fraction; FS = Fractional shortening; EVDI = Left ventricular end-diastolic index; ESVI = Left ventricular end-systolic index; LA/Ao = Left atrial
diameter/aortic root diameter ratio.

Table 4 Echocardiographic systolic and diastolic parameters using Doppler of each group

Index Unit Normal dogs Carrier dogs Affected dogs
Systolic time intervals PEP/ET 021 + 0.037 021 + 0.046 0.22 + 0085
Transmitral flow E wave cm/sec 7471 + 1342 8742 + 1089t 6644 + 10.19
A wave cm/sec 4579 + 1468 4571 £ 809 4461 + 898
E/A 182 £ 071 198 + 044 1.58 + 0.52
DT ' msec 9229 + 820 91.54 + 1444 91.06 + 1473
Isovolumic relaxation time msec 3213+ 1149 2821 + 1007 3928 + 1361
Mitral annular velocity S’ wave cm/sec 1067 + 1.60 1217 £ 594 739+ 125
E wave cm/sec 1213 + 262 1133+ 212 867 + 1.65t
E/E' 639 + 1.57 789 £ 141 848 + 2.17

1: Significant difference compared with normal dogs by multiple comparison (P < 0.05).

PEP = Pre-ejection period; ET = Left ventricular ejection time; E = Peak velocity of early diastolic flow in transmitral flow; A = Peak velocity of late diastolic flow in
transmitral flow; DcT = Deceleration time of early diastolic flow; S'= Peak mitral annular velocity during systole; E'= Peak mitral annular velocity during early diastole.

Table 5 STE indices of each group

Index Unit Normal dogs ’ Carrier dogs Affected dogs

Radial SR % 44.50 + 9.63 4958 + 1476 4668 + 12.63
SrRs /sec 271 £ 041 282 + 068 278 £ 063
SrRe /sec -3.06 + 0.50 -2.55 + 0.73 -223 £ 095
E/StRe -2481 £ 521 -36.20 + 873t -3424 + 12.88

Circumferential SC % -20.87 + 3.86 -2276 £ 5.14 -23.04 + 538
SrCs /sec -249 + 026 -277 £ 072 -3.04 + 086
SrCe /sec 2.84 = 061 292 +078 270 £ 049
E/SrCe 2715+ 708 31.80 £ 892 2550 + 648

1: Significant difference compared with normal dogs by multiple comparison (P < 0.05).

SR = peak systolic radial strain; SrRs = Peak radial strain rate during systole; SrR; = Peak radial strain rate during early diastole; SC = Peak systolic circumferential
strain; SrCs = Peak circumferential strain rate during systole; SrCe = Peak circumferential strain rate during early diastole.

SiCe
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Figure 2 Segmental values of radial and circumferential strain rates during early diastole at apical and Ct levels in affected (black
bars), carrier (gray bars), and normal (white bars) dogs. Data were shown as mean + SD. t: Significant difference compared with normal
dogs by multiple comparisons (P < 0.05). SRz = Peak radial strain rate during early diastole, SrCe = Peak circumferential strain rate during early
diastole, AntSept = anteroseptum, Ant = anterior, Lat = lateral, Post = posterior, Inf = inferior, Sept = septum
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Table 6 Segmental values of peak radial strain rate during early diastole at Ct level in each group

Segment Unit Normal dogs Carrier dogs Affected dogs
Anterioseptum /sec -3.10 + 0.66 -281 £ 1.01 -268 + 1.05
Anterior /sec -298 + 051 -243 = 0.89 227 £ 1.13
Lateral /sec -3.00 + 066 -2.19 £ 076 -204 £ 101
Posterior /sec -293 £ 073 -2.19 + 054t -196 + 081t
Inferior /sec -3.04 & 068 -2.63 + 053 -2.10 £ 083
Septum /sec -332 £ 064 -3.08 = 091 -2.36 + 1.03

+: Significant difference compared with normal dogs by multiple comparison (P < 0.05).

were young to middle-aged, it is possible that follow-up
evaluation would reveal myocardial impairment.

In the present study, low dose of acepromazine was used
for sedation. The influence of sedation was seen in EDVI,
and A wave velocity of TMF. Schaefer et al. demonstrated
increased A waves of TMF and myocardial velocity using
TDI under anesthesia in normal mice, while increased
heart rates were observed at the same time [47]. They
speculated that changes in heart rates constituted one of
the factors causing increased A wave velocity. Since
changes in A waves in our study were accompanied by
decreased heart rates, there might have been a relation-
ship. Although further study is needed, parameters influ-
enced by sedation appeared to be less important in the
overall interpretation of our results. Additionally, propor-
tions of sedated dogs in each group were similar.

There were several limitations in the present study. First,
the number of dogs available for each group was limited
and age distribution was relatively wide in all groups
because of the difficulty in maintaining a sufficient num-
ber of CXMDjs. Second, body weight in affected dogs was
significantly lower than in normal dogs. However, we con-
sider that this difference would be less likely to affect our
results. Third, one carrier dog had mild MR. A report
described mitral valve prolapse in DMD patients, and MR
was considered to be responsible for LV dilation [48]. In
. the present study, because LV dilation was not observed in
that carrier dog, MR was more likely caused by myxoma-
tous degeneration of the mitral valve, the most common
acquired heart disease in dogs. In this case, MR was con-
sidered to be too mild to likely affect our results. Fourth,
the accuracy of strain measurement depends on the qual-
ity of 2-dimensional echocardiography and frame rate.
The mean frame rates per cardiac cycle in normal, carrier
and affected dogs were 57.4, 49.4 and 45.1, respectively.
The frame rate per cardiac cycle was relatively low due to
the relatively higher heart rate compared with humans
(about 70-110 frames when the human heart rate was con-
sidered to be 60 bpm [49]). This may affect the accuracy of
tracking quality, especially in early diastolic parameters.
Further investigation using newer methods might detect
change more precisely [50]. Finally, given the characteris-
tics of this disease, differences in the sex ratio among the

groups were unavoidable. Since significant differences
between males and females in some STE parameters have
been reported in a human study [51], the results could
have been influenced by gender. Since the number of nor-
mal dogs was small when categorized by gender, further
studies using a greater number of dogs are warranted. In
addition, there should be some differences in expression
of the disease among the affected dogs, and CXMD] might
have less severe disease compared to the human patients.

Conclusions

The myocardial strain rate by STE served to detect the
impaired cardiac diastolic function in CXMDj without
any obvious LV dilation or clinical signs. The radial
strain rate may be a useful parameter to detect early
myocardial impairment in CXMD;.
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GSuppon‘ing Information

ABSTRACT: To develop oligonucleotides containing new 2'-
O-modified ribonucleosides as nucleic acid drugs, we synthe- 7 5
sized three types of ribonucleoside derivatives modified at the jﬁs
2/-hydroxyl group with 2-(methoxycarbonyl)ethyl (MOCE),
2-(N-methylcarbamoyl)ethyl (MCE), and 2-(N,N-dimethylcar-
bamoyl)ethyl (DMCE) groups, as key intermediates, via the NHy :NHz) Ny
oxa-Michael reaction of the appropriately protected ribonucleo- 3= ¢ f ) <' L ﬁ/ (“ &
side (U, C, A, and G) derivatives. Among them, the 2'-O-MCE
ribonucleosides were found to be the most stable under basic
conditions. To study the effects of the 2’-O-modification on the nuclease resistance of ohgonucleotldes incorporating the 2/-O-
modified ribonucleosides and their hybridization affinities for the complementary RNA and DNA strands, 2'-O-MCE-ribonucleo-
side phosphoramidite derivatives were successfully synthesized and subjected to the synthesis of 2/-O-MCE-oligonucleotides and 2'-
O-methyl-oligonucleotides mcorporatmg 2/-0-MCE-ribonucleosides. The 2'-O-MCE-oligonucleotides and chimeric oligomers
with 2/-O-MCE and 2'-O-methyl groups thus obtained demonstrated complementary RNA strands and much higher nuclease
resistances than the corresponding 2'-O-methylated species. Finally, we incorporated the 2/-O-MCE-ribonucleosides into antisense
2'-O-methyl-oligoribonucleotides to examine their exon-skipping activities in splicing reactions related to pre-mRNA of mouse
dystrophin. The exon-skipping assay of these 2/-O-methyl-oligonucleotide incorporating 2'-O-MCE-uridines showed better

Base # Base
H CSzCOz 6‘3_??

tBuOH
Selectlve

Base

R= CH;, CHCF, Mce

X Oors
Base=A,G,C, U

efficacies than the corresponding 2'- O-methylated oligoribonucleotide phosphorothioate derivatives.

B INTRODUCTION

A number of 2'-O-modified ribonucleosides have been de-
signed and synthesized for oligonucleotide-based therapeutxcs,
represented by the silencing of mRNAs using siRNAs," antisense
RNAs,? and shRNAs3 and the suppression of specific proteins

" using RNA aptamers. * Various modlﬁcatmns with substituent
groups, such as 2/-O-methyl® 2/ -O'methoxyethyl,6 2/-0-
aminopropyl,” and 2'-O-[2-(methylamino)-2-oxoethyl],® have
been reported to date. The incorporation of these 2/-O-modified
nucleosides into oligoribonucleotides has proven to be useful for
improving their stability against hydrolysis by nucleases in
serum,’ controlling their biodistribution in cells and organs,mand
enhancing their hybridization affinities for the complementary
RNAs."! 2’-0-Modification of ribonucleosides was also used for
the introduction of tethers with other small molecules such as
lipids,* dyes, and peptides Several 2'-O-modified ribonu-
cleoside derivatives have been synthes1zed via the ring-opening
reaction of 2,2"-anhydrouridine’® and the alkylation of appro-
priately protected ribonucleosides with alkyl halides under strong

W ACS Pub“cations © 2011 American Chemical Society

3042

basic conditions."® Meanwhile, we independently reported the
synthesis and progerues of 2/-O-cyanoethyl-modified (2/-O-CE)
oligonucleotides'” (Figure 1). 2/-O-CE oligoribonucleotides
demonstrated higher hybridization affinities for the cDNAs and
RNAs than the corresponding unmodified species; they also
demonstrated favorable nuclease resistances. These results in-
dicated that 2’-O-CE oligonucleotides would be available for
oligonucleotide therapy; however, they were somewhat unstable
under basic conditions. The 2’-O-CE group was gradually
removed via f-elimination under basic conditions such as aqu-
eous ammonia. We also found that the CE group could be used as
a protecting group of 2'-OH in RNA synthesis, since this group
could be removed by treatment with 1 M Bu,NF in THF.

On the basis of the previous results, we designed three types
of ribonucleosides modified at the 2'-hydroxyl group with
2-(methoxycarbonyl)ethyl (MOCE) (1), 2-(N-methylcarba-
moyl)ethyl (MCE) (2), and 2-[(IN,N-dimethylcarbamoyl)ethyl
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Figure 1. The structures of 2'-0-MOCE, 2'-0-MCE, 2'-0-DMCE, and 2'-O-CE ribonucleosides.

(DMCE) (3) groups as novel monomer components of 2'-O-
modified oligoribonucleotides, as shown in Figure 1. We ex-
pected that these modifiers could be introduced via Michael
additions similar to the CsCOj-mediated 2'-O-cyanoethylation
used for the synthesis of 2'-O-CE ribonucleosides (4) followed
by -amidation. It seemed that the transformation of the cyano
group in the CE group to weaker electron-withdrawing groups,
such as methoxycarbonyl, N-methylcarbamoyl, and N,N-di-
methylcarbamoyl, could suppress the loss of these 2/-O-modifiers
due to [S-elimination during the entire synthetic process invol-
ving ammonia treatment required for removal of base-protecting
groups. The MCE and DMCE groups have amide functions in their
structures. Prakash et al. previously reported that oligoribonucleo-
tides incorporating 2'-O-[ 2-(methylamino)-2-oxoethyl]ribonucleo-
sides with an amide group similar to that of 2'-O-MCE
ribonucleosides showed favorable nuclease resistance.”

In this paper, we report the details of the synthesis of new 2'-
O-modified ribonucleosides, which involved highly selective oxa-
Michael additions for purine nucleotides without alkylation of
the base residues, such as cytosine, adenine, and 2-aminoadenine,
and several unique properties of oligonucleotide derivatives
incorporating these 2'-O-modified ribonucleosides. In addition
to these synthetic studies, promising biological properties of 2'-
O-MCE/2'-O-Me chimeric RNA oligomers, involving an effec-
tive exon skipping of the pre-mRINA of mouse dystrophin, are
also described.

B RESULTS AND DISCUSSION

Oxa-Michael Addition of the Secondary 2'-O-Hydroxyl
Group of Uridine to Acrylates. We tested various ,8-unsaturated
carbonyl compounds, such as alkyl acrylates (CH,=CHC(O)OR:
R = CH,, C,Hj, n-C,H,, +C4Ho, and CF3CH,), acrylamide, N,N-
dimethylacrylamide, acrolein, and methyl vmyl ketone, as the accep-
‘tors of the oxa-Michael addition of N —benzoyl -3,5'-0-(1,1,33-
tetraisopropyldisiloxane-1,3-diylJuridine (5)"in +BuOH in the
presence of cesium carbonate at room temperature for 2—18
h, as shown in Scheme 1. Before compound 5 was selected for the
Michael addition donor, 3',5'-0-(1,1,3,3-tetraisopropyldisil-
oxane-1,3-diyl)uridine®® was tested. However, the alkylation reac-
tion on the uridine moiety was faster than Michael addition to the
2'-hydroxyl group. When methyl, ethyl, and 2,2,2-trifluoroethyl
esters of acrylic acid were used, the oxa-Michael reactions
proceeded smoothly to give 2/-O-alkylated compounds 6, 7,
and 8, respectively. Other acceptors, such as n-butyl acrylates,
tert-butyl alkylate, acrylamide, N,N-dimethylacrylamide, acrolein,
and methyl vinyl ketone, were ineffective under these conditions.
The reaction rate increased by increasing the substrate concen-
tration from 0.1 to 0.2 M. The polymerization of the Michael
acceptors did not occur in most cases, except for the reaction of 5
with acrolein.

Scheme 1. Oxa-Michael Reaction to Compound 5°

(o) 20 equiv o]
o 1.0 equiv
NBz NBz
fk Py VLR Cs,C0; [“\ P
0 o N "o ¢ o N o
si tBuOH, rt,2- 18 h si
O‘S' O OH \//O‘Si o O R
it \( -
g ~
§ 6:R=MeO (71%)

7 :R = EtO (60%)
8 : R = CF4CH,0 (73%)

? Conditions: acrylate ester derivatives, Cs,COj3, t-BuOH, 1t, 2—18 b; ‘
yield: 6 (71%), 7 (60%), 8 (73%).

Functional Group Transformation of 2'-O-[2-(Alkoxy-
carbonyl)ethylluridine. Scheme 2 shows the synthesis of §'-
0-(4,4'-dimethoxytrityl Juridine derivatives modified at the 2'-
position with MOCE, MCE, and DMCE groups. The benzoyl
group of the methyl ester compound 6 was selectively removed
by treatment with 5 equiv of n-PtNH, in THF to give the
deprotetected compound 9. The methyl ester group was
inert under these conditions. When compound 6 was treated
with 40% MeNH, in MeOH, the monoalkyl amide 10 was
obtained in a good yield. However, treatment of compound 6
with 2 M Me,NH in THF did not give the desired dialkyl
amide 11 but instead gave the debenzoylated compound 9
quantitatively. The use of 50% Me,NH in H,O resulted in the
formation of a hydrolyzed compound as the main product
(data not shown). Therefore, we chose the more reactive ester
8 for the synthesis of 11. As a result, treatment of compound 8
with 2 M Me,NH in THF easily gave compound 11. Treatment
of compounds 9—11 with Et;N:3HF gave the resulting 3,5
unprotected intermediates 12— 14, which were allowed to react
with DMTrCl to give compounds 15—17, respectively.

Chemical Properties of the MOCE, MCE, and DMCE
Groups of 15—17 under Basic Conditions. We investigated
the stability of the MOCE, MCE, and DMCE groups of 15—17
under basic conditions; Table 1 summarizes these results.
We treated 10 mg of each compound with 1 mL of 1 M NaOH,
28% NH,OH, and 1 M TBAF in THF, and checked the time course
of the reaction by silica gel thin layer chromatography analysis.

Treatment with 1 M NaOH easily hydrolyzed the methyl ester
15 to give the carboxylic acid 18 in 65% yield. The ammonia
treatment of compound 15 also resulted in rapid ammonolysis,
giving rise to the amide compound 19. These results showed that
hydrolysis and ammonolysis were much faster than -elimina-
tion, and once the ester was transformed to the amide or the
carboxylic acid, further [-elimination was well suppressed.
We isolated and 1dent1ﬁed the hydrolyzed product 18 and the
amidate derivative 19 by "H NMR and HRMS. Rapid removal of
the MOCE group took place when compound 15 was treated
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Table 1. Chemical Propertles of Compound 15—17

- conditions” compd 15 compd 16 ‘compd 17
1 M NaOCH hydrolysis within § min stable for 24 h hydrolysis in 18 h
28% NH,OH amidation within S min stable for 24 h stable for 24 b
1 M TBAF/THF elimination within § min stable for 24 h elimination®
“ All reactions were done at room temperature.  #;, = 2 h. The reaction was completed at 40 °C for 2 h.
Scheme 2. Preparation of Compound 15—19% DMTro Base
o]
o o 20:Base=U
21: Base = AA®
NBz (-) for 9 NH N0 O NHMe .. = CA
ﬁ A (ipforto I Ay i ~Y 22:Base=C""
9 o N~ S0 (m) for 11 /( o o\/\CN o 23 : Base = GPa¢
S‘i
9¢¢ o R 70 s-0 O R Figure 2. The structures of 2'-O-MCE-RNA-phosphoramidites 20—
v\“/ \]/ )\ \/\n/ 23,
(o] [o]
9:R=MWMeO . . .
g : Efggoc goa 9(%':‘: ;‘ )0) 10:R= hﬁeNH Scheme 3. Selective Oxa-Michael Reactions to Compounds
o 11:R=MeN 26, 27, and 29°

[¢] o]
(J\NH kaH
) HO N/&O DMTrO N’l%o
M, | ") o) ) o
OH O\/\[rR OH o\/\n,R
(o) o)
- - 15:R=MeO
16 : R = MeNH N
12:R=MeO 17:R= MezN (‘") (vm
13 : R=MeNH 18 : R=OH
14 : R = MezN 19:R=NH,

? Conditions: (i) n-PrNH,, THF, t, 4 b, yield: 9 (71%); (i) 40%
MeNH, in MeOH, rt, 4 h, yield: 10 (66%); (iii) 2 M Me,NH in THF, rt,
2 h, yield: 11 (81%); (iv) Et;N - 3HF, THF, rt; (v) DMTrC], pyridine, tt,
yield: 15 (90%, 2 steps), 16 (51%, 2 steps), 17 (70%, 2 steps); (vi) 0.1 M
NaOHag, rt, 30 min, yield: 18 (65%); (vii) 28% NH,OH, rt, 30 min,
yield: 19 (99%).

with 1 M TBAF in THF. In our previous study, we reported that
the cyanoethyl group was removed from 2'-O-cyanoethyluridine
by using this reagent."®

The monoalkyl amide 16 was very stable under all tested
conditions. In addition, it was also stable under the conditions
of 28% NH,OH at 55 °C for § h, which are the conditions
for the oligonucleotide synthesis in this study. The amide
proton of the MCE group was supposed to be dissociated
faster than the Q-proton under basic conditions, so that the
dissociated species suppressed further deprotonation at the
O-position.

The N,N-dialkyl amide 17 demonstrated the most unique
properties. The DMCE group was stable under ammonia treat-
ment but could be removed by treatment with 1 M TBAF.

Table 1 shows that the MCE group is the most stable among
the three modified groups. Therefore, it is tolerable in the
standard RNA synthesis. This result led us to synthesize the 2'-
O-MCE-ribonucleoside 3'-phosphoramidite derivatives 20—23,
as shown in Figure 2.

Synthesis of 2'-O-MCE- Ribonucleoside 3/-0-Phosphora-
midite Derivatives 20—23. For the synthesis of 2/-O-MCE-
ribonucleoside 3'-phosphoramidite derivatives, we applied the
Michael addition to the N-protected cytidine, adenosine,

Si-O  OH \rs"o °\/\fr°Me
[o}
24 :Base=A 26 :Base=A
25:Base=C 27 :Base=C

28 : Base = 2-aminoadenyl 29 : Base = 2-aminoadenyl!

¢ Conditions: (i) Cs,CO3, methyl acrylate, £ BuOH, rt, 6—18 h, yield: 26
(72%), 27 (75%), 29 (79%).

and guanosine derivatives such as 6-N-benzoyl-3',5'-(1,1,3,3-tetra-
isopropyldisilane-1,3-diyl)adenosine,”® 4—N “benzoyl-3,5'-(1,1,3,3-
tetrmsopropyldlsﬂane -1,3-diyl)cytidine,®® and 2-N- phenoxyacetyl—
3/,5'-(1,1,3,3-tetraisopropyldisilane-1,3-diyl) guanosine.”! However,
these reactions gave complex mixtures in all cases. These results
indicated that there were side reactions on the N-protected base
moieties that had amido protons.

Several research groups have reported the selective alkylation
of the 2/-hydroxyl group of ribonucleosides, such as adenosine
and 2—armnoadenosme, with alkylating reagents under basic
conditions.”* On the basis of these results, we studied whether
a Michael reaction would be available in the presence of N-free
nucleobases.

The results are shown in Scheme 3. We found that the N-
unmasked adenosine derivative 24 underwent smooth regiose-
lective Michael additions with methyl acrylate to give the desired
2/-0-MOCE-adenosine derivative 26 in 72% yield. Similar con-
ditions were also tested on N-unmasked cytidine derivative 25.
Alkylation on the nucleobase moiety was observed as time passed
at room temperature, but Michael addition to the 2/-hydroxyl
group was much faster than the side reaction so that the desired
2/-0-MOCE-cytidine derivative 27 was selectively obtained in
75% yield.

The reaction of 3',5'-O-TIPDS-guanosine®® was also tested
under Cs,CO; conditions, but the reaction resulted in formation
of a complex mixture. The fully base-protected species, i.e., 6-O-
diphenylcarbamoyl-2-N-dimethylaminomethylene-3',5'-O-TIPDS-
guanosine,zs was also examined, but the rate of Michael reaction was
very slow. The dimethylaminomethylene (dmf) and diphenylcar-
bamoyl (dpc) group were gradually degraded so that the reaction
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Scheme 4. Synthesis of Phosphoramidites 20—22°
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6 : Base = U™ 10:Base=U
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27:Base=C 32:Base=C
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0 Mo 2022
OH O\/\n/NHMe OH O\/Y NHWe
0 ' o
13:Base=U 16:Base=U
33 : Baee = A% 35: Base = A%
34:Base=Ch° 36 : Base = CA°

4 Conditions: (i) 40% MeNH, in MeOH, EtOH, rt; (i) AcCl, pyridine,
rt (for 31 and 32); (c) Et;N-3HF, Et;N, THE, 1t, yield: 13 (73%, 2
steps), 33 (60%, 3 steps), 34 (53%, 3 steps); (iii) DMTrCl, pyridine, rt,
yield: 35 (73%) and 36 (52%); (iv) 2-cyanoethyl-N,N,N',N'-tetraiso-
propylphosphorodiamidite, diisopropylammonium 1H-tetrazolide,
MeCN, tt, yield: 20 (60%), 21 (76%), 22 (48%).

gave a complex mixture. Finally, based on the successful results
using the N-free adenosine and cytidine derivatives 24 and 25, we
chose 3,5'-O-TIPDS-2-aminoadenosine 28>* as a precursor for
the synthesis of 2/-O-MCE-guanosine derivative 30 (see
Scheme $) since the 2-aminoadenine moiety can be converted
to the guanosine one.”* Consequently, it was found the reaction
of N-unmasked 2-aminoadenosine derivative 28 with methyl
acrylate in +BuOH gave the desired 2'-O-MOCE-2-aminoade-
nosine product 29 in 78% yield without base modification.

The imino proton of uridine (pK, = 9.25)*° is apparently more
acidic than the amino protons of adenosine or cytidine (probably
more than that of aniline (pK, = 30.6)*°) and the 2'-OH proton
(pK, = 12.14— 12.86).%” Therefore, it was considered that the
imino proton of uridine would be easily dissociated by cesium
carbonate as a base so that, as compared to the nondissociated
species, the dissociated one became more reactive toward the
Michael acceptors. In contrast to the dissociation property of the
uracil base, the amino protons of adenosine and cytidine could
not be dissociated by CsCOj3. Therefore, it was expected that this
property was dependent on the inherent nucleophilicity of the
nucleobases when a Michael reaction competitively occurs on the
unprotected nucleobase sites toward a CsCO;-mediated disso-
ciated 2'-hydroxyl group.

Scheme 4 shows the synthesis of phosphoramidite compounds
20—22. We converted the 2'-O-MOCE derivatives 6, 26, and 27
to the N-free 2'-O-MCE-uridine derivative 10, adenosine deri-
vative 31, and cytidine derivative 32 via treatment with methy-
lamine. Under these conditions, the N°-benzoyl group of
the uridine derivative 6 was simultaneously removed to give
the 2/-O-MCE disilylated derivative 10, which in turn was
allowed to react with Et;N-3HF in THF to give 2'-O-MCE-
urdine (13) in 73% yield. In the case of cytidine derivative 27, a
trace amount of the S-elimination product 25 was formed by
methylamine treatment. The N-free intermediates 31 and 32
thus obtained from 26 and 27 were treated in situ with acetyl
chloride in pyridine followed by Et;N+-3HF in THF to give the
2/-0-MCE N-acetyl adenosine (33) and cytidine (34) in 51%
and 53% yields, respectively. 2'-O-MCE N-acetyl derivatives

33 and cytidine derivative 34 were treated with DMTrCl to give
the 5'-O-protected adenosine derivative 35 and cytidine deriva-
tive 36 in 73% and 52% yields, respectively. The 3'-phosphityla-
tion of §'-O-DMTT derivatives 16, 35, and 36 with 2-cyanoethyl-
N,N,N’,N'-tetraisopropylphosphordiamidite® in the presence of
diisopropylammonium 1H-tetrazolide gave the phosphoramidite

“uridine derivatives 20, adenosine derivative 21, and cytidine

derivative 22 in 66%, 76%, and 48% yields, respectively.

For the guanosine 3'-phosphoramidite building block 23, we
succeeded in synthesizing this compound via a six-step reaction
from the 2-aminoadenosine derivative 29, as shown in Scheme S.
The treatment of 2’-MOCE derivative 29 with methylamine
yielded the 2'-O-MCE derivative compound 37 in good yield
(77%). In this reaction, the selective conversion of 29 to 37
occurred without the B-elimination of the MCE group. We
attempted the selective acylation of the 2-amino group of
compound 37 by using isobutyryl chloride and phenoxyacetyl
chloride. The latter gave a better result, and the 2-N-phenox-
yacetyl derivative 38 could be easily obtained by reprecipitation.
The deamination of compound 38 with NaNO, in the presence
of AcOH gave the desired guanosine derivative 39. Since we
observed the partial elimination of the TIPDS group during this
reaction, we treated the resulting product 39 with Et;N - 3HF in
THEF in situ to give the 3',5'-unprotected product 30 in an overall
yield of 71%. The usual dimethoxytritylation of compound 30
followed by the 3’-phosphitylation of the resulting 5'-protected
compound 40 gave the guanosine 3'-O-phosphoramidite deriva-
tive 23 in a good yield (80%).

Synthesis of 2'-0-MCE/2'-O-Me-Chimeric Oligonucleo-
tides. 2'-O-MCE-oligonucleotides and chimeric oligonucleo-
tides partially modified with 2'-O-MCE-ribonucleosides were
synthesized by using the ribonucleoside 3’-phosphoramidite
building blocks 20—23, according to the standard
phosphoramidite*>*' procedure. We carried out the synthesis
of these modified oligonucleotide using an ABI-392 DNA/RNA
synthesizer and CPG resins. Either 5-benzylthio-1H-tetrazole
(BTT)® or 5-[bis(3,5-trifluoromethyl)phenyl]-1H-tetrazole*
was used as an activator. We used BTT for the synthesis of
ORNs 1—5(Table 2). BTT was also used for the synthesis of
ORN 6; however, the coupling reaction with compound 23 did
not proceed well. Compound 23 was less reactive than the other
phosphoramidites 20—22. Therefore, we tested several activa-
tors to obtain an optimized coupling reaction using compound
23 at room temperature for 10 min. When 1H-tetrazole or
BTT was used as the activator, the coupling efficiency was
lower than 10%. On the other hand, the use of 5-(bis-3,5-
trifluoromethylphenyl)-1H-tetrazole gave a much better result
with more than 90% coupling efficiency, and thereby, S-(bis-3,5-
triftuoromethylphenyl)-1H-tetrazole was the best choice for our
reagent. The release of oligonucleotides from the resin and
simultaneous deprotection of the protecting groups were carried
out by using 28% NH,OH at 55 °C for 5 h. In all cases, we
obtained the desired products as the main peaks. The side
products derived from [-elimination and transamidation were
not observed. 3-[(Dimethylaminomethylidene)amino]-3H-
1,2,4-dithiazole-5-thione (DDTT)>! was used as a sulfurization
agent for the synthesis of ORNs 10 and 12. We characterized the
synthesized oligonucleotides by MALDI-TOF.

Hybridization Properties of 2'-O-MCE-Oligonucleotides.
We measured the Ty, values of the duplexes of 2'-O-MCE-
oligonucleotides with the cDNA and RNA strands in 10 mM
sodium phosphate buffer (pH 7.0) in the presence of 100 mM
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Scheme S. Synthesis of Phosphoramidite 23°
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“ Conditions: (i) MeNH, in MeOH, EtOH, rt, yield: 37 (77%); (ii) phenoxyacetyl chloride, pyridine, ~10 °C, yield: 38 (73%); (iii) NaNO,, AcOH,
H,O, rt; (iv) EtsN - 3HF, EtsN, THEF, rt; yield: 30 (71%); (v) DMT<Cl, pyridine, rt, yield: 40 (75%); (vi) 2-cyanoethyl-N,N,N',N'-tetraisopropylpho-
sphorodiamidite, diisopropylammonium 1H-tetrazolide, MeCN, rt, yield: 23 (80%).

Table 2. Synthesized Oligonucleotides Used in This Study and Mass Data

entry sequence” ~ backbone® caled mass obsd mass
ORN 1 §'-UUU UUU UUU UUU-3 PO 4630.0 4628.8
ORN 2 5'-(2/-0-CE)-UUU UUU UUU UUU-3 PO 4236.4 42384
ORN 3 5'-(2'-0-Me)-UUU UUU UUU UUU-3 PO 3779.5 3779.5
ORN 4 S'-AAA AAA AAA AAA-Y PO 4908.8 4908.3
ORN § §'-(2'-0-Me)-CGU AGA CUA UCU C-3' PO 42417 42403
ORN 6 §'-(2'-0-Me)-CGU AGA CUA UCU C-3 PO 4315.8 4314.8
ORN 7 §'-(2/-0-Me)-CGU AGA CUA UCU C-3' PO 4315.8 43152
ORN 8 §'-(2/-0-Me)-CGU AGA CUA UCU C-3 PO 4315.8 43153
ORN 9 §'-(2'-0-Me)-CUC CAA CAG CAA AGA AGA UGG CAU UUC UAG-3 PO 10019.8 10025.9
ORN 10 §'-(2/-0-Me)-CUC CAA CAG CAA AGA AGA UGG CAU UUC UAG-3/ PS 104832 104922
ORN 11 5'-(2"-0-Me)-CUC CAA CAG CAA AGA AGA UGG CAU UUC UAG-3/ PO 10446.0 10453.6
ORN 12 §'-(2'-0-Me)-CUC CAA CAG CAA AGA AGA UGG CAU UUC UAG-3 PS 10909.4 10915.1

“B: 2/-O-MCE-RNA. * PO, PS means phosphate backbone, and phosphorothioate backbone, respectively.

NaCl and 0.1 mM EDTA. These results are summarized in
Table 3. The data were compared with those of natural RNAs and
2'-O-methyl RNAs. When 2/-O-MCE-U was incorporated into
all U’s of U;, (ORN 1, entry 2), the T, value of the duplex of 2/
O-MCE-U,, with the complementary RNA strand was 12 °C
higher than that of the duplex derived from natural RNA (entry 1).
The AT, value was 1 °C per modification. The degree of this
T, increase was the same as that of 2’-O-Me-U},."” As opposed
to this result, when we incorporated 2'-O-MCE-A into all A’s of

3046

Ay, (entry 4), we did not observe such a significant T, increase.
Next, the effect of one point 2'-O-MCE-ribonucleoside modifi-
cation on the thermostabilities of the duplexes was examined. We
incorporated 2/-O-MCE-G, 4, and C into the fifth G (ORN 6,
entry 6), sixth A (ORN 7, entry 7), and seventh C (ORN 8,
entry 8), respectively, of §'-(2-0-Me)-CGUAGACUAUCUC-3’
(ORN 5, entry S). The differences in T, between the modified
and unmodified duplexes were —2, 41, and 0 °C for the
complementary RNA strand, respectively. Meanwhile, the AT,
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Table 3. Hybridization Affinity of 2'-0-MCE-Oligonucleotides

entry sequence Tp (°C) vs RNA® T, (°C) vs DNA?

1 §'-UUU UUU UUU UUU-3 14 9
2 §'-UUU UUU UUU UUU-3' (ORN 1) 26 nd
3 §-AAA AAA AAA AAA-3 14 nd.
4 S'-AAA AAA AAA AAA-3' (ORN 4) 15 nd.
5 5'-(2/-0-Me)-CGU AGA CUA UCU C-3' (ORN 5) 67 49
6 §'-(2'-0-Me)-CGU AGA CUA UCU C-3' (ORN 6) 65 45
7 §'-(2'-0-Me)-CGU AGA CUA UCU C-3' (ORN 7) 68 48
8 §'-(2/-0-Me)-CGU AGA CUA UCU C-3' (ORN 8) 67 48
9 5'-(2'-0-Me)-CUC CAA CAG CAA AGA AGA UGG CAU UUC UAG-3' (PO backbone, ORN 9) 85 74

10 §'-(2/-0-Me)-CUC CAA CAG CAA AGA AGA UGG CAU UUC UAG-3' (PS backbone, ORN 10) 81 69

11 5'<(2/-0-Me)-CUC CAA CAG CAA AGA AGA UGG CAU UUC UAG-3' (PO backbone, ORN 11) 85 71

12 §'-(2/-0-Me)-CUC CAA CAG CAA AGA AGA UGG CAU UUC UAG-3' (PS backbone, ORN 12) 81 73

? T,y values were measured in 2 #M oligonucleotide, 10 mM sodium phosphate buffer (pH 7.0), 100 mM NaCl, and 0.1 mM EDTA.
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Figure 3. Time courses of degradation of 2'-0-MCE, 2'-O-CE, and 2'-
O-methyl oligonucleotides by snake venom phosphodiesterase.

values of the same 2'-O-MCE oligonucleotides for the cDNA
strand were —4, —1, and —1 °C, respectively. The 2/-O-MCE
oligonucleotides exhibited stronger binding affinities for RNAs
than DNAs, as shown in Table 3 similar to the 2’-O-methyl
RNAs. Six-point modification of ORNs 9 and 10 with 2'-O-
MCE-U showed these modified ORNs 11 and 12 could maintain
the original binding affinity for the complementary RNA and
DNA strands, as shown in entries 9—12. This property should be
suitable for oligonucleotide therapeutics targeting RNAs.
Nuclease Resistance of 2'-O-MCE RNA. We examined the 3'-
exonuclease resistance of 2'-O-MCE oligonucleotides using
snake venom phosphodiesterase (SVPD).*”> The 2'-O-MCE-
oligonucleotide ORN 1 was subjected to the digestion reaction
using SVPD. The time course of the remaining full-length ORN 1
was measured by RP-HPLC, as shown in Figure 3. The 3'-
exonuclease resistance properties of 2'-0-CE oligonucleotide
(ORN 2) and 2'-O-Me oligonucleotide (ORN 3) were also
studied to compare with that of ORN 1. As a result, the 3'-
exonuclease resistance of ORN 1 was much higher than those of
ORN 2 and ORN 3. Although t;/, of ORN 1 was about 120 min,
it was six times larger than those of ORN 2 and ORN 3.
Exon-Skipping Activity of 2/-0-MCE RNAs in the Splicing
of the Pre-mRNA of Mouse Dystrophin. Because the T,

analysis and nuclease resistance assay of 2'-O-MCE oligonucleo-
tides described above demonstrated their potential availability for
oligonucleotide therapy targeting specific RNAs, we examined the
biological activities of the exon skipping of pre-mRNA of mouse
dystrophin.®® Exon skipping is currently the most promising
approach to the oligonucleotide therapy of Duchenne muscular
dystrophy.>* Because antisense oligonucleotides for exon skipping
must be delivered to the cellular nucleus in order to modulate the
splicing of pre-mRINA, they must possess sufficient stabilities
against nucleases in blood and cytoplasm. Once antisense oligo-
nucleotides are delivered into the nucleus successfully, they must
hybridize with the targeting pre-mRNA selectively. It was reported
that phosphorothioate (PS) oligonucleotides with nuclease
resistance™ were easily delivered into the nucleus once they
permeated the cells.** We considered that 2/ -O-MCE-oligonucleo-
tides with phosphorothioate backbones would improve the effi-
cacy of exon skipping by adding further nuclease resistance to the
phosphorothioate 2'-O-methyl-oligonucleotides and improve the
binding toward the complementary RNA strands. Recently, 2'-O-
methyl-PS-oligonucleotides and morpholino oligonucleotides
have been proven to be effective for exon skipping, as exemplified
by successful mdx mice in vivo experiments. Therefore, we
synthesized a 2'-O-MCE-PS-oligonucleotide of ORN 12 that
corresponded to a 30 base sequence (mB30) reported by Are-
chevala-Gomeza et al.*” The mB30 sequence was reported to be
effective for exon skipping when incorporated into not only 2'-O-
methyloligoribonucleotides with phosphorothioate linkages but
also morpholino oligonucleotides. We incorporated 2'-O-MCE-
Us into the U residues of 2'-O-methyl-phosphorothioate ORN 10.
There are a total of 6 uridine residues in mB30, and they are mainly
localized at the 3'-end of the strand. To evaluate the influence of
the phosphorothioate backbone, we also synthesized phosphate
derivatives ORNs 9 and 11. We purchased the antisense morpholino
ORN 13 from Gene Tools.

ORNSs 9—13 were administrated to the exon 52-deleted mdx
mouse (mdx52) by intramuscular injection.>® We evaluated the
efficacy of exon skipging by the RT-PCR of the total RNAs as
described previously.*® Figure 4 displays the results. The experi-
ments were performed two times. As shown in part g, six-point
substitution of 2'-O-MCE-U (ORN 12, exon-skipping efficacy =
62%) dramatically enhanced the exon-skipping efficacy com-
pared with that of the 2'-O-methyl-PS oligonucleotides (ORN
10, exon-skipping efficacy = 34%). Its efficacy was almost the
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