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DG9 boosts PMO nuclear uptake and exon
skipping to restore dystrophic muscle and
cardiac function
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Laura Edellein Sutanto1, Radha Maradiya 1, Pavel Zhabyeyev 2,
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Rika Maruyama1, Anne Bigot 4, Courtney S. Young5, Scott Bittner6,
Melissa J. Spencer 5, Hong M. Moulton 6, Gavin Y. Oudit2,7 &
Toshifumi Yokota 1,8

Duchenne muscular dystrophy (DMD) is a severe neuromuscular disorder
caused by DMD gene mutations, leading to the loss of functional dystrophin.
While antisense oligonucleotide (ASO)-mediated exon skipping offers ther-
apeutic potential, its efficacy in cardiac muscle remains limited. Here, we
investigate DG9, a cell-penetrating peptide derived from human polyhomeotic 1
homolog (Hph-1) transcription factor, as an enhancer of phosphorodiamidate
morpholino oligomer (PMO)-based therapy targeting exon 44. In a humanized
DMD mouse model (hDMDdel45;mdx), DG9-PMO significantly increases exon
skipping, restores dystrophin expression, and improves muscle function, par-
ticularly in the heart. Mechanistically, DG9-PMO enhances intracellular uptake
throughmultiple endocytic pathways and achieves superior nuclear localization.
Compared to the benchmark R6Gpeptide, DG9-PMOexhibits greater efficacy in
cardiac tissue with no detectable toxicity. These findings highlight DG9-PMO as
a promising next-generation exon-skipping therapy with potential clinical rele-
vance for improving both skeletal and cardiac outcomes in DMD patients.

Duchenne muscular dystrophy (DMD) is an X-linked neuromuscular
disorder affecting 1 in 5000–6000 males every year1. This disease is
caused by mutations in the DMD gene that result in the absence of
dystrophin protein. Dystrophin is a membrane-bound protein
responsible for stabilizing the sarcolemma by connecting the actin
cytoskeleton to the extracellular matrix2,3. Absence of this protein
results in myofiber degeneration and loss of ambulation followed by
cardiorespiratory complications that lead to eventual death. While the

recent advances in care and management guidelines can significantly
increase the life expectancy of patients, cardiomyopathy emerges as a
leading cause of mortality in DMD patients, underscoring the urgent
need for therapies that can effectively target both skeletal and cardiac
muscles4,5.

Antisense oligonucleotide (ASO)-mediated exon skipping is a
promising therapy for DMD that works by pre-mRNA splice modula-
tion to restore dystrophin protein production. This approach is
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particularly relevant for individuals with deletion mutations in the
DMD genewhich constitutes about 60–70% of the cases1. The resulting
out-of-frame product from such deletions can, however, be reverted
in-frame by skipping certain exons. This leads to the production of a
truncated but partially functional dystrophin protein leading to a
milder form of dystrophy called Becker muscular dystrophy (BMD)6.
Presently, four phosphorodiamidate morpholino oligomers (PMOs)
have secured FDA approval based on this principle: eteplirsen (Sar-
epta, targeting exon 51)7, golodirsen (Sarepta, targeting exon 53)8,
viltolarsen (NS Pharma, targeting exon 53)9, and casimersen (Sarepta,
targeting exon 45)10. These PMO therapies are designed to target
specific exons, catering to patient cohorts amenable to the respective
exon-skipping strategy. However, a considerable portion of DMD
patients remain vulnerable due to a lack of applicable therapies.
Notably, individuals amenable to exon 44 skipping which constitute
about 7% of all DMD patients11. These patients, despite presenting with
a phenotype less severe thanDMD exon 51 or 53 skip amenable cohort,
experience early loss of ambulation, typically by 11 years of age, with
ambulant patients demonstrating significant performance deteriora-
tion over time12–14. Recently approved micro-dystrophin therapy (Ele-
vidys, Sarepta)15 can be applicable to these patients but the safety
concerns associated with adeno-associated virus (AAV)-mediated
delivery may restrict its applicability for older patients with advanced
dystrophic conditions16. Currently, there are two ongoing clinical trials
that focus on skipping exon 44: NS-089/NCNP-02 (NS Pharma,
NCT05996003) and AOC 1044 (Avidity Biosciences, NCT05670730).
NS-089/NCNP-02 is a dual targeting PMO that has been shown to
restore 10.27% dystrophin at 40mg/kg dosage17 while AOC 1044, a
monoclonal antibody-conjugated PMO, could induce 1.5% exon skip-
ping after a single 10mg injection18. Assessment of their efficacy was,
however, limited to skeletal muscles with no report made on their
cardiac efficacy. These outcomes necessitate the development of a
DMD exon 44 skipping therapy with a specific focus on its cardiac
manifestations.

A major concern with the currently approved exon-skipping
therapies is their limited efficiency. While PMOs are considered to be
safe and have greater resistance to degradation, their non-ionic nature
impedes their ability to get inside the cells efficiently or escape from
endosomes upon entry19,20. This holds especially true for cardiomyo-
cytes where clinical trials on the 4 approved PMOs have shown very
limited improvements in cardiac conditions21. To mitigate such lim-
itations, multiple alternative strategies are being explored among
which conjugating cell-penetrating peptides (CPPs) to the PMO has
proven to be particularly promising19. Previous works from our group
have reported a novel CPP called DG9 derived from the protein
transduction domain (PTD) of the human polyhomeotic 1 homolog
(Hph-1) transcription factor that could significantly increase the PMO
delivery to organs that were otherwise unreachable22–24. Upon con-
jugation to DG9, PMO-mediated protein restoration had shown a 4.5-
fold increase in the heart22 and a 5-fold increase in the nerve tissues23.
However, the underlying mechanism of this enhanced delivery
remained unknown.

In this study, we identified a highly effective PMO sequence that
can induce DMD exon 44 skipping and conjugated it to DG9 to study
the mechanism of cellular trafficking in myocytes. Then, we tested the
efficiency of this peptide-conjugated PMO (PPMO) in a humanized
dystrophic mouse model (hDMDdel45;mdx) which has a human DMD
transgene integrated into chromosome5with anout-of-framedeletion
of exon4525. Additionally, thismodel has themdxpointmutation in the
murine Dmd gene making them unable to produce any human or
mouse dystrophin protein26. We conducted an extensive pipeline of
studies to demonstrate that systemic injection of DG9-PMO can
restore a significant amount of dystrophin in both skeletal and cardiac
muscles and provide protection against stress-induced cardiac
damage. The safety profile of our treatment coupled with normalizing

effects on the transcriptional alternations associated with DMD pro-
gression identifies it as a potential therapeutic candidate for patients
amenable to exon 44 skipping.

Results
DG9-PMO facilitates enhanced cellular uptake and efficacious
nuclear localization
We investigated DG9-PMO’s ability to enhance cellular uptake and
facilitate effective nuclear localization, crucial steps for the success of
exon-skipping therapy in cellular models, in DMD patient-derived
immortalized myoblasts and myotubes with exon 45 deletion (del45)
as well as cardiomyocytes with no DMD mutation. To visualize the
cellular uptake of DG922,23, we conjugated the peptide to 3’-carboxy-
fluorescein-labeled Ac2 PMO at the 5’ end. The PMO sequence named
Ac2 for exon 44 skipping was employed based on the comparison of 8
different sequences from our previous study that can potentially
induce DMD exon 44 skipping27 (Table S1) and their efficacy as deter-
mined by the Western blot analysis (Supplementary Fig. 1). Addition-
ally, we verified that conjugation with DG9 produces significantly
better results compared to co-transfection (Supplementary Fig. 2a),
and that carboxyfluorescein conjugation does not impact the effi-
ciency of DG9-PMO in myotubes (Supplementary Fig. 2b).

Del45 myoblasts, myotubes, and healthy cardiomyocytes were
transfected with either 1 µM PMO, 20 µM PMO, or 1 µM DG9-PMO.
Intracellular distribution as analyzed by fluorescence microscopy
revealed that PMOs were unable to enter the cells even at 20 µM
concentration (Supplementary Fig. 3). DG9-PMO, on the other hand,
showed a significant PMO internalizationat 1 µMconcentration (Fig. 1a,
Supplementary Fig. 3). Interestingly, DG9-PMO had different intracel-
lular distribution depending on the cell type. In myoblasts, the dis-
tribution of DG9-PMO was confined to the cytoplasm, appearing in a
punctate pattern around the nuclei, suggestive of association with
endocytic vesicles (Supplementary Fig. 4). This distribution was also
seen in myotubes and cardiomyocytes, but in these terminally differ-
entiated cells, a substantial amount of DG9-PMO was observed to be
localized within the nuclei (Supplementary Fig. 3b). This observation
was further confirmed by fractionation studies, where the amount of
DG9-PMO in the nuclei of myoblasts was notably low despite having
the highest amount of uptake (Fig. 1b). The fractionation process was
validated through western blot analysis at 2 h and 24 h time points
(Supplementary Fig. 5a). In contrast, nuclear localization in myotubes
and cardiomyocytes was much higher, with over 20% of DG9-PMO
found in the nuclei at the 12 h mark. Furthermore, a sharp decline in
intracellular DG9-PMO concentration was noted in skeletal muscle
cells following its removal, unlike in cardiomyocytes, where DG9-PMO
was retained, suggesting a more stable intracellular presence in
these cells.

The enhanced uptake of DG9-PMO prompted us to identify the
mode of endocytosis involved in the trafficking of this PPMO.We used
a range of well-studied pharmacological inhibitors for energy-
dependent endocytosis inhibition by depleting ATP as well as inhibi-
tors of major endocytic pathways, such as clathrin- and caveolae-
mediated endocytosis, and macropinocytosis, at their highest non-
toxic concentrations28. Following validation of the inhibitors’ activity
(Supplementary Fig. 5b), we incubated the cellswith PPMO in presence
of these inhibitors. After 4 h of incubation, uptake was significantly
reduced in all groups suggesting DG9-PMOutilizes multiple endocytic
pathways to enter the cells (Fig. 1c). While the percentage of endocy-
tosis through a particular pathway differed among cell types, the
inhibition caused by EIPA was most significant in myoblasts. This
observation suggests thatmacropinocytosis is thedominant endocytic
route in differentiating cells. Conversely, in terminally differentiated
cells such as myotubes and cardiomyocytes, no specific preference
was noted. Instead, the inhibition of any single pathway resulted in a
uniform reduction in PPMO uptake. At the highest non-toxic dosage,
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genistein did not have any effects on the PPMO uptake inmyotubes or
cardiomyocytes. Taken together, these in vitro data suggest that DG9-
PMO utilizes multiple energy-dependent endocytic pathways to enter
skeletal and cardiac muscle cells which likely results in the increased
cellular uptake illustrated in Fig. 1a.

Systemic DG9-PMO administration improves skeletal muscle
phenotype in a humanized dystrophic mouse model
To assess the in vivo therapeutic efficacy of DG9- PMO, we performed
weekly retro-orbital injections of either saline, 30mg/kg of DG9-PMO,
or 30mg/kg of PMOonce/week for 4weeks in hDMDdel45;mdxmice25.
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As muscle degeneration becomes apparent around the age of 4weeks
inmdxmice29, we decided to initiate our treatment on 8week-oldmice
to determine its therapeutic effects. We performed functional assess-
ments at baseline and after the treatments followed by tissue collec-
tion after 2weeks (Fig. 2a). hDMDdel45;mdx mice receiving the DG9-
PMO treatment demonstrated significant improvement in both the
forelimb and total grip strength tests compared to non-treated (NT)
and PMO-treated groups (Fig. 2b).While this improvement in total grip
strengthwas significantly lower thanwild-type (WT) controls, theDG9-
treatedgrouphada forelimbgrip strength comparable to theWT level.
Endurance and motor coordination as assessed by treadmill and
rotarod tests showed DG9-PMO treated mice could run for an exten-
ded period of time with an average improvement of 13% and 31.5%,
respectively. This is in contrast to the NT and PMO-treated groups
where the NT group had a 34% and 13.4% decline and the PMO-treated
grouphad an8.2%and20.9%decline frombaseline in the treadmill and
rotarod tests, respectively. The functional improvements com-
plemented the results from molecular analyses where DG9-PMO
induced over 10% (range 10.9–12.3%) exon 44 skipping efficiency and
restored over 16% (range 16.8-21.2%) ofWTdystrophin levels in various
skeletalmuscles (Fig. 2c, Supplementary Fig. 6).On the other hand, the
NT group showed 0.8–3.5% of spontaneous exon 44 skipping,
expressing about 1.7–3.0% of WT dystrophin. The unconjugated PMO
treatment group, having a skipping efficiency of 1.0–5.4% and dystro-
phin restoration ranging between 1.5–6.7%, did not show any sig-
nificant improvement over the NT group. Immunofluorescent staining
of dystrophin further confirmed the widespread dystrophin restora-
tion showing about 24.6% of dystrophin-positive fibers in the DG9-
treated group (Fig. 2d).

Next, we performed histological analyses of skeletal muscles
(Supplementary Fig. 7) where the diaphragm showed a significant
decrease in the percentage of centrally nucleated fibers (CNFs) in both
the DG9-conjugated and unconjugated PMO treatment groups (Sup-
plementary Fig. 7b). No such changes were observed for other skeletal
muscles such as tibialis anterior (TA) or quadriceps. From minimum
Feret’s diameter analysis, we observed an increased number of larger
fibers (45-50 μm) in the TA while a higher percentage of smaller fibers
(20–25 µm)was present in the quadriceps. This is in contrast to the NT
andPMO-treated groupswheremostfiber sizes rangedbetween 25–30
and 35–40 µm, respectively for both TA and quadriceps. Diaphragm
did not show such changes with most fibers ranging around 12–14 µm
for all the treatment groups.

DG9-PMO treatment restores dystrophin production and pro-
vides cardio-protection against β-isoproterenol in the heart
One of the primary goals of this study was to develop a therapy for
DMD that is effective in the heart—a limitation the currently approved
therapies fail to address. While the mdx mouse model displays a ske-
letal muscle phenotype early on, the development of DMD-mediated
cardiomyopathy is markedly delayed, typically not manifesting until a
much later age30. To recapitulate the human cardiac pathology in
younger mice, adrenergic agonists such as β-isoproterenol and
dobutamine are extensively utilized. These agents increase heart rate
and cardiac contractility, inducing damage in susceptible cardiomyo-
cytes and thereby mimicking the stress conditions seen in DMD-
related cardiac dysfunction31–34. To evaluate the effects of DG9-PMO in

the heart, we performed a single subcutaneous injection of 15mg/kg β-
isoproterenol to cause cardiac damage along with an intraperitoneal
injection of Evans blue (EB) dye to detect cardiomyocyte degeneration
24 h before euthanasia (Fig. 2a). Molecular analysis of cardiac tissues
revealed DG9-PMO to be highly effective inducing over 20% exon 44
skipping whereas the NT and PMO-treated groups showed 1.6% and
4.2% skipping, respectively (Fig. 3a). At the protein level, DG9-PMOwas
able to restore over 41% dystrophin in the heart significantly out-
performing the NT (4.5%) and the PMO treatment (4%) groups. Wide-
spread dystrophin restoration was further confirmed by the presence
of 43.4% dystrophin-positive fibers while the NT and PMO-treated
groups had <1% (Fig. 3b).

The impact of β-isoproterenol-induced cardiac damage was
clearly observed in our mouse model, with the NT group displaying
~18% cardiomyocyte degeneration, as estimated from the EB-positive
area shown in Fig. 3b. The unconjugated PMO treatment group had a
similar amount of EB dye uptake which was around 16.7%. In contrast,
DG9-PMO-treated mice had a significant reduction in cardiomyocyte
degeneration (2.4%) such that they were not statistically different from
the WT group (0.6%). Further examination revealed an increase in
collagen deposition in the saline-treated group (120.3%) when com-
pared to the WT group (87.9%), as demonstrated by the collagen-to-
laminin ratio. The DG9-conjugated PMO treatment group showed a
decrease in collagen deposition to 103.3%, which, while improved, did
not reach statistical significance compared to theWT or unconjugated
PMO (111.3%) treatment groups, as shown in Supplementary Fig. 8.

To evaluate functional changes in the heart, we administered
subcutaneous injections of isoproterenol at a dose of 1.5mg/kg every
day for 2weeks to 10week-old hDMDdel45;mdxmice. These mice also
received two doses of 30mg/kg DG9-PMO or saline via retro-orbital
injection once a week. A wild-type group treated with the same treat-
ment regimen of isoproterenol was used as control. Echocardio-
graphic imaging was performed before and after the treatment
(Fig. 3c). The dystrophic group that received only isoproterenol
treatment showed a significant decline in heart function, with a 19%
reduction in fractional shortening (FS) and a 13.8% decrease in ejection
fraction (EF) (Fig. 3d, Supplementary Fig. 9, Table S2). In contrast, the
isoproterenol-treated mice receiving DG9-PMO maintained normal
cardiac systolic function, showing no statistically significant differ-
ences from theWT group (FS: -1.6% DG9-PMO, 2.3%WT; EF: 0.4% DG9-
PMO, 1.9% WT). We also analyzed serum cardiac troponin I levels but
could not find significant differences between any of the
groups (Fig. 3e).

Normalized liver and kidney injury biomarkers with reduced
skeletal muscle inflammation post-DG9-PMO treatment
To evaluate the safety of our cell penetrating peptide, we performed
tail-vein blood sampling 10 days after the last injection followed by
serum analysis for biomarkers such as aspartate aminotransferase
(AST), alanine transaminase (ALT), creatine kinase (CK), blood urea
nitrogen (BUN), gamma-glutamyl transferase (GGT), and creatinine
(Fig. 4a). The NT and PMO-treatment groups had significantly elevated
AST and ALT levels; however, the DG9-PMO treatment normalized
their levels to such an extent where there was no statistical difference
with the WT group (mean: AST, 63.8 U/L WT, 66.5 U/L DG9; ALT,
30.8 U/LWT, 28U/L DG9). The considerably elevated concentration of

Fig. 1 | Cellular internalizationof PMOs after DG9 conjugation. a Representative
immunofluorescence images of del45 myoblasts, myotubes, and healthy cardio-
myocytes after incubating with 3’-carboxyfluorescein-labeled DG9-PMO at 1 µM
(green) for 24 h. Cell nuclei were labeled with DAPI. Scale 20 µm. b Time course of
the uptake and nuclear localization of DG9-PMO (1 µM) in del45 myoblasts, myo-
tubes, and healthy cardiomyocytes. The shaded region indicates the variations in
intracellular DG9-PMO levels following its removal (n = 3). c Intracellular trafficking
of DG9-PMO in del45 myoblasts, myotubes, and healthy cardiomyocytes in

presence of different endocytosis inhibitors; NaN3 and 2′-Deoxy-D-Glucose for
ATP-depletion, chlorpromazine (CPZ) for clathrin-mediated endocytosis inhibition,
nystatin and genistein for caveolae-mediated endocytosis inhibition, and 5-(N-
ethyl-N-isopropyl) amiloride (EIPA) for macropinocytosis inhibition (n = 3). Statis-
tical analysis: One-way ANOVA with Dunnet’s test against non-inhibited. Not sig-
nificant, P >0.05 (not shown). Error: SEM. Source data are provided as a Source
Data file.
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skeletalmuscle damage biomarker, CK, in the NT group (3813U/L) was
reduced to the normal level (320U/L WT) after DG9-PMO treatment
(646.2 U/L). Mice in the PMO-treatment group also had a significant
reduction in the CK level (1493.5 U/L). Interestingly, The BUN level—an
indicator of kidney dysfunction—was increased in the DG9-PMO trea-
ted group (32.25mg/dL) compared to the NT group (25.6mg/dL). This
change, however, was not statistically different from theWT (28.4mg/

dL, P =0.1557) or the PMO-only (29.8mg/dL, P =0.5015) groups. To
confirm the effects of DG9-PMO on the kidney, we performed urinary
kidney injury molecule 1 (KIM-1) analysis which is a more sensitive
marker for renal injury35. Here, we found no significant difference
between any treatment groups suggesting no apparent toxic effects of
DG9-PMO on the kidney. Qualitative histological analysis of the liver
and kidney showed no signs of cell degeneration serving as further
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evidence of the treatment’s safety (Supplementary Fig. 10a). Changes
in serum GGT and creatinine could not be analyzed as their con-
centrations were below the detection level (Supplementary Fig. 10b).
Body weights did not significantly differ between any of the groups
post-treatmentwhere the averageweight gainwas 5.4–10.7% for all the
mice after the 6weeks study period (Supplementary Fig. 10c). We did,
however, observe a trend where NT and PMO-treated mice gained
more weight and DG9-PMO treated mice gained less weight than WT
over the course of the study.

As dystrophic muscles continuously undergo myonecrosis and
cause inflammation, we decided to look into the presence of inflam-
matory cells in skeletal muscles. We stained the tibialis anterior mus-
cles with CD68 antibody—amarker expressed by cells in themonocyte
lineage (Fig. 4b). Quantification of CD68+ cells in the NT and PMO-
treated groups showed a significantly higher number of CD68+ cells
compared to WT. In contrast, the DG9-treated mice had a reduced
number of CD68+ cells which was statistically indifferent from the WT
group suggesting amelioration of muscle inflammation.

DG9-PMOalters gene expression in skeletal and cardiacmuscles
towards normalization
To assess the global impact of DG9-PMO on gene expression, we
conducted bulk RNA sequencing on WT, NT, and DG9-PMO-treated
mice, with a focus on 13week-old animals (Fig. 5, Supplementary
Fig. 11). Our analysis revealed 4537 differentially expressed genes
(DEGs) in the TAmuscle of dystrophic mice compared toWT controls,
while treatment with DG9-PMO resulted in 510 DEGs relative to the
untreated group (Fig. 5a). However, when compared to the healthyWT
group, the DG9-PMO-treatedmice exhibited 430 DEGs, comprising 68
upregulated and 14 downregulated genes beyond a log2-fold changeof
2 and -2, respectively (Supplementary Fig. 11a). Of these 430 DEGs, 373
genes overlapped with the dystrophic group with a consistent change
in expression suggesting these changes were caused by the dystrophic
condition rather than the treatment. Importantly, our analysis revealed
a clear contrast in the expression profile of these genes in the DG9-
PMO treatment group, highlighting its potential to restore aberrant
gene expression, as demonstrated in the comparison between treated
and dystrophic mice. Analysis of the heart samples showed 3664 DEGs
in the NT dystrophic mice with the healthy control as reference while
the treatment induced a significant change in 908 genes (Fig. 5a).
These changes in gene expression caused by the treatment were such
that the treated group hadonly 4 genes with different expression from
the WT group (Supplementary Fig. 11b).

To evaluate the relevance of our therapy in human patients, we
compared our RNAseq dataset to the gene signatures of DMD patients
(Fig. 5b). Bulk RNA sequencing of patient TAbiopsy samples byNieves-
Rodriguez et al.36 showed 868 DEGs where 318 genes overlapped with
our NT dystrophic group. Regression analysis of these genes showed a
weak correlation (R2 =0.23)—a likely outcome reflecting the difference
in species, mutation in the DMD gene, and stages of pathogenesis.
Despite this weak correlation, 85% of these genes shared the same
directional shift in gene expression indicating the suitability of our
humanized mouse model for DMD-related studies. Similarly, we
compared the DEGs in dystrophic mouse hearts with the iPSC-derived
cardiomyocyte dataset from Kamdar et al.37. Out of the 864 DEGs

found in human cardiomyocytes, we identified 425 genes overlapping
with our dataset. Gene alterations in humans and mice had a higher
correlation (R2 =0.35) than that of TAwith over 95%of genes exhibiting
the samedirectional shift. Next,weanalyzed the expression changes of
these overlapping DEGs to determine the effects of our DG9-PMO
treatment. Heatmaps showing the 50 most significantly altered genes
in the dystrophic mice that are also differentially expressed in DMD
patients had an opposite expression pattern after treatment (Fig. 5c).
While this normalizing effect was not significant for all the genes
(treated vs dystrophic), the resulting shift in expression showed the
treated mice had a profile where most gene expressions were statis-
tically indifferent from the WT group. Moreover, this normalizing
pattern held true for the genes that were differently expressed in
humans and mice observed in Fig. 5b (Supplementary Fig. 11c).

While the treatment exhibited an overall restorative effect on
aberrantly expressed genes caused by the dystrophic condition, we
were also interested in the 510 and 908 DEGs that resulted from the
treatment in the dystrophic mice in the TA and heart, respectively
(Fig. 5a). Interestingly, all the DEGs post-treatment had an opposite
expression profile in the dystrophic vsWT group further supporting the
notion of the normalizing effects of DG9-PMO (Supplementary Data 1).
Next, we performed the Gene ontology (GO) analysis for these sig-
nificantly altered genes in the treated group in reference to the NT to
identify the processes affected by our therapy using Metascape38 (Sup-
plementary Data 2). In the TA, genes associated with organ and system
development pathways were upregulated while the downregulated
genes were mostly related to cell growth and apoptosis (Fig. 5d). Heart,
on the other hand, showed upregulation in genes responsible for
functional processes such as cardiac conduction, muscle contraction,
and calcium homeostasis with downregulation of genes associated with
inflammation and apoptosis. Taken together, these data strongly sug-
gest that DG9-PMO treatment mitigates the abnormal gene expression
in the dystrophic muscles by inhibiting genes related to cell regenera-
tion and inflammation and accelerating processes such as structural
development, functional restoration, and synapse formation.

DG9-PMO is significantly more effective than R6G-PMO in
the heart
Finally, we compared the efficacy of our peptide with the benchmark
peptide R6G which was under clinical trial until very recently
(NCT04004065)39. We conjugated the DG9 and R6G peptide to the 3’
end of theAc2PMO. hDMDdel45;mdxmicewere injected 2 times once/
week at 30mg/kg of either DG9-PMO (equivalent to 2190 nmol/kg) or
R6G-PMO (equivalent to 2689 nmol/kg) (Fig. 6a). Tissue samples were
collected after 1 week. Western blot analysis showed no notable dif-
ference in dystrophin production within the tibialis anterior (TA)
muscle between the two peptide-conjugated PMOs (DG9 1.9%, R6G
3.5%) (Fig. 6b). However, in the heart, dystrophin protein levels were
significantly higher after treatment with DG9-PMO (5.3%) compared to
R6G-PMO (1.8%). This result was also reflected in the RT-PCR analysis,
where exon skipping efficiency in the TA was 16.45% for DG9-PMO and
20.21% for R6G-PMO, with no statistically significant difference
(Fig. 6c). In contrast, the heart showed a significantly higher exon
skipping efficiency (17.08%) in the DG9-treated group compared to the
R6G group (5.5%). Immunofluorescence staining further confirmed

Fig. 2 | Skeletal muscle improvement after DG9-PMO treatment. a Eight week-
old male hDMDdel45;mdxmice were treated retro-orbitally four times once/week
with either saline, DG9-PMO, or PMO at 30mg/kg bw. Saline-treated WT served as
control. Functional tests were conducted before and 1week after treatment. Blood
and urine samples were collected 10 days post-treatment. Tissues were collected
2weeks after the last injection. Allmice received a 15mg/kg subcutaneous injection
of β-isoproterenol and 1% Evans blue dye intraperitoneally 24h before sacrifice.
b Forelimb and total grip strength of individual groups of mice normalized to their
body weight after treatment. Changes in endurance and coordination compared to

baseline measured using treadmill and rotarod (n = 4–6). c Quantification of exon
44 skipping by RT-PCR (left) and dystrophin restoration by western blot (right) in
various skeletal muscles after treatment (n = 5). Dystrophin (Leica, NCL-DYS1)
restoration presented relative to wild-type control after normalizationwith desmin
(Abcam, ab8592). Statistical analysis: One-way ANOVA with Tukey’s test. Not sig-
nificant, P >0.05 (not shown). Error: SEM (b, c). d Representative immuno-
fluorescence images for dystrophin (ab15277) in TA muscles. Percentage of
dystrophin-positive fibers calculated in relation to laminin. Scale 200 µm. Source
data are provided as a Source Data file.
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these findings, demonstrating the presence of dystrophin-positive
fibers across different treatment groups (Fig. 6d).

Discussion
Our study addresses the critical challenge of effective delivery of
therapeutic agents, particularly ASOs, which have multiple limitations

despite the recent advances in their chemistry19. Even though PMOs
are third-generation ASOs with enhanced safety and efficacy, their
clinical utility remains hampered by issues such as poor cellular
uptake, rapid clearance from circulation, and their inability to escape
from endosomes19. To circumvent such issues, we have conjugated the
PMO to our recently developed CPP called DG922,23 which has
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demonstrated its effectiveness in delivering PMO to various tissues.
However, its precise mechanism of cellular entry has remained
unclear. By comparing the intracellular localization of fluorescent-
tagged PMOandDG9-PMOacrossdifferent cell types relevant toDMD,
we have revealed the distinct cellular distributions of DG9-PMO
(Fig. 1a). Notably, DG9-PMO exhibited remarkable uptake across all
myocytes, but with varying localization patterns. In myoblasts, DG9-
PMO tended to aggregate around the nuclei likely as a result of

endosomal entrapment (Supplementary Fig. 3-4). Myotubes, in con-
trast, had a diffused distribution of DG9-PMO throughout the cyto-
plasm with a significant portion localized inside the nuclei (Fig. 1b).
Previous studies have speculated the possibility of uneven PPMO
uptake in undifferentiated and differentiated cells based on the fact
that PPMO is more effective in certain muscles such as the TA over
other skeletal muscles28,40. Thismay also be due to different metabolic
rates of these cells since myoblasts are actively dividing cells with a

Fig. 3 | DG9-PMO provides cardio-protection after β-isoproterenol induced
cardiac damage by restoring dystrophin production. a RT-PCR of exon
44 skipping and western blot (NCL-Dys1) results post-treatment in the heart. Pro-
teins were loaded at 40 µg for NT and treated along with indicated percentages for
the WT. Desmin (ab8592) and MyHC serve as loading controls. Quantification is
shown on the right relative to wild-type control after normalization with desmin
(n = 4–5). b Representative immunofluorescence images for dystrophin (green,
ab15277) in the heart. Percentageofdystrophin-positive fibers calculated in relation
to laminin. Evans blue dye uptake as a result of β-isoproterenol induced cardiac
damage shown in red. Quantification is shown on the right (n = 3–5). c 10week-old

male hDMDdel45;mdxmice were treated with 1.5mg/kg of β-isoproterenol (sub-
cutaneous) every day for 14 days. These mice also received two 30mg/kg doses of
DG9-PMO or saline once/week retro-orbitally. Isoproterenol-treated WT served as
control. Echocardiogram tests were conducted before and 1 day after treatment.
Blood samples were collected after the treatment. d Changes in fractional short-
ening and ejection fraction compared to baseline after 2weeks of isoproterenol
treatment (n = 4). e Levels of cardiac troponin I in serum after isoproterenol and
DG9-PMO injection (n = 4). Statistical analysis: One-way ANOVA with Tukey’s test.
Not significant, P >0.05 (not shown). Error: SEM. Scale 200 µm. Source data are
provided as a Source Data file.

Fig. 4 | Normalized liver and kidney biomarker levels with reduced inflamma-
tion in skeletal muscles post-treatment. a Analysis of different liver-specific
(aspartate aminotransferase, alanine transaminase, creatine kinase) and kidney-
specific (blood urea nitrogen) biomarkers from serum samples collected 10days
post-treatment. Kidney injury molecule 1 (KIM-1) was analyzed from urine samples

collected at the same time point (n = 4–5). b Representative immunofluorescence
images for CD68+ cells (green,MCA1957T)withDAPI staining.Quantification shown
on the right (n = 3–5). Statistical analysis: One-way ANOVA with Tukey’s test. Not
significant, P >0.05 (not shown). Error: SEM. Scale 100 µm. Source data are pro-
vided as a Source Data file.
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high metabolic rate, whereas myotubes are terminally differentiated
cells with most of their activity mainly focused on the contractile
apparatus41,42. This preferential localization of PPMO within the nuclei
in differentiated cells is further evidenced by our cardiomyocyte

results where a strong nuclear accumulation of PPMO can be observed
(Fig. 1b). Furthermore, skeletalmuscle cells exhibited a rapiddecline in
intracellular DG9-PMOconcentration following its removal, in contrast
to cardiomyocytes, where DG9-PMO remained. This retention in

Fig. 5 | RNA sequencing analysis of DG9-PMO therapeutic efficacy. a Venn dia-
gram showing the number of unique and overlapping differentially expressed
genes (DEGs) in different treatment groups for the TA and heart; NT compared to
WT,DG9-PMO treated compared to NT andWT (n = 4). b Regression analysis of the
log2(fold-change) values of overlapping DEGs in hDMDdel45;mdx mice and DMD
patient TA muscles (Nieves-Rodriguez et al.36) or iPSC-derived cardiomyocytes
(Kamdar et al.37). cHeatmaps displaying the expression changes in the TA and heart

as a result of the treatment. Top 50DEGs, common for both humans andmice, with
the highest statistical significance in dystrophic mice compared to WT are pre-
sented. High expression indicated by red with blue indicating low expression. Dots
represent significantly altered gene expression (P <0.05). Statistical analysis: Two-
sided Wald test with Benjamini-Hochberg multiple testing correction. d Selected
topGO terms enriched inupanddownregulatedgenes afterDG9-PMOtreatment in
reference to NT. Analysis was done using Metascape38.

Article https://doi.org/10.1038/s41467-025-59494-8

Nature Communications |         (2025) 16:4477 9

www.nature.com/naturecommunications


cardiomyocytes could be attributed to the lower turnover rate of
cardiac cells which may have facilitated greater accessibility to DG9-
PMO leading to an increased nuclear accumulation. PMO, on the other

hand, had negligible cellular internalization even at 20 times the DG9-
PMO dosage (Supplementary Fig. 3a, 4). The mechanism of PMO
uptake is still ambiguous with some studies attributing the

Fig. 6 | Comparison between DG9- and R6G-PMO. a Schematic diagram of the
treatment regimen. Eight week-old male hDMDdel45;mdxmice were treated retro-
orbitally twice, once/week, with DG9-PMO or R6G-PMO at 30mg/kg (equivalent to
2190 nmol/kg for DG9-PMO, 2689 nmol/kg for R6G-PMO). Tissues were collected
1 week post-treatment. bWestern blot (NCL-Dys1) images post-treatment in TA and
heart. Proteins were loaded at 40 µg for NT and treated along with indicated per-
centages for the WT. Desmin (ab8592) serves as loading control. Quantification is

shown on the right relative to wild-type control after normalization with desmin
(n = 5). cRT-PCRof exon 44 skipping in TA and the heart. Quantification is shown at
the bottom (n = 5). d Representative immunofluorescence images for dystrophin
(ab15277) in TA and heart muscles. Percentage of dystrophin-positive fibers cal-
culated in relation to laminin. Scale 200 µm. Statistical analysis: unpaired two-tailed
t-test. Error: SEM. Source data are provided as a Source Data file.
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internalization to the “leakiness” of the dystrophic membrane43, some
studies suggesting PMO internalization occurs during the process of
myogenesis44 while another study has shown PMO to be endocytosed
through a caveolin-dependent pathway45. Regardless, in our study, we
did not find any significant PMO uptake quite possibly because a
higher concentration of PMO was required to have an observable
effect. Another less likely reasonmight be the absence of “leakiness” in
the membrane as the cells were not subjected to any sort of physical
stress unlike a dystrophic muscle undergoing contraction/relaxation.
This distinct internalization pattern of PMO and PPMO underscores
the importance of understanding cellular uptake mechanisms to
optimize therapeutic strategies for DMD.

The advantage of DG9-PMO over PMO was further demonstrated
by their mechanism of cellular entry (Fig. 1c). We used multiple phar-
macological reagents at their highest non-toxic dosage to inhibit
specific endocytic pathways. Our results demonstrate that DG9-PMO
uses multiple energy-dependent pathways to enter the cells. In myo-
blasts,we observed an inclination tomacropinocytosis-mediated entry
as EIPA had the most pronounced effect on PPMO uptake. Interest-
ingly, myotubes and cardiomyocytes show no preference for a specific
entry pathway, suggesting potential cell-type-specific differences in
DG9-PMO uptake mechanisms. This is in contrast to previously
reported PPMO (Pip6a-PMO) and PMOs where studies have shown
them to be exclusively reliant on a single-entry pathway28,45 high-
lighting the versatility of DG9 peptide in delivering cargos in a diverse
range of cell types. Furthermore, DG9-PMO’s resistance to protease/
peptidase-mediated degradation in serum-containing media indicates
their enhanced stability and bioavailability, further supporting its
candidacy for clinical applications40.

A major goal of this study was to develop an exon 44 skipping
therapy for DMDpatients, with a particular emphasis on addressing its
cardiac complications. Through in vitro analysis, we identified a PMO
sequence (Ac2) capable of inducing nearly 100% exon 44 skipping and
over 80% dystrophin protein expression (Supplementary Fig. 1). Sub-
sequent evaluation in hDMDdel45;mdxmice revealed that conjugation
of the PMO with the DG9 peptide significantly improved muscle
function andmotor coordination after a four-week treatment regimen
(Fig. 2). The DG9-PMO, on average, showed a 4-fold increase in exon
skipping and dystrophin restoration compared to unconjugated PMO
in skeletal muscles. In the cardiac muscles, the effects of DG9-PMO
were more evident showing a 4.8-fold increase in exon skipping and a
10-fold increase in dystrophin restoration (Fig. 3). Previous studies
have demonstrated a discrepancy between the level of exon skipping
and subsequent dystrophin restoration22,46 which did not happen in
our case suggesting that the exon 44-45 skipped transcript is more
stable than its 51-52 skipped counterpart. In a more recent study,
Watanabe et al.47 developed a PMO (NS-089/NCNP-02) that simulta-
neously targets two splicing regulators in exon 44 and a 13week
2000mg/kg treatment in cynomolgus monkeys induced 9.5% exon
44 skipping in skeletal muscles and about 1.4% skipping in the heart.
We observed a similar outcome in our PMO-only treatment group
which emphasizes the importance of an efficient delivery system for
PMOs in maximizing therapeutic efficacy.

In addition to elucidating the mechanism of cellular entry and
determining the efficacy in skeletal and cardiac muscles, we have
verified the cardioprotective effects of our therapy—an aspect often
overlooked in DMD-related studies. Currently available preclinical
models exhibit a late onset of DMD-mediated cardiomyopathy as
opposed to its earlymanifesting skeletalmusclephenotypes,making it
difficult to assess the cardiac efficacy of a treatment48. To replicate the
stress conditions associatedwith DMD-related cardiac dysfunction, we
administered β-isoproterenol to younger mice, employing both a sin-
gle high-dose and a multiple low-dose treatment regimen to induce
cardiac damage. Results from our acute β-isoproterenol injury study
demonstrated significantly reduced cardiomyocyte degeneration after

DG9-PMO treatment, which we did not observe in the PMO-treated
mice suggesting the limitation of PMO as a long-term therapy for
treating DMD-mediated cardiomyopathy (Fig. 3a, b). Further inspec-
tion of collagen deposition did not show any significant reduction
post-DG9-treatment (Supplementary Fig. 8); however, the down-
regulation observed in collagen-expressing-genes strongly indicates
the treatment would continue to prove beneficial in a weakened heart
typically observed in oldermice30 (Supplementary Fig. 11d). Moreover,
we observed anupregulation in theMYOC gene anddownregulation of
the CILP gene which has previously been identified as anti-fibrotic and
pro-fibrotic genes, respectively36 (Supplementary Data 1). These
results are consistent with our chronic multiple-dose treatment study,
where we observed that DG9-PMO confers cardioprotection against β-
isoproterenol. Unlike theNTgroup, which showed a significant decline
in both fractional shortening and left ventricular ejection fraction
(LVEF), theDG9-PMO-treated group exhibited no noticeable reduction
in either parameter (Fig. 3c, d). No significant changes were observed
in cardiac structure or troponin I (cTnI) levels (Table S2, Fig. 3e).
Matsumura et al.49 previously reported that elevated cTnI levels are
typically seen in patients during their second decade of life, whichmay
explain the absence of significant changes in cTnI levels and cardiac
structure in our study. They also demonstrated that cTnI and LVEF are
independent markers, with cTnI reflecting cardiac degeneration and
LVEF indicating cardiac stress, while brain natriuretic peptide (BNP), a
marker of cardiomyopathy, is strongly associated with LVEF. Con-
sistent with these findings, our acute treatment study revealed a sig-
nificant reduction in the gene expression of natriuretic peptide B
(Nppb; also known as BNP) following DG9-PMO administration
(Fig. 5c). The normalization of LVEF and the reduced Nppb expression
suggest that DG9-PMO has the potential to mitigate DMD-related
cardiac complications effectively.

Safety remains to be the major concern in the development of
peptide conjugate PMO therapies. Previously, we discussed the amino
acid composition of DG9 peptide where certain L-arginine residues
were substituted with D-arginine and the absence of 6-aminohexanoic
acid residues making the peptide much safer for clinical use22,50.
Indeed, our safety and toxicity analysis showed DG9-PMO normalized
all serum biomarkers (Fig. 4a) without having any detrimental effects
on the liver and kidney (Supplementary Fig. 10). While the changes in
body weights were not statistically different in any of the groups, we
did observe the reduced weight gain of the DG9-PMO treated mice
compared to NT and PMO-only groups. This may be explained by the
increased activity post-treatment of the otherwise lethargic mice. The
reduction in skeletal muscle tissue inflammation is suggestive of the
fact that DG9-PMO reduces myonecrosis (Fig. 4b). RNA sequencing
data further supports this notion where processes like cell growth,
differentiation, and apoptosis were downregulated (Fig. 5d). Gene
expression data demonstrated a strong normalization effect in both
TA and heart (Fig. 5c, Supplementary Fig. 11). Treatment effects on the
heart were more apparent where genes related to functional
improvements exhibited strong upregulation while inflammation-
related genes were downregulated. Of the 4 differentially expressed
genes found in the treatment group in reference to the WT, DMD
continued to be downregulated with a negligible upregulation show-
ing in the treated dystrophic group (Supplementary Fig. 11b). Analysis
of the transcript ID cross-matched with the murine Dmd gene sug-
gesting the restored dystrophin product resulted from the integrated
human DMD gene without any effects from its murine counterpart. A
normalizing effect on the other 3 genes was also observed post-
treatment which are mainly associated with processes such as neuron
projection development, cytoskeletal formation, and cation channel
regulation. These findings collectively underscore the safety and
therapeutic potential of DG9-PMO in the treatment of DMD, offering
insights into its mechanism of action and broader implications for
clinical translation.
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In summary, we have developed a peptide-conjugated PMO
therapy targeting exon 44 for the treatment of DMD. The treatment
demonstrated significant improvements in disease pathology within
both skeletal and cardiac muscles. This improved outcome is most
likely due to DG9’s exploitation of multiple entry pathways, contrast-
ing with the single pathway-mediated entry commonly observed in
other PPMOs. Safety assessments revealed no adverse effects asso-
ciated with the treatment. With its high efficacy and excellent safety
profile, we expect this therapy will pave the way for new therapeutic
strategies in the field of DMD, warranting further exploration through
future clinical trials.

Methods
Cell culture
The immortalized human muscle cells with the deletion of exon 45
(reference no. AB1323DMD14S), henceforth termed del45, were kindly
provided by the Institut deMyologie, France. Myoblasts were grown in
growth media containing DMEM/F12 medium (with HEPES; Gibco),
20% fetal bovine serum (Sigma), 1 vial of skeletal muscle growth sup-
plement mix (Promocell), and 0.5% Penicillin-Streptomycin (Gibco).
Myoblasts were seeded into Nunc™ Cell-Culture Treated 12-well plates
(Thermo Scientific) at a density of 1 × 105 cells/well. For myotubes,
growth media was replaced by differentiation media once the myo-
blasts were 90% confluent. Differentiation media was prepared using
DMEM/F12 containing 2% horse serum (GEHealthcare), 1× ITS solution
(Sigma), and 0.5% Penicillin-Streptomycin. Cardiomyocytes from a
healthy donor were obtained from iCell FUJIFILM (catalog no. R1132,
R1017). Cells were cultured according to manufacturer’s instructions.
Briefly, cardiomyocytes were seeded into freshly coated 24-well plates
with 0.1% gelatin solution (Millipore Sigma) at a density of 1.8 × 105

cells/well. Plating media was replaced with maintenance media after
2 days.Maintenancemedia was changed every 2 days until beatingwas
observed. All cells were incubated at 37 °C and 5% CO2. Experiments
with cells were approved by the University of Alberta Health Research
Ethics Board.

PMO transfection
The PMOs used in this study are summarized in Table S1 which were
derived from our previous publication27. The PMOs were obtained from
GeneTools, LLC and heated up at 70 °C for 10min prior to transfection.
Myoblasts were transfected with 10 µM PMO in differentiation media
along with 6 µM Endoporter (GeneTools, LLC). Random control 25-nt
(Gene Tools) was used for mock treatment. The non-treated group
contained only Endoporter. Cells were incubated for 2 days with PMO
followed by harvesting for RNA extraction. For protein extraction, cells
were differentiated for 3 additional days without any PMO.

For all the subsequent imaging and cellular uptake assays, Ac2was
used as the PMO (Table S1). The fluorochrome, carboxyfluorescein,
was conjugated to the 3’ end of Ac2 and the DG9 peptide (sequenceN-
YArVRRrGPRGYArVRRrGPRr-C; uppercase: L-amino acids, lowercase:
D-amino acids) was conjugated to the 5’ end of Ac2. In contrast, for all
unlabeled studies, the DG9 peptide was conjugated to the 3’ end of
Ac2. All in vitro transfections were carried out at 1 µM concentrations
for 24 h unless otherwise specified.

Immunocytochemistry
Myoblasts were seeded into 35mm poly-d-lysine coated dishes (Mat-
tek) at a density of 1 × 105 cells/dish and grown until they were 60%
confluent before transfection. For myotubes, cells were differentiated
for 7 days with media change every other day until transfection. Car-
diomyocytes were seeded at a density of 2.5 × 105 cells/dish into
collagen-coated dishes (Mattek) and were grown until beating was
observed. All cell types were transfected with 3’-carboxyfluorescein-
labeled 1 µM PMO, 20 µM PMO, and 1 µM DG9-PMO in their respective
media for 24 h.

To stain for the endosomes, del45 myoblasts and myotubes
transfected with DG9-PMO were first washed with PBS followed by
5min incubation in 4% paraformaldehyde. Then the cells were incu-
bated in 0.1% Triton-X 100 in PBS (PBSTx) for 1 hr at room temperature
for antigen retrieval. Next, cells were kept in blocking solution (10%
goat serum in PBSTx) for 30min. Early and late endosomes were
stained with Rab5 (Invitrogen PA5-29022) and Rab11 (Invitrogen 71-
5300) antibodies, respectively, by using a 1:200 dilution (in blocking
solution) for 1 h. After three 5min PBS washes, secondary antibody
staining was done using AlexaFluorTM 594-conjugated goat anti-rabbit
IgG secondary antibody (1∶1000, A-11037) for 1 h. Finally, cells were
washed with PBS and stained with DAPI (Invitrogen). Visualization was
done using a Zeiss LSM 710 confocal microscope.

Cell fractionation
For this study, Nunc™ Cell-Culture Treated 24-well plates were coated
with 0.1% gelatin solution for 24 h. Del45 myoblasts were seeded at a
density of 4 × 104 cells/well and were grown for 2 days. For myotubes,
cells were further differentiated for an additional 6 days. Cardiomyo-
cytes (catalog no. R1017) were seeded at a density of 1.27 × 105 cells/
well and were grown until beating was observed. Cells were then
transfected with 1 µM 3’-carboxyfluorescein-labeled DG9-PMO. Cyto-
plasmic and nuclear fractionation was carried out using the NE-PER™
Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific,
78835) and Halt™ Protease Inhibitor Cocktail (Thermo Scientific,
78437), following the manufacturer’s guideline. The final solutions
containing the nuclear and cytoplasmic fractions were further diluted
in 20 and 40 µL water, respectively. Fluorescence intensity was mea-
sured in a 96-well black clear bottom plate (Invitrogen) using a Spec-
traMax M3 plate reader (Ex460/Em520). Finally, western blot analysis
was performed using a NuPAGE™ Bis-Tris 4–12% Midi Protein Gel to
validate the fractionation. Nuclear and cytoplasmic fractions from
del45myoblasts transfectedwithDG9-PMO for 2 and 24 hwere stained
with HDAC2 (Invitrogen 51-5100, 1:500) and GAPDH (Cell Signaling
Technology 2118, 1:10,000). Detection was carried out using anti-
rabbit IgG (H+ L) horseradish peroxidase-conjugated secondary anti-
bodies (Invitrogen 31460, 1:10,000). Throughout the experiment, total
nuclear and cytoplasmic protein quantities were measured using a
NanoDrop™ Lite Spectrophotometer (Thermo Scientific™) to ensure
consistency.

Endocytosis inhibition
Myoblasts were seeded into Nunc™ Cell-Culture Treated 12-well plates
at a density of 4 × 104 cells/well and were grown for 2 days. An addi-
tional 6 days of differentiation was carried out for myotubes. Cardio-
myocytes (catalog no. R1132) were seeded into freshly coated 24-well
plates with 0.1% gelatin solution at a density of 1.8 × 105 cells/well and
were grown until beating was observed. Cells were pre-treated with
endocytosis inhibitors for 30min. The following inhibitors were used
at the highest non-toxic concentration for a given cell type which was
derived from a previous study28: NaN3 (10mM) and 2′-Deoxy-D-Glu-
cose (6mM) for ATP-depletion, chlorpromazine (CPZ, 3.25 µM for
myoblasts and cardiomyocytes, 7.5 µM for myotubes) for clathrin-
mediated endocytosis inhibition, nystatin (12.5 µM for myoblasts and
cardiomyocytes, 25 µM for myotubes) and genistein (100 µM for
myoblasts and cardiomyocytes, 200 µM for myotubes) for caveolae-
mediated endocytosis inhibition, and 5-(N-ethyl-N-isopropyl) amilor-
ide (EIPA, 10 µM) for macropinocytosis inhibition. Next, the cells were
incubated with fluorescent-taggedDG9-PMO for 4 h in the presence of
the inhibitors. The concentrations used for PMO transfection are as
follows: 500 nM for myoblasts, 250nM for myotubes, and 1 µM for
cardiomyocytes. Transfections were carried out in DMEM and 0.5%
Penicillin-Streptomycin for myoblasts and myotubes, or in main-
tenancemedia for cardiomyocytes with a final volume of 500 µL. Cells
were washed with PBS after the 4-h incubation. Proliferating cells such
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as myoblast and myotubes were further treated with CellTrace™ Cal-
cein Red-Orange (Invitrogen) at a concentration of 1 µg/well for 15min.
Following a PBS wash, cells were lysed with 300 µL GLB buffer (Pro-
mega). 100 µL of the cell lysates in a 96-well black clear bottom plate
(Invitrogen) were measured for fluorescent intensity using a Spec-
traMax M3 plate reader (Ex460/Em520 for DG9-PMO and Ex560/
Em590 for Calcein Red-Orange). Percentages were calculated after
subtracting the baseline (lowest intensity in the non-treated group)
from all the groups. To account for the inconsistent cell numbers
across the wells, DG9-PMO fluorescent signal was normalized to Cal-
cein Red-Orange.

Confirmation of inhibitors’ activity was carried out in del45 myo-
blasts using known endocytosis markers in a similar fashion.
AlexaFluorTM 488-conjugated markers such as human transferrin (8 µg/
ml, Invitrogen) for clathrin-mediated endocytosis, cholera toxin B (2 µg/
ml, Invitrogen) for caveolae-mediated endocytosis, and Oregon Green™
488- conjugated dextran (70,000MW; 250 µg/ml, Invitrogen) for mac-
ropinocytosis were incubated in presence of the inhibitors for 2 h. Cells
were then washed with PBS and lysed with 300 µL GLB buffer. 100 µL of
the cell lysates in a 96-well black clear bottom plate were measured for
fluorescent intensity using a SpectraMax M3 plate reader (Ex475/
Em525). Percentages were calculated after subtracting the baseline.

Animal treatments
To determine the efficacy and safety of DG9-PMO in vivo, 8week-old
male hDMDdel45;mdxmice (C57BL/6 J background) were used. All the
mice were heterozygous for the hDMDdel45 transgene. For all in vivo
experiments, Ac2was used as the PMOwith the peptide conjugated to
the 3’ end for DG9- and R6G-PMO. First, we evaluated the safety
and efficacy of the DG9-PMO. Mice were retro-orbitally injected four
times once/week with either saline, PMO (30mg/kg), or DG9-PMO
(30mg/kg) and euthanized 2weeks after the treatment for tissue col-
lection. Saline-treated wild-type (WT) served as control. Functional
tests were conducted before and 10days after treatment (Fig. 2a).
Blood and urine samples were collected. Body weights were recorded
throughout the course of the treatment. All mice were subjected to a
15mg/kg subcutaneous injection of β-isoproterenol and an intraper-
itoneal injection of freshly prepared 1% Evans blue dye at 10ml/kg 24 h
before sacrifice. After dissection, tissues were mounted on corks with
tragacanth gum and flash-frozen in liquid nitrogen-cooled isopentane.

To assess the changes in cardiac function, 10week-old male
hDMDdel45;mdxmicewere treated retro-orbitally twice, once/week, at
30mg/kg dosage of DG9-PMO or saline. All mice received a sub-
cutaneous injection of 1.5mg/kg β-isoproterenol every day for 14 days.
Echocardiographic imaging was performed before and after treat-
ment. Analysis was done using Vevo LAB version 5.7.1. Blood samples
were collected at the end of the treatment for cardiac troponin I (cTnI)
analysis. Blood samples were drawn from the tail vein at a volume of
150 µL per mouse. The samples were allowed to sit at room tempera-
ture for 30min before being centrifuged at 15,300 × g (12,000 RPM)
for 15min at 4 °C. The resulting supernatant (serum)was transferred to
1.5mL tubes and stored at −80 °C. Levels of cTnI in the serum were
analyzed commercially by NorthEast BioAnalytical Laboratories LLC.
For calculations, samples with optical density (OD) values below the
lower limit of the standard curve were assigned a value of 24.55 pg/ml,
which corresponds to the lower limit of the standard curve.

For the DG9- vs R6G-PMO study, 8week-old male hDMDdel45;mdx
mice were treated retro-orbitally twice once/week at 30mg/kg dosage
(equivalent to 2190 nmol/kg for DG9-PMO, 2689 nmol/kg for R6G-PMO)
followed by euthanasia after 1week for tissue collection. All injections
were conducted under isoflurane anesthesia.

Functional assessment of skeletal and cardiac muscles
Forelimb and total grip strengths were recorded using the Chatillon
DFE II grip strength meter (Columbus Instruments). Tests were

conducted according to the TREAT-NMD SOP DMD_M.2.2.001 and the
average of the three most consistent readings was used. Results were
normalized to bodyweights. The rotarod test was performed using the
AccuRotor 4-channel rotarod (Omnitech Electronics, Inc.) following
the protocol by Lim et al.22. Briefly, mice were placed on a rod rotating
at a speed of 5 rpm. The rotation was then accelerated from 5–45 rpm
over a span of 300 sec. Fall times were recorded by the software
(Fusion ver. 6.5). Three trials were conducted with 15min breaks in
between. The peak fall time was used for analysis. The endurance test
was performed according to TREAT-NMD SOP DMD_M.2.1.003 using
the Exer 3/6 animal treadmill (Columbus Instruments). Mice were
subjected to run on the treadmill with the following program: 5m/min
for 5min, and 1m/min increment everyminute until exhaustion. Point-
of-exhaustion was considered when themouse did not get back on the
treadmill within 10 sec following repeated, gentle nudges. All tests
were performed at baseline (pre-treatment) and on day 10 after
receiving the final treatment. Tests were performed by blinded
personnel.

Echocardiography was performed using the Vevo 3100 with a
40MHz transducer (MX550S; VisualSonics, Toronto, Canada). Mice
were kept on a heating pad with a nose cone delivering 2% isoflurane
throughout the procedure. Their temperature was kept between 36.5
to 37.5 °C. Ultrasound gel was applied to the chest of the anesthetized
mice, and the ultrasound probe was placed in contact with the gel for
scanning, which lasted about 30min. Throughout the scanning, tem-
perature and heart ratewere continuouslymonitored.M-mode images
were used to measure the fractional shortening and left ventricular
ejection fraction.

RT-PCR and exon skipping evaluation
Total RNA was extracted from cells and tissue sections (20 µm) using
Trizol (Invitrogen) following the manufacturer’s instructions. cDNA
was synthesized using SuperScriptTM IV Reverse Transcriptase (Invi-
trogen) in accordance with the manufacturer’s protocol. 2.5μM of
randomhexamers (Invitrogen) were used to synthesize the cDNA from
200ng of total RNA in a 20 µL reaction. Subsequent amplification of
the hDMD exon 43-46 region was carried out in a 25 µL reaction con-
taining 5 µL of the cDNA, 1× GoTaq® Green Master Mix (Promega), and
0.4μM of the forward (GCTCAGGTCGGATTGACATTAT) and the
reverse primers (TTTCCAGGTTCAAGTGGGATAC) each. The following
program used for the PCR was used: (1) 95 °C, 2min, (2) 35 cycles of
95 °C, 30 s; 56.5 °C, 30 s; 72 °C, 90 s, (3) 72 °C, 10min, and (4) 4 °C,
hold. All PCR products were run in 2% agarose gels in 1× tris-borate-
EDTA buffer. Band intensities were quantified by Image J (NIH). Exon
skipping efficiency was calculated from the ratio of the intensity of
skipped band and the total intensity of skipped and non-
skipped bands.

Protein extraction and western blot
Total protein from cells was extracted using RIPA buffer (Sigma) with
cOmplete, Mini, EDTA-free protease inhibitor cocktail (Roche). Total
protein from20 µmtissue sections was collected using SDS lysis buffer
containing 10% SDS, 70mMTris-HCl (pH 6.7), 5mM EDTA (pH 8.0), 5%
β-mercaptoethanol, and cOmplete protease inhibitor cocktail. Both
extractions were carried out according to our previously published
protocol51. Extracted proteins were quantified using the PierceTM BCA
kit (Thermo Scientific) for cell samples, and the PierceTM Coomassie
(Bradford) kit (Thermo Fisher) for tissue samples.

For western blot, samples were prepared by adding proteins with
NuPAGETM LDS Sample Buffer (Invitrogen; 1× final concentration) and
NuPAGETM Sample Reducing Agent (Invitrogen; 1× final concentration),
followed by heating at 70 °C for 10min. For SDS-PAGE, pre-cast
NuPAGETM 3–8% Tris-Acetate Midi gels (Invitrogen) were used to sepa-
rate the proteins by running them for 75min at 150V. Using a semi-dry
blotting system, proteins were transferred onto a PVDF membrane
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(Millipore) at 20V for 70min. Membranes were then incubated over-
night with 2% ECL Prime Blocking Agent (GE Healthcare) while shaking
at 4 °C. Post-transfer gels were stained with PageBlue Protein Staining
solution (Thermo Scientific) for 1 hr at room temperature to detect
myosin heavy chain bands (MyHC) which served as an additional con-
trol. After blocking, membranes were cut and incubated with the pri-
mary antibodies for 1 hr at room temperature: 1:200 NCL-DYS1 (Leica)
for dystrophin, and 1:4,000 anti-desmin (Abcam, ab8592) in blocking
agent. After three 10-min PBST (PBS containing 0.05% Tween 20)
washes, membranes were incubated with secondary antibodies for 1 hr
at room temperature: anti-mouse IgG2a or anti-rabbit IgG (H+ L)
horseradish peroxidase-conjugated secondary antibodies (Invitrogen A-
10685, 31460) for dystrophin and desmin respectively, both 1:10,000 in
PBST. Membranes were then washed three times with PBST for 10min
each and bands were detected with ECL Select Detection Reagent (GE
Healthcare). Band intensities were quantified using Image LabTM soft-
ware, v.6.1 (Bio-Rad), and dystrophin restorations were expressed rela-
tive to the intensity of the wild-type samples.

Immunohistochemistry
Frozen tissues were sectioned at 7 µm thickness and placed on poly-L-
lysine-coated slides. Sections were thawed and air-dried for 30min at
room temperature before immunostaining. First, the sections were
incubated with blocking solution containing PBS with 0.1% Triton-X
100 and 10% goat serum. Sections were then incubated overnight at
4 °C in blocking solution with the following primary antibody: rabbit
anti-dystrophin antibody (1∶400, ab15277), rat anti-laminin antibody
(1:100, ALX-804-190), rabbit anti-Collagen I antibody (1:50, ab34710),
or rat anti-mouse CD68 antibody (1:200, MCA1957T). The following
day, sections were washed three times with PBS (5min each), followed
by 1 h incubation in PBS with secondary antibody: AlexaFluorTM 488-
conjugated goat anti-rabbit IgG secondary antibody (1∶2000, A11034),
AlexaFluorTM 594-conjugated goat anti-rat IgG secondary antibody for
laminin (1:1,000, A11007), or DyLightTM 488-conjugated goat anti-rat
IgG secondary antibody for CD68 (1:200, SA510018). Sections were
again subjected to three 5min PBS washes followed bymounting with
Vectashield HardSet Antifade Mounting Medium with DAPI (Vector
Laboratories). Samples were visualized the next day using a Zeiss LSM
710 confocal microscope (ZEN ver. 13). Quantification was done by
blinded personnel. For quantification, cells completely outlined by
dystrophin were considered dystrophin-positive.

Tissue histology
Frozen sampleswere sectioned at 7 µmthickness andplacedonpoly-L-
lysine-coated slides. Sections were first thawed at room temperature
for 30min and then stained with Mayer’s hematoxylin (Electron
Microscopy Sciences) for 15min. After washing with running tapwater
for 15min, sections were stained with eosin Y (Electron Microscopy
Sciences) for 10min followed by dehydration using a series of con-
centrated ethanol (70%-90%-99%). Sections were then cleared with a
xylene substitute (Thermo Fisher) and mounted with PermountTM

(Fisher Chemical). Visualization was done using an Optika B-290TB
microscope (Optika Vision Lite ver. 2.13). Subsequent analyses such as
centrally nucleated fiber count and Feret’s diameter were performed
by blinded personnel. Analysis of Feret’s diameter was done according
to our previously published article22,52–54. Briefly, image analysis was
conducted using an ImageJ macro adapted from Open-CSAM with
custom in-house modifications. The Color Deconvolution 2 plugin
facilitated the detection of hematoxylin- and eosin-stained images.
Lastly, the images were manually curated to refine fiber boundaries
and ensure accurate diameter measurements.

RNA sequencing
Total RNA was extracted from tissue samples using RNeasy Fibrous
Tissue Mini Kit (QIAgen). RNA sequencing was done commercially

through theCenter for Health Genomics and Informatics, University of
Calgary. Briefly, samples were assessed via TapeStation assay followed
by quantification viaDNAandRNAfluorescent assay. Sampleswith RIN
scores greater than 6 were used. Library preparation was performed
with 300 ng inputs using NEBNext Ultra II directional RNA kit (New
England Biolabs) with poly-A capture module. Assessment of the fin-
ished libraries was done via Kapa qPCR assay. Sequencing was per-
formed on an Illumina NovaSeq6000 instrument with 2 × 50bp read
lengths targeting ~33M read pairs per sample before analysis. RNAseq
reads were pseudo-mapped to NCBI RefSeq murine transcript models
using Kallisto 0.42.455. Mapping counts were analyzed using Sleuth56,
with three simple binary regression models for each pairwise contrast
of dystrophic vs WT, treated vs dystrophic, and treated vs WT. Tran-
scripts that pass the aforementioned regression model with the Wald
test p-value < 0.05 after Benjamini-Hochberg multiple testing correc-
tion were considered to be differentially expressed (Supplementary
Data 1). For some specific transcripts in the treated vsWT comparison,
when the expression level was too low in the samples being used for
contrast (defaultfilter in Sleuth, 5 readsmapping in eachof at least half
the samples), expression values were estimated by the addition of the
other two contrasts. Enrichment analysis was done using Metascape38

(Supplementary Data 2).

Toxicology analysis
Blood and urine samples were collected on day 10 post-treatment.
Blood was collected from the tail vein at a volume of 100 µL/mouse.
Sampleswere left undisturbed for 30min at room temperature followed
by centrifugation at 15,300×g (12,000 RPM) for 15min at 4 °C. The
serumwas then transferred to a 1.5mL tube and stored at −80 °C. Serum
analysis was done commercially through IDEXX BioAnalytics for the
following markers: aspartate aminotransferase (AST), alanine transami-
nase (ALT), creatine kinase (CK), blood urea nitrogen (BUN), gamma-
glutamyl transferase (GGT), and creatinine. Samples having hemolysis
index within the normal range were considered for further statistical
analysis. For Kidney injury molecule 1 (KIM-1) analysis, 20–50 µL urine
was collected per mouse. Samples were centrifuged at 2000×g for
10min at 4 °C. Supernatant was collected and stored at −80 °C until
further use. KIM-1 analysis was performed using the Mouse KIM-1 ELISA
Kit (ab213477) following the manufacturer’s protocol.

Statistical analysis and reproducibility
All measurements were obtained from distinct samples, with no
repeated measurements conducted except for studies showing chan-
ges from the baseline. All statistical tests were carried out using Prism
ver. 9 (GraphPad). Analysis such as one-way ANOVA with post-hoc
Tukey’s or Dunnett’smultiple comparisons test, or unpaired two-tailed
t-test were conducted as appropriate. P-values less than 0.05 were
considered statistically significant. Dystrophin-positive fiber calcula-
tions were performed on three independent samples per treatment
group to ensure consistency and reliability in the percentage of
dystrophin-positive fibers.

Animal husbandry and ethical declaration
The mice were housed in a pathogen-free environment maintained at
22 ± 2 °Cwith a 14-h light and 10-h dark cycle. They were providedwith
an irradiated rodent diet (PicoLab® Rodent Diet 20, catalog #5053)
ad libitum.Water was deionized, UV-filtered, and supplied in sterilized
bottles. All procedures were approved by the University of Alberta
Research Ethics Office Animal Care and Use Committee
(AUP00000365) and adhered to ARRIVE guidelines. Given that DMD is
an X-linked disorder, only male mice were included in this study.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The authors declare that all the data supporting the findings of this study
are availablewithin the paper and its supplementary information. Source
data are provided with this paper. The RNA sequencing data that sup-
port the findings of this study are available in Open Science Framework:
https://osf.io/37wzb/. Source data are provided with this paper.
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