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A cell-penetrating peptide enhances delivery
and efficacy of phosphorodiamidate
morpholino oligomers in mdx mice
Li Gan,1 Leslie C.L. Wu,1 Jenna A. Wood,1 Monica Yao,1 Chris M. Treleaven,1 Nelsa L. Estrella,1

Bruce M. Wentworth,1 Gunnar J. Hanson,1 and Marco A. Passini1

1Sarepta Therapeutics, Inc., 215 First Street Cambridge, Cambridge, MA 02142, USA
Antisense RNA technology is a strategy for the treatment
of Duchenne muscular dystrophy (DMD), a progressive
and universally fatal X-linked neuromuscular disease caused
by frameshift mutations in the gene encoding dystrophin.
Phosphorodiamidate morpholino oligomers (PMOs) are an
antisense RNA platform that is used clinically in patients
with DMD to facilitate exon skipping and production of
an internally truncated, yet functional, dystrophin protein.
Peptide-conjugated PMOs (PPMOs) are a next-generation
platform in which a cell-penetrating peptide is conjugated
to the PMO backbone, with the goal of increasing cellular
uptake. RC-1001 is a PPMO that contains a proprietary
cell-penetrating peptide and targets the Dmd mutation in
mdx mice. It was evaluated in mdx mice for exon 23 skip-
ping, dystrophin production, and functional efficacy. Sin-
gle-dose RC-1001 dose dependently increased exon skipping
and dystrophin protein levels in striated muscle and is asso-
ciated with improvements in muscle function. Dystrophin
protein levels were durable for 60 days. Three doses, each
given 1 month apart, increased exon skipping to 99% in
quadriceps and 43% in heart, with dystrophin protein levels
at 39% and 9% of wild type, respectively. These findings sup-
port clinical development of PPMO therapies for the treat-
ment of DMD.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is a rare, progressive, fatal,
degenerative neuromuscular disease with X-linked recessive inheri-
tance caused by mutations in the DMD gene, encoding dystro-
phin.1,2 These mutations disrupt the messenger RNA (mRNA)
reading frame and result in production of little or no dystrophin,
a crucial component of the protein complex that connects the cyto-
skeleton of a muscle fiber to the extracellular matrix.1,3–5 In the
absence of dystrophin, the mechanical stress of muscle contraction
causes membrane instability and muscle damage.6 The progression
of DMD involves irreversible decline, beginning with reduced mus-
cle strength, difficulty walking, and developmental delays, followed
by loss of ambulation and, ultimately, death from respiratory or car-
diac failure.2,4
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One current therapeutic strategy for DMD is the use of rationally
designed antisense oligonucleotides (ASOs) that target specific se-
quences within the pre-mRNA transcript and modulate alternative
splicing or block aberrant, disease-causing splice sites.7 Directed
exon skipping with ASOs enables restoration of the DMD mRNA
reading frame.8–11 This results in the translation of an internally trun-
cated, yet functional, dystrophin protein. The theory of exon skipping
emanated from what is known as the reading-frame rule: out-of-
frame deletions or duplications lead to the absence of dystrophin
and a more severe DMD phenotype, whereas in-frame mutations
that lead to the production of shortened, functional proteins are asso-
ciated with the milder DMD phenotype.5,12 Among various chemi-
cally modified ASOs, phosphorodiamidate morpholino oligomers
(PMOs) showed a widespread increase of dystrophin production
with a favorable safety profile in murine and canine models of
DMD.13–18 To date, there are four US Food and Drug Administration
(FDA)-approved PMO therapies for patients with DMD: eteplirsen
(Exondys 51)19 for patients amenable to exon 51 skipping, golodirsen
(Vyondys 53)20 and viltolarsen (Viltepso)21 for patients amenable to
exon 53 skipping, and casimersen (Amondys 45)22 for patients
amenable to exon 45 skipping. Accelerated FDA approval was
granted to these PMOs based on the surrogate endpoint of increased
dystrophin production in skeletal muscle that is likely to predict clin-
ical benefit in patients with DMD. Longer-term studies of eteplirsen
and golodirsen (2–3 years) have suggested that these agents preserve
ambulatory and pulmonary function in patients with amenable DMD
mutations.23–27 Although these therapies represent a major advance
in the treatment of DMD, delivery to target tissues and cellular uptake
could be improved.28 Pre-clinical data especially suggest that drug de-
livery to cardiomyocytes is limited.17,28 Moreover, current PMO ther-
apies require weekly dosing to achieve and sustain clinical benefit in
DMD.15,18–21,25,29,30 While the introduction of home-based infusions
has alleviated the burden of treatment in terms of travel, weekly treat-
ments still require a considerable commitment of time and effort,
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indicating that reduction in dosing frequency would be a desirable
attribute.31

Peptide-conjugated PMOs (PPMOs) are a next-generation chemistry
platform in which a cell-penetrating peptide is conjugated to the
PMO backbone, with the goal of increasing cellular uptake, exon skip-
ping, and dystrophin levels.32 Pre-clinical work has shown that in
certain instances, PPMOs can be dosed less frequently than corre-
sponding PMOs to produce dystrophin, reduce disease pathology,
and increase skeletal and cardiac muscle function.33–38

In the current study, we conjugated a proprietary cell-penetrating
peptide to a Dmd exon 23-skipping PMO and tested the delivery
of the resulting PMO compound, RC-1001, in vivo.39 We
examined exon skipping, dystrophin levels, and muscle function
30 days after a single systemic dose in the mdx mouse model of
DMD. The durability of exon skipping and dystrophin production
was also evaluated after a single RC-1001 dose. Finally, pharmaco-
dynamic effects of repeated monthly dosing with RC-1001 or
its PMO counterpart AVI-4225 were examined throughout
13 weeks.

RESULTS
PPMO dose response and functional recovery in mdx mice

A single intravenous injection of RC-1001 targeting mouse dystro-
phin exon 23 was administered tomdxmice, and biological and func-
tional outcomes were assessed over 30 days. RC-1001 treatment
resulted in dose-dependent increases in exon skipping on day 30 at
doses >20 mg/kg in skeletal muscle (Figure 1A; Table S1). Averages
of 9.5%, 54.4%, and 94.0% exon skipping were observed in biceps
muscle from mice injected with RC-1001 20, 40, and 80 mg/kg,
respectively, with significant (p < 0.0001) increases in exon skipping
at the 40 and 80 mg/kg doses versus saline controls. In diaphragm
muscle, observed exon skipping was 1.1%, 22.4%, and 68.0%
(p < 0.005 versus saline controls for 40 and 80 mg/kg doses). RC-
1001 treatment also resulted in exon skipping in the heart at the 40
and 80 mg/kg doses with averages of 4.2% and 40.9%, respectively.
Exon skipping in the heart was significantly higher than saline con-
trols for the 80 mg/kg dose (p < 0.0001).

Consistently, RC-1001 treatment resulted in dose-dependent in-
creases in protein level at dosages >20 mg/kg in skeletal muscle
(Figures 1B and S1; Table S1). Averages of 9.7%, 22.0%, and 27.3%
of wild-type dystrophin levels were observed in biceps muscle and
3.9%, 24.9%, and 58.0% were observed in diaphragm muscle from
Figure 1. RC-1001 dose response in mdx mice

(A and B) Exon skipping (RT-PCR) (A) and dystrophin protein level (western blot) (B) in qu

RC-1001. Each bar represents mean ± SEM (n = 6). (C) Representative immunohistoche

RC-1001 at 10, 20, 40, and 80 mg/kg and wild-type controls. A dose-dependent incre

was observed, which co-localized with laminin (red) on the basal lamina. One-way ANO

and Tukey multiple comparison test was performed to understand the difference betw

previous dose group. #p < 0.05, ##p < 0.005, ###p < 0.0005, or ####p < 0.0001 versus

WT, wild type.
mice injected with RC-1001 20, 40, and 80 mg/kg, respectively,
with significant increases at the 40 and 80 mg/kg doses compared
with saline controls (p < 0.05). In the heart, an increase in dystrophin
protein levels of 3.3% and 23.1% of wild type was observed after treat-
ment with RC-1001 40 and 80mg/kg, respectively, with significant in-
creases in dystrophin protein levels at the 80 mg/kg dose compared
with saline controls (p < 0.0001).

Immunohistochemical analysis showed low tomoderate levels of dys-
trophin-positive cells with RC-1001 10 and 20 mg/kg in the quadri-
ceps and biceps (Figure 1C). A dose-dependent increase in dystro-
phin-positive myofibers in striated muscle was observed, with near
wild-type expression levels in skeletal muscle myofibers at 80 mg/kg.

Functional testing was performed weekly after RC-1001 injection
(Figure 2A). Measurable improvements in grip strength were evident
with the lowest RC-1001 dose of 10 mg/kg. Significant improvements
in grip strength were observed at 20 mg/kg (p < 0.001) and reached
wild-type levels at 40 (p < 0.0001) and 80 mg/kg (p < 0.0001; Fig-
ure 2B). Increased strength was not due to a change in bodyweight,
as treatment with RC-1001 did not have an effect on the weight of
mdx mice (data not shown).

Measurable improvements in motor coordination on the rotarod test
were also observed in mice administered RC-1001 20 mg/kg, with
peak performances at 40 and 80 mg/kg (p < 0.0001). Functional
recovery in RC-1001-treated mdx mice with RC-1001 20 mg/kg cor-
responded to exon skipping levels of approximately 10%–15% and
dystrophin protein levels of 10% in skeletal muscle (Table S1).

Single-dose PPMO inmdxmice: Durability of dystrophin protein

production

To examine the durability of PPMO treatment, a single systemic dose
of RC-1001 40 mg/kg was administered tomdxmice, and tissues were
examined at 7, 30, 60, and 90 days post injection (Figure 3A). RC-
1001 resulted in significant increases in exon 23 skipping in the quad-
riceps, diaphragm, and heart of mdx mice by day 7 (all p < 0.0001
versus saline controls) (Figure 3B). Exon 23 skipping steadily declined
over time in all three muscles examined but continued to be detect-
able in quadriceps, diaphragm, and heart at 90, 60, and 30 days after
dosing, respectively. At the protein level, an average of 20.7%, 14.5%,
and 2.0% of wild-type dystrophin expression was observed in quadri-
ceps, diaphragm, and heart, respectively, at day 7 (Figure 3C). Dystro-
phin protein levels declined more slowly than exon skipping and were
still detectable in all three muscle groups at day 90 (Figure 3D). These
adriceps, biceps, diaphragm, and heart were analyzed 30 days after a single dose of

mistry images of skeletal muscle and heart frommdxmice treated with saline or with

ase in dystrophin-positive cells (green) in quadriceps, biceps, diaphragm, and heart

VA was conducted to understand whether the means were different among groups,

een the groups. *p < 0.05, **p < 0.005, ***p < 0.0005, or ****p < 0.0001 versus the

the saline-treated group. ANOVA, analysis of variance; SEM, standard error of mean,
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Figure 2. Functional assessment of RC-1001 dose response

(A) Timeline for dosing and functional measurements. (B) Mice were tested for grip strength at 7 and 21 days post dose and for rotarod at 14 and 28 days post dose. Each bar

represents mean ± SEM. One-way ANOVA was conducted to understand whether the means were different among groups, and Tukey multiple comparison test was

performed to understand the difference between the groups. #p < 0.05, ##p < 0.005, ###p < 0.0005, or ####p < 0.0001 versus the saline-treated group. &p < 0.05,

&&p < 0.005, &&&p < 0.0005, or p < 0.0001 versus WT mice. ANOVA, analysis of variance; SEM, standard error of mean; WT, wild type.
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observations indicate a prolonged pharmacologic effect of a single
RC-1001 dose. Immunofluorescence staining of the quadriceps
showed dystrophin-positive myofibers in RC-1001-treated mdx
mice at all four time points examined, with proper localization of
the internally truncated dystrophin protein to the sarcolemma (Fig-
ure 3E). Moreover, dystrophin protein was widespread throughout
the myofibers in the quadriceps in mdx mice at all time points
examined.

Repeated dosing of PPMO and PMO in mdx mice

Repeated dosing experiments were undertaken to determine whether
exon skipping and dystrophin protein levels could be increased and to
compare the effects of the RC-1001 PPMO with its PMO (not pep-
20 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
tide-conjugated) counterpart AVI-4225. Both compounds were
administered at 40 mg/kg once monthly and evaluated at day 35
(5 weeks after a single dose), day 63 (5 weeks after the second dose)
or day 91 (5 weeks after the third dose) (Figure 4A). Compared
with a single dose, three doses of RC-1001 40 mg/kg increased exon
skipping from 82.6% to 98.8% in the quadriceps, from 49.1% to
87.4% in the diaphragm, and from 13.4% to 43.2% in the heart (Fig-
ure 4B). Correspondingly, the RC-1001�generated dystrophin pro-
tein levels increased from 19.8% to 38.9%, from 26.4% to 50.9%,
and from 3.3% to 8.6% of wild type (Figures 4C and 4D). In compar-
ison,mdxmice treated with AVI-4225 had significantly lower exon 23
skipping (day 91; 53.4% in the quadriceps, 0.5% in the diaphragm,
and 0% in the heart; all p < 0.0001 versus RC-1001) and dystrophin



A

D

E

C

B

(legend on next page)

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 30 December 2022 21

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
levels (day 91; 8.5%, 1.1%, and 0%, respectively; all p < 0.005 versus
RC-1001) with the monthly dosing regimen. Immunofluorescent
staining for dystrophin protein in mdx mice who received multiple
doses of RC-1001 demonstrated that the positive fibers reached
approximately 100% in the quadriceps and that the newly produced
dystrophin protein was properly localized to the sarcolemma
(Figure 4E).
DISCUSSION
In this study, a proprietary cell-penetrating peptide greatly increased
PMO in vivo potency in skeletal muscle and heart in mdx mice. Sig-
nificant increases in exon skipping and dystrophin protein levels were
observed with RC-1001 compared with its counterpart PMO. After
three doses of each compound, exon skipping was increased in quad-
riceps (98.8% versus 53.4%), diaphragm (87.4% versus 0.5%), and
heart (43.2% versus 0%); importantly, these differences corresponded
to equally robust differences in dystrophin protein levels (quadriceps,
38.9% versus 8.5%; diaphragm, 50.9% versus 1.1%; heart, 8.6% versus
0%). These improvements in biological efficacy afforded by the cell-
penetrating peptide suggest that it enhanced cellular uptake and pro-
vided proof of concept for its utility in vivo. It should be noted that
due to distinct differences in study designs and methodologies,40 out-
comes cannot be directly compared across studies or between
different advanced treatment modalities.

Our findings also demonstrate that a single injection of RC-1001 at a
dose of 40 mg/kg produced widespread, uniform staining of dystro-
phin-positive fibers, with dystrophin protein levels at 14.5%–20.7%
for skeletal muscle and 2.0% for heart. These data demonstrate that
RC-1001 40 mg/kg was more effective than a 10-fold greater dose
of PMO.

RC-1001 demonstrated durability of effect up to 60 days in skeletal
muscle, as measured by dystrophin protein production. Levels were
increased (versus saline) by day 7 and were sustained at day 30.
The decrease in dystrophin protein between days 60 and 90 indicates
that the half-life of the internally truncated dystrophin protein is
approximately 2 months in skeletal muscles of mdx mice, which is
consistent with the literature.41,42 Dystrophin protein levels remained
elevated for 2 months despite a more rapid decline in exon skipping.
However, repeated monthly RC-1001 doses allowed maintenance of
high exon-skipping levels up to 13 weeks. As this platform is devel-
oped for the treatment of DMD, these results using the surrogate
PPMO RC-1001, in conjunction with additional pre-clinical studies
Figure 3. Durability of exon skipping and dystrophin protein production in the qu

a single dose of RC-1001 40 mg/kg

(A) Timeline for single dose and tissue examination. (B) RT-PCR analysis of exon 23 sk

duction. Mean ± SEM, n = 6. (D and E) Representative western blot images (D) and imm

protein at the sarcolemma. One-way ANOVA with Tukey’s multiple comparisons test

*p < 0.05, **p < 0.005, ***p < 0.0005, and **** p < 0.0001 versus saline. #p < 0.05,

&&&p < 0.0005, and &&&&p < 0.0001 versus day 30. $ denotes 0.005 versus day 60. AN

SEM, standard error of mean; WT, wild type.
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of the investigational PPMO SRP-5051,43–45 support the notion of a
once every 4 weeks clinical dosing regimen.

Cardiac failure is one of the leading causes of death in patients with
DMD; therefore, increased levels of dystrophin protein in the heart
have the potential to provide clinical benefit. Previous pre-clinical
work using the same or similar oligonucleotide sequence as our exper-
iments, but with two different chemistries (PMO and 20-O-methyl
phosphorothioate), showed limited penetration in the heart.15,18

With a single dose of RC-1001 40 mg/kg, we observed 13.2% exon
skipping and 2.0% dystrophin protein in cardiac muscle from mdx
mice 7 days after dosing. With repeated dosing, exon skipping and
dystrophin protein increased to 43.2% and 8.6%, respectively, at
13 weeks. These results demonstrate that the peptide conjugate im-
proves delivery of the PMO to the heart. Further studies are needed
to determine whether these biological effects will lead to functional
cardiac benefit in humans.

In patients with DMD, inflammation and phagocytosis occur with
muscle degeneration, and eventually necrotic muscle fibers are
replaced by adipose and fibrous connective tissue. We observed
dose-responsive reduction in mRNA levels of Il1b and Tgfb1 with
RC-1001 administration, suggesting that restoration of dystrophin
protein in muscle reduced inflammation and fibrosis biomarkers in
mdx mice (data not shown).

It has been challenging to determine how much dystrophin protein is
sufficient to generate functional changes. Evidence from animal
studies showed that a low level of newly generated dystrophin protein
could be beneficial,30,46–48 and this concept has been corroborated by
evidence in humans that low residual dystrophin protein levels are
associated with milder dystrophinopathy, as demonstrated by a delay
in markers of disease progression such as loss of ambulation and
death, compared with a complete lack of dystrophin protein.49 Our
results using lower doses of RC-1001 were consistent with this. At
the 20 mg/kg dose, dystrophin protein in skeletal muscle was approx-
imately 10% of wild type, yet we detected improved performance on
rotarod and grip strength functional tests. At higher doses, perfor-
mance was comparable to wild-type mice.

In summary, a proprietary cell-penetrating peptide enhanced the de-
livery of PPMO in vivo compared with its counterpart PMO, as
demonstrated by increased exon skipping and dystrophin protein
production in skeletal muscles and heart. These molecular effects
were associated with functional recovery and were enhanced with
adriceps, diaphragm, and heart muscle ofmdxmice over 90 days following

ipping. Mean ± SEM, n = 6–8. (C) Western blot analysis of dystrophin protein pro-

unofluorescent staining (E) with tissue sections from quadriceps showing dystrophin

was performed for exon skipping and dystrophin protein expression line graphs.

##p < 0.005, ###p < 0.0005, and ####p < 0.0001 versus day 7. &&p < 0.005,

OVA, analysis of variance; RT-PCR, reverse transcription polymerase chain reaction;
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repeated monthly dosing. Although these findings were in a mouse
model using a surrogate PPMO, they strongly support further devel-
opment of PPMO therapies clinically. It will be important to
determine PPMO potency in humans and explore a dosing regimen
(once every 4 weeks) that is less frequent than the once-weekly
dosing used clinically for PMO therapies. A phase 2 clinical trial
evaluating the safety, tolerability, and pharmacokinetics of an
exon 51-skipping PPMO, SRP-5051, containing the same cell-pene-
trating peptide as in the present study, is currently underway
(ClinicalTrials.gov: NCT04004065).

MATERIALS AND METHODS
Animals

Single and repeated dosing of PPMO

Malemdxmice (C57BL/10ScSn-DMDmdx/J, stock #001801; The Jack-
son Laboratory, Bar Harbor, ME, USA) and wild-type mice (C57BL/
10ScSnJ, stock #000476; The Jackson Laboratory) were housed at the
Sarepta Therapeutics, Inc. animal facility, where they had access to
food (Labdiet 5P76; ScottPharma Solutions, Marlborough, MA,
USA) and water ad libitum. All procedures were conducted under
the guidance of an Institutional Animal Care and Use Committee.

PPMO treatment

AVI-4225 and RC-1001, with 50-GGCCAAACCTCGGCTTACCT
GAAAT-30 PMO sequence, were manufactured at Sarepta Therapeu-
tics, Inc. (Cambridge, MA, USA). A proprietary cell-penetrating pep-
tide39 was conjugated to AVI-4225 to form the RC-1001 PPMO uti-
lized in the study.

In the PPMOdose response and functional tests study,mdxmice aged
7 weeks received a single tail-vein injection of RC-1001 10, 20, 40, or
80 mg/kg (n = 10 per group) and were sacrificed at 30 days post in-
jection. Training and baseline data recording were conducted before
treatment (see functional tests below). Grip strength was tested at 1
and 3 weeks after each injection. The rotarod test was conducted at
2 and 4 weeks post injection. Ten mice were tested for each dose
group.

In the single-dose duration of action study, mdx mice aged
6 weeks received a single tail-vein injection with RC-1001 40 mg/kg
(n = 24). Additional groups of mdx and wild-type mice (n = 8 per
group) received a tail-vein injection with 200 mL saline and served
Figure 4. Repeated monthly dosing of PPMO and PMO in mdx mice

(A) Repeated 40mg/kg monthly dosing regimen. (B) RT-PCR analysis of exon 23 skippin

doses). Mean ± SEM, n = 6. Two-way ANOVA showed that time point, compound, an

(p < 0.005). (C) Western blot analysis of dystrophin protein level at 5, 9, and 13 weeks a

compound, and interaction of the two were significantly different for all three structures

level in RC-1001-treated animals. (E) Immunofluorescent staining for dystrophin protein

shows mdx mice at 90 days following a single-dose RC-1001 injection; third row show

shows wild-type mice treated with saline (images, 20�). For exon skipping and dystro

differences between different time points or compounds. *p < 0.05, **p< 0.005, and

####p < 0.0001 versus AVI-4225. ANOVA, analysis of variance; RT-PCR, reverse transc

wild type.
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as vehicle controls. The RC-1001-treated mice (n = 6 per time point)
and saline-treated mice (n = 2 per time point) were sacrificed at 7, 30,
60, and 90 days post injection by carbon dioxide inhalation/anes-
thesia, followed by exsanguination.

In the repeated-dose study,mdxmice aged 6 weeks received an initial
tail-vein injection with AVI-4225 or RC-1001 at 40 mg/kg (n = 18 per
compound). At 11 weeks of age, 12 of these mice received a second
injection of AVI-4225 or RC-1001 40 mg/kg, and 6 were sacrificed
without receiving an additional injection. At 15 weeks of age, 6
mice received a third injection with AVI-4225 or RC-1001
40 mg/kg, and 6 mice were sacrificed without receiving a third injec-
tion. At 19 weeks of age, the remaining 6 animals were sacrificed. Sa-
line-treated mice (n = 2 per time point) were also included in this
study.

For the single- and repeated-dose studies, at the time of sacrifice, the
diaphragm, heart, quadriceps, and biceps were harvested from each
mouse and frozen for analysis of exon 23 skipping using reverse tran-
scription polymerase chain reaction (RT-PCR), dystrophin protein
expression using western blot, and dystrophin-positive fibers using
immunohistochemistry.

Protein extraction and western blot analysis

For protein extraction, 7 mL homogenization buffer (4 M urea,
125 mM Tris, 4% sodium dodecyl sulfate) with one protease inhibitor
cocktail tablet (Roche Applied Science, Mannheim, Germany) was
added to tissue samples in a ratio from 1:10 to 1:15 (1 mg tis-
sue:10–15 mL buffer). Tissue samples were disrupted using a cordless
pellet pestle (Kimble Chase, Rockwood, TN, USA) until a fine foam
was produced, indicating complete homogenization. Whole lysates
were centrifuged at 15,000 � g for 5 min, and protein concentrations
were quantified using Pierce BCA (Thermo Fisher Scientific, Wal-
tham, MA, USA) or RC DC (Bio-Rad Laboratories, Hercules, CA,
USA) protein assay kits, per the manufacturer’s instructions.

For western blot analysis, 50 mg protein from each lysate or 15 mL
HiMark pre-stained high-molecular-weight marker (Thermo Fisher
Scientific) was loaded onto individual wells of 3%–8% polyacrylamide
Tris-acetate gels (Thermo Fisher Scientific; Bio-Rad Laboratories).
Dilutions of antibodies were prepared as follows: anti-dystrophin
NCL-DYS1, 1:20 (Leica Biosystems, Buffalo Grove, IL, USA);
g at 5 weeks after 1 dose, at 9 weeks (2 monthly doses), and at 13 weeks (3 monthly

d interaction of the two were significantly different for all three structures examined

fter the first injection. Mean ± SEM, n = 6. Two-way ANOVA showed that time point,

examined (p < 0.005). (D) Representative western blot images for dystrophin protein

and laminin in quadriceps; first row showsmdxmice treated with saline; second row

s mdx mice at 91 days following three monthly doses of RC-1001; and fourth row

phin line graphs, Sidak multiple comparison test was performed to understand the

****p < 0.0001 versus the previous time point. ##p < 0.005, ###p < 0.0005, and

ription polymerase chain reaction; SAC, sacrifice; SEM, standard error of mean; WT,
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anti-dystrophin ab15277, 1:500 (Abcam, Cambridge, MA, USA);
anti-alpha actinin (sarcomeric), 1:100,000 (Sigma-Aldrich, Darm-
stadt, Germany); anti-sarcomeric alpha actinin ab68168, 1:10,000
(Abcam); horseradish peroxidase (HRP)-conjugated goat anti-rabbit
immunoglobulin G (IgG), 1:10,000 (Bio-Rad Laboratories); HRP-
conjugated goat anti-mouse IgG, 1:10,000 (Bio-Rad Laboratories);
and HRP-conjugated sheep anti-mouse IgG, 1:40,000 (GE Healthcare
Life Sciences, Pittsburgh, PA, USA). Images were captured and band
intensities were analyzed using Chemidoc Imaging System and Image
Lab software v.5.2, respectively (Bio-Rad Laboratories).

For dystrophin quantification, pooled protein lysates from wild-type
mice were used as positive controls, and lysates from mdx mice were
used as negative controls. To accurately quantify dystrophin protein
levels, a standard curve with an appropriate range was applied to each
gel. The serial diluted points of the standard curve were obtained by
mixing the same concentration of the wild-type and DMD protein ly-
sates. Dystrophin protein levels were analyzed using the standard
curve and interpreted as the percentage of wild-type dystrophin pro-
tein expression levels.

RNA extraction and RT-PCR

Tissue samples were homogenized using a MagNA Lyser with beads
at 5,000 RPM for 25 s per cycle until completely lysed. Total RNA was
isolated from cooled lysates using an Illustra RNAspin 96 RNA isola-
tion kit (GE Healthcare Life Sciences) with 96-well plates per the
manufacturer’s instructions. After eluting with 50 mL RNase-free wa-
ter, the total RNA concentration was measured using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific).

cDNA was generated using the SuperScript III One-Step RT-PCR
System with Platinum Taq DNA polymerase (Invitrogen) and the
following primers: mouse dystrophin exon 23 forward and reverse
primers (50-CACATCTTTGATGGTGTGAGG-30 and 50-CAACTT
CAGCCATCCATTTCTG-30, respectively). The RT-PCR reaction
was processed at 55�C for 30 min, inactivation was processed at
94�C for 2 min, and 45 cycles were conducted for denaturing
(94�C, 45 s), annealing (59�C, 45 s), extension (68�C, 1min), and final
extension (68�C, 10 min). Exon-skipping levels were analyzed using
Caliper (PerkinElmer GX, Hopkinton, MA, USA) per the manufac-
turer’s recommendations. In mdx mice, the PCR products included
the full-length dystrophin transcript (445 base pairs [bp]) and the
exon 23-skipped mRNA (232 bp).

Immunofluorescent staining

Muscles excised from wild-type or mdx mice were covered in OCT
and laid flat on a labeled disposable freezing mold. Molds containing
muscles were frozen in the chilled 2-methylbutane in a steel beaker
using liquid nitrogen for 1 min and stored at�80�C. Serial tissue sec-
tions (10 mm) were rehydrated in phosphate-buffered saline (PBS)
and incubated in Mouse On Mouse blocking solution (Vector Labo-
ratories, Burlingame, CA, USA) at room temperature for 1 h. Sections
were then incubated at 4�C overnight with rabbit anti-dystrophin
antibody (Abcam, cat# ab15277) and rat anti-laminin alpha-2
(Sigma-Aldrich, cat#L0663) at 1:250 dilution in 1% BSA/0.3% Triton
in PBS. After three washes in PBST for 10 min each, tissue sections
were incubated in 1:250 dilution of Alexa Fluor 488 goat anti-rabbit
(Thermo Fisher Scientific, cat#A11034) and Alexa Fluor 594 goat
anti-rat (Thermo Fisher Scientific, cat#MA1-80017) at room temper-
ature for 1–2 h. Sections were thoroughly washed after each incuba-
tion. Slides were mounted using Fluoro-Gel with DAPI (Electron
Microscopy Sciences, Hatfield, PA, USA).

Functional tests

An accelerating rotarod test was performed to measure motor coor-
dination and performance. In brief, the mice were placed on a rotarod
(Ugo Basile SRL, Varese, Italy) that accelerated from 10 to 40 RPM for
5 min. Latency to fall was recorded over three trials using a 3 day pro-
tocol. On day 1, mice were acclimated to the rotarod over 2 min at 10
RPM. Each time the mouse fell, it was replaced on the rod for the full
2 min. On day 2, the mice were acclimated to the rotarod for an ac-
celeration from 10 to 40 RPM over 30 s for 5 min. On day 3, the
same protocol from day 2 was applied, but only latency to fall was re-
corded. A total of three trials were recorded, with 1 h of rest between
each trial. Due to their training during the acclimation and condition-
ing period, mice never intentionally jumped from the rotarod. Rare
instances of mice gripping onto the rod without being able to return
to walking on the rod after three full rotations indicated impaired
muscle coordination of the mice and were recorded as falls.

A grip strength test was conducted to assess maximal peak force (g)
inmdxmice by following Treat-NMD standard operating procedure
for the use of grip strength meter ofmdxmice.50 Specifically, the test
was performed by a single operator at the same time of day/week.
The maximum force measurement was obtained by the operator
drawing the mouse along a straight line over a grid leading away
from an attached sensor (Columbus Instruments, Columbus, OH,
USA) when the mouse was released at the end of the grid. A mean
measurement was calculated from five consecutive measurements
taken at baseline and on each day of testing, which was performed
weekly.

Statistics

The effect of RC-1001 treatment on levels of exon skipping, dystro-
phin protein and functional measures was analyzed by one-way
analysis of variance (ANOVA) tests. Tukey’s multiple comparison
tests were used to probe differences between groups. Two-way
ANOVA tests were used to analyze the effects of RC-1001 and
AVI-4225 on exon skipping and dystrophin protein levels over
time. Sidak multiple comparison tests were used to understand
the differences between different time points or compounds. All
data and statistical analyses were recorded and analyzed using
GraphPad Prism 8.1.
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