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L, 2B DERICENTE L < fhvik EETRE L Bbhiz, RBAEORRT,
EPRHH SN TOWRWE S, HEE L BMD & DMD D32 S\ TR 3 = & 13w
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bole, SBITARBRRBLZBLTELNLD
WERERE~OEA L AE X RFEOEKK
HIZRFHEE ATV e S b | D 72 B ERIAET O
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Phosphorodiamidate morpholino oligomer (PMO)-mediated exon skipping is among the more promising
approaches to the treatment of several neuromuscular disorders including Duchenne muscular dystrophy. The
main weakness of this approach arises from the low efficiency and sporadic nature of the delivery of charge-
neutral PMO into muscle fibers, the mechanism of which is unknown. In this study, to test our hypothesis that
muscle fibers take up PMO more efficiently during myotube formation, we induced synchronous muscle
regeneration by injection of cardiotoxin into the tibialis anterior muscle of Dmd exon 52-deficient mdx52 and
wild-type mice. Interestingly, by in situ hybridization, we detected PMO mainly in embryonic myosin heavy chain-
positive regenerating fibers. In addition, we showed that PMO or 2'-O-methyl phosphorothioate is taken up efficient-
ly into C2C12 myotubes when transfected 24-72 h after the induction of differentiation but is poorly taken up into
undifferentiated C2C12 myoblasts suggesting efficient uptake of PMO in the early stages of C2C12 myotube forma-
tion. Next, we tested the therapeutic potential of PMO for laminin-a2 chain-null dy**/dy®* mice: a model of merosin-
- deficient congenital muscular dystrophy (MDC1A) with active muscle regeneration. We confirmed the recovery of
laminin-a2 chain and slightly prolonged life span following skipping of the mutated exon 4 in dy**/dy*X mice.
These findings support the idea that PMO entry into fibers is dependent on a developmental stage in myogenesis
rather than on dystrophinless muscle membranes and provide a platform for developing PMO-mediated therapies
for a variety of muscular disorders, such as MDC1A, that involve active muscle regeneration.

INTRODUCTION deletion, nonsense or duplication mutations in the DMD gene,
which encodes the protein dystrophin (1). The milder Becker
Duchenne muscular dystrophy (DMD), the most common form  muscular dystrophy (BMD) typically results from in-frame dele-
of muscular dystrophy, involves progressive deterioration of tions in the DMD gene that allows the expression of limited
muscle function. DMD is caused mainly by a frameshift amounts of an internally truncated but functional protein (2).
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In recent years, RNA-targeted splice-correction therapy by
antisense oligonucleotide (AQ) in DMD muscle with the
object of restoring an in-frame, Becker-like transcript is
among the more promising therapeutic approaches to treating
DMD (3,4). To this end, systemic administration of AO, such
as phosphorodiamidate morpholino oligomers (PMOs), target-
ing specific exon(s) in the Dmd gene has been shown to restore
the reading frame and induce body-wide production of partially
functional BMD-like dystrophin in mouse and dog models of
DMD (5-8). Currently, this method was shown to be promising
and safe in phase Il trials with PMO (9) or 2'-O-methyl phosphor-
othioate (2’OMePS), which is also the most common AO (10),
targeting exon 51 for DMD.

PMO, which has a neutral chemistry, provides outstanding
safety characteristics and excellent in vivo efficacy and is suit-
able for human use. Moreover, PMO is being used extensively
as a tool for selective inhibition of gene expression in cell
culture models. However, the poor delivery of the PMO limits
the application of PMO-mediated therapy for DMD or other
muscular dystrophies. At present the precise mechanism of
PMO entry into dystrophin-deficient muscle fibers is still
unknown (11,12). A dominant hypothesis is that PMO enters
dystrophin-deficient muscle fibers as a result of abnormal mem-
brane permeability, a so-called ‘leaky membrane’ (13,14).

Here, we show that embryonic myosin heavy chain (eMHC)
and dystrophin double-positive regenerating myotubes can in-
corporate PMO efficiently into Dmd exon 52-deficient mdx52
(15) and wild-type (WT) mice. Our in vitro studies of C2C12
myoblasts suggest that PMO or 2'OMePS is taken up preferen-
tially into muscle cells during the process of myotube formation.
We also tested the therapeutic potential of PMO treatment
on the dy*®/dy** mouse (16): a model of laminin-a2 chain
(merosin)-deficient congenital muscular dystrophy (MDC1A)
(MIM156225) with active muscle regeneration. Our results
support the idea that PMO entry into muscle fibers is dependent
on a developmental stage in myogenesis rather than on an intrin-
sic defect in the membrane of dystrophinless muscle fibers:
the ‘leaky-membrane’ hypothesis. As such it provides a platform
for developing PMO-mediated therapies for a variety of
muscular disorders, such as MDCIA, that involve active
muscle regeneration.

RESULTS

Induction of exon 51 skipping in dystrophin-deficient mdx52
butnotin WT mice after systemic PMO injection, suggesting
abnormally high membrane permeability in mdx52 mice

To examine the effect of systemic PMO-mediated exon 51 skip-
ping (Supplementary Material, Fig. S1A), we injected
5-week-old mdx52 and BL6 WT mice with a single dose of
51Do (Table 1), which targets the splice donor site of exon 51

Table 1. AO sequence of PMO or 2’OMePS against exon 51 of the Dind gene of
mice used in this study

Name Position Sequence

51Do +10—-15 TTGTTITATCCATACCTTCTGTTTG
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of the Dmd gene, at a range of doses 80, 160, 320 or 640 mg/
kg. Two weeks after the injection, the gastrocnemius muscles
were isolated and analyzed by reverse transcription—polymerase
chain reaction (RT—PCR). We could detect no skipped bands in
WT mice but exon 51 skipping was induced in a highly dose-
dependent manner with the range of 80-640 mg/kg doses,
showing approximately up to 90% skipping efficiency in
mdx52 mice by RT-PCR (Supplementary Material, Fig. S1B).

Enhancement of dystrophin expression after intramuscular
injection of PMO into very actively regenerating TA muscles
of mdx52 mice at S weeks of age

To investigate the mechanism of PMO uptake into muscle fibers,
we first evaluated the percentage of centrally nucleated fibers, a
marker of regenerated fibers, across a range of ages in mdx52
(n =3, each age group). Centrally nucleated fibers appeared
around 3 weeks, dramatically increased around 4—5 weeks and
reached 80% after 16 weeks in mdx52 mice (Fig. 1A and B) (Sup-
plementary Material, Fig. S2). Next, we injected PMO 51Do
(400 pg/kg body weight) into both tibialis anterior (TA)
muscles of mdx52 mice aged 3—32 weeks to induce exon 51 skip-
ping (Fig. 1C) and evaluated the extent of dystrophin expression
by immunohistochemistry. Two weeks after the injection, the
TA muscles were isolated and analyzed by immunohistochemis-
try. The percentage of dystrophin-positive fibers was 45% on
average when PMO was injected at 4 weeks and approximately
20% when PMO was injected from 6 to 32 weeks (Fig. 1D and E).
We found that the percentage of dystrophin-positive fibers was
highest when PMO was injected into mdx52 mice at age 5
weeks when muscle regeneration was very active.

Classification of dystrophin-positive fibers into two types:
Bromodeoxyuridine-positive small-caliber fibers and
bromodeoxyuridine-negative normal-caliber fibers in
mdx52 mice

To further investigate the phase of PMO uptake, we administered
bromodeoxyuridine (BrdU) in the drinking water (0.8 mg/ml) for
6 days after a single intramuscular injection of PMO 51Do
(400 pg/kg body weight) to label newly regenerated fibers. We
injected into TA muscle of mdx52 mice aged 5 and 32 weeks.
Mice were killed 2 weeks after the PMO injection and TA
muscles were removed and analyzed by immunohistochemistry
for dystrophin, BrdU and DAPI (Fig. 2A). We found that
dystrophin-positive fibers could be classified into two types:
BrdU-positive small-caliber fibers with diameters of 30—40 um
and BrdU-negative normal-caliber fibers with diameters of
40-60 pm at 5 and 32 weeks in mdx52 mice (Fig. 2B and C).
The total numbers of dystrophin-positive fibers were significantly
higher in the mice injected with PMO at 5 weeks than at 32 weeks

Table 2. Probe sequences against 51Do for in situ hybridization used in this
study

Name Sequence
Positive probe CAAACAGAAGGTATGGATAAAACAA
Negative probe TTGTTTTATCCATACCTTCTGTTTG
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Figure 1. Evaluation of the optimal injection age of PMO into TA muscle in
mdx52 mice. (A) Percentage of centrally nucleated fibers (CNFs) in TA muscle
of mdx52 mice according to ages is calculated. The data (n = 3—5) are presented
as mean + SD. (B) Week-on-week percentage changes of CNF in TA muscle of
mdx52 mice according to ages. n = 3-5. (C) Strategy for exon 51 skipping in
mdx52 mouse. Exon 51 skipping by appropriate phosphorodiamidate morpholino
oligomers (PMO), indicated by a black line, can restore the reading frame of dys-
trophin in the mdx52 mouse, which lacks exon 52 in the mRNA of the murine Dmd
gene, leading to out-of-frame products. (D) Percentage of dystrophin-positive
fibers according to the injection ages after intramuscular injection of PMO into

and the proportion that were of BrdU-positive, small-caliber fibers
was also significantly greater (Fig. 2D). Then, we injected PMO
(320 mg/kg) into the tail vein of mdx52 mice at 5 weeks, which
were administered of BrdU in the drinking water (0.8 mg/ml)
for 6 days, and performed immunohistochemistry for dystrophin,
BrdU and DAPI 2 weeks after the injection (Fig. 2E). A signifi-
cantly large number of BrdU-positive fibers (303/314, 96.50%)
exclusively expressed dystrophin compared with the BrdU-
negative fibers (185/943, 19.62%) (P < 0.001 by Fisher’s exact
test) (Fig. 2F). These data suggest that immature regenerated
fibers, which are called myotubes, could take up PMO more effi-
ciently than mature fibers.

Efficient PMO entry into regenerated fibers at 4 days
after cardiotoxin injection in mdx52 mice

In this study, we evaluated the mechanism of PMO entry into
small-caliber BrdU-positive fibers. To induce the synchronous
regeneration of fibers, cardiotoxin (CTX) was injected intramus-
cularly into TA muscle of mdx52 mice at age 5 weeks (Supple-
mentary Material, Fig. S3). At 1-5 days after CTX injection,
PMO (400 p.g/kg body weight) targeting the splice donor site
of exon 51 was injected into each TA muscle followed by oral
administration of BrdU (0.8 mg/ml) for 7 days (Fig. 3A). Two
weeks later, TA muscles were obtained and analyzed by RT—
PCR, immunohistochemistry and western blotting. The percent-
age of dystrophin-positive fibers by immunohistochemistry
(Fig. 3B and C) and dystrophin expression level by western blot-
ting (Fig. 3D and E) peaked in muscles where PMO had been
injected at 4 days after CTX injection. On histology, the TA
muscle BrdU and eMHC double-positive small-caliber fibers
were seen at high levels at 4 days after CTX injection (Supple-
mentary Material, Fig. S4). These results suggest that PMO
was taken up very efficiently when eMHC-positive small-caliber
fibers were mainly seen in mdx52 mice.

Dramatical induction of exon 51 skipping following systemic
PMO injection at 4 days after CTX injection into TA muscles
of WT mice

Then we examined the localization of PMO in muscle cryosec-
tions using fluorescein-conjugated PMO (f-PMO). First,
f-PMO (400 pg/kg body weight) targeting the splice donor site
of exon 51 was injected into each TA muscle of mdx52 mice at
age 5 weeks. Two weeks later, TA muscles were obtained and
analyzed by RT-PCR and immunohistochemistry. We found
that both PMO and f-PMO could induce similarly efficient
exon 51 skipping and dystrophin expression at the fiber mem-
brane (Supplementary Material, Fig. S5A and B).

We next investigated whether the f~PMO is taken up into
eMHC-positive regenerated fibers after CTX injection into

TA muscle of mdx52 mice. The data (n = 3—4) are presented as mean + SD.
**P < 0.01. (E) Immunohistochemical staining for dystrophin, in the TA
muscle of mdx52 mice at 5 or 32 weeks of PMO injection age. The restoration
of dystrophin in the TA muscles was examined 2 weeks after the injection of
PMO (400 pg/kg body weight). One representative out of three independent
experiments is shown. BL6: TA muscle froma WT C57/BL6. mdx52, Sw: PMO-
treated TA muscle from mdx52 mice at 5 weeks. mdx52, 32w: PMO-treated TA
muscle from mdx52 mice at 32 weeks. Scale bar: 100 pm.
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Figure 2. Evaluation of dystrophin-positive fibers using BrdU after intramuscular injection of PMO into the TA muscle of mdx52 mice. (A) Experimental model of
PMO injection into TA muscle of mdx52 mice. PMO (400 pg/kg body weight) was injected into the TA muscles of mdx52 mice at 5 or 32 weeks and immunohisto-
chemistry performed 2 weeks after the injection, respectively. (B) Triple immunohistochemical staining of cryosections in TA muscle of mdx52 mice at 5 weeks or 32
weeks for dystrophin, BrdU and DAPI. BL6: TA muscle froma WT C57/BL6. No treat: Untreated TA muscle from mdx52 mice. Data are representative of four in-
dependent experiments. Scale bar, 50 wm. (C) Histogram of BrdU-positive or BrdU-negative fibers among dystrophin-positive fibers in the TA muscle of mdx52 mice
at 5 or 32 weeks of injection age, » = 4. (D) Number of BrdU-positive or BrdU-negative fibers among dystrophin positive fibers at 5 or 32 weeks of injection age in
mdx52 mice. The data (n = 4) are presented as mean + SD, **P < 0.01. (E) Evaluation of dystrophin-positive fibers using BrdU after systemic injection of PMO
(320 mg/kg) into mdx52 mice at 5 weeks. Triple immunohistochemical staining of cryosections in TA muscle of mdx52 mice for dystrophin, BrdU and DAPI.
Data are representative of four independent experiments. Scale bar: 50 pwm. (F) Statistical analysis of dystrophin-positive fibers using BrdU after systemic injection
of PMO into mdx52 mice. Fisher’s exact test was used to test for the relationship between the BrdU and dystrophin expressions. ***P < 0.001.
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