
Histone deacetylase inhibitors improve antisense-mediated exon-
skipping efficacy in mdx mice
Bizot, F.; Goossens, R.; Tensorer, T.; Dmitriev, S.; Garcia, L.; Aartsma-Rus, A.; ... ;
Goyenvalle, A.

Citation
Bizot, F., Goossens, R., Tensorer, T., Dmitriev, S., Garcia, L., Aartsma-Rus, A., … Goyenvalle,
A. (2022). Histone deacetylase inhibitors improve antisense-mediated exon-skipping efficacy
in mdx mice. Molecular Therapy - Nucleic Acids, 30, 606-620.
doi:10.1016/j.omtn.2022.11.017
 
Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/3563782
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3563782


Original Article
Histone deacetylase inhibitors improve
antisense-mediated exon-skipping
efficacy in mdx mice
Flavien Bizot,1,4 Remko Goossens,2,4 Thomas Tensorer,3 Sergei Dmitriev,3 Luis Garcia,1 Annemieke Aartsma-Rus,2

Pietro Spitali,2 and Aurélie Goyenvalle1

1Université Paris-Saclay, UVSQ, Inserm, END-ICAP, 78000 Versailles, France; 2Department of Human Genetics, Leiden University Medical Center, 2333 ZA Leiden, the

Netherlands; 3SQY Therapeutics, UVSQ, END-ICAP, 78180 Montigny le Bretonneux, France
Antisense-mediated exon skipping is one of the most prom-
ising therapeutic strategies for Duchenne muscular dystrophy
(DMD), and some antisense oligonucleotide (ASO) drugs
have already been approved by the US FDA despite their low ef-
ficacy. The potential of this therapy is still limited by several
challenges, including the reduced expression of the dystrophin
transcript and the strong 50-30 imbalance in mutated tran-
scripts. We therefore hypothesize that increasing histone acet-
ylation using histone deacetylase inhibitors (HDACi) could
correct the transcript imbalance, offering more available pre-
mRNA target and ultimately increasing dystrophin rescue.
Here, we evaluated the impact of such a combined therapy on
theDmd transcript imbalance phenomenon and on dystrophin
restoration levels in mdx mice. Analysis of the Dmd transcript
levels at different exon-exon junctions revealed a tendency to
correct the 50-30 imbalance phenomenon following treatment
with HDACi. Significantly higher levels of dystrophin restora-
tion (up to 74% increase) were obtained with givinostat and
valproic acid compared with mice treated with ASO alone.
Additionally, we demonstrate an increase in H3K9 acetylation
in human myocytes after treatment with valproic acid. These
findings indicate that HDACi can improve the therapeutic
potential of exon-skipping approaches, offering promising
perspectives for the treatment of DMD.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is a genetic, X-linked, muscle-
wasting disease caused by different types of mutations in the DMD
gene, which mostly disrupt the open reading frame and thus lead to
an absence of functional dystrophin protein. Becker muscular dystro-
phy (BMD), which is also caused by mutations in the DMD gene,
results in a variable but milder phenotype. In contrast to DMD mu-
tations, BMD deletions do not disrupt the open reading frame, allow-
ing translation of a partially truncated but functional dystrophin.
Antisense-mediated exon skipping for DMD aims to eliminate one
or several exons from the mRNA, by masking key splicing sites
with antisense oligonucleotides (ASOs) during the pre-mRNA
splicing process. The resulting mRNA will have a restored reading
606 Molecular Therapy: Nucleic Acids Vol. 30 December 2022 ª 2022
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frame and therefore allow the expression of a BMD-like dystrophin.
Several ASO-based exon-skipping drugs have already been approved
by the US Food and Drug Administration for the treatment of DMD
(eteplirsen, golodirsen, viltolarsen, and casimersen targeting exons
51, 53, 53, and 45).1 Approval was based on safety and increased
dystrophin expression in muscle biopsies of treated patients at rela-
tively low levels (up to �5.9% following exon 53 skipping).2 Recent
studies suggest delayed loss of ambulation and pulmonary decline
following long-term eteplirsen treatment compared with a natural
history cohort,3 and placebo-controlled clinical trials are still ongoing
to assess functional outcomes for each of the compounds. However,
the efficacy of exon-skipping strategies is still limited by several
challenges, leaving much room for improvement.

One of the most recognized challenges of ASO-mediated exon skip-
ping is the delivery of ASOs to the target tissues.4,5 Many efforts are
focusing on improving this delivery, notably through the develop-
ment of alternative chemistries or various conjugates.6,7,8 Among
these, some of us have been working with one particular chemistry
named tricyclo-DNA (tcDNA), and we recently demonstrated that
conjugation of palmitic acid with tcDNA (palm-tcDNA) significantly
enhances their therapeutic potential.9 Many of these newly developed
compounds are currently or soon to be evaluated in clinical trials.
However, another less recognized challenge limits the effect of
ASOs independently of their delivery properties: the limited amount
of target mRNA. Indeed, transcriptional studies have shown that
dystrophin mRNA levels are reduced in muscle when a mutation is
present.10,11 This reduction was thought to be caused by nonsense-
mediated decay (NMD), which breaks down transcripts with prema-
ture termination codons (PTCs) due to nonsense mutations or
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frameshifts.12 However, our recent work has shown that inhibition of
NMD similarly impacts wild-type (WT) and dystrophic DMD tran-
script levels, suggesting that NMD does not specifically affect mutated
DMD transcripts.13 More importantly, this work confirmed previous
findings describing a strong 50-30 transcript imbalance in mutated
transcripts.13,14 Reduced transcript accumulation toward the 30 end
was also observed in healthy controls,15 suggesting that the locus is
transcriptionally challenging. This is not surprising given that the
DMD gene is one of the largest genes in the human genome, spanning
2.2 Mb. However, PTC-containing transcripts appear to be evenmore
affected. The reduced transcriptional output at the DMD locus in the
presence of PTC appeared to be at least partly due to a chromatin
conformation less prone to transcription in mdx mice compared
with WTmice. Indeed we previously showed an increased expression
of histone methyltransferases, which are responsible for the methyl-
ation of lysine 9 on histone 3 (H3K9me3). This increase was mirrored
by elevated levels of H3K9me3 in mdxmouse muscle compared with
healthy controls and an increase of H3K9me3 modification along the
Dmd locus.13 H3K9methylation is a transcriptionally repressive mark
that competes with the transcriptional permissive H3K9 acetylation.
Hence, promoting permissive chromatin conformation via, for
example, H3K9 acetylation could counteract the effects of increased
H3K9 methylation observed in the presence of PTC and increase dys-
trophin pre-mRNA availability. We hypothesize here that increasing
histone acetylation (and therefore decreasing histone methylation)
using histone deacetylase inhibitors (HDACi) could correct the
transcript imbalance, offering more available pre-mRNA target for
exon-skipping approaches.

HDACi have previously been studied in the context of DMD models
but not for their effect on dystrophin transcript synthesis. Pharmaco-
logical blockade of histone deacetylases (HDACs) has been shown to
decrease fibrosis and promote compensatory regeneration in themdx
skeletal muscle through follistatin upregulation.16–18 These studies
have led to the clinical evaluation of the HDACi givinostat, which is
currently in a phase III clinical trial for DMD treatment (www.
clinicaltrials.gov, clinical trial identifier NCT02851797). Positive
topline data from this phase III trial were announced at the Annual
PPMD Conference on June 25th, 2022, showing the beneficial effect
of givinostat in DMD patients (https://www.businesswire.com/
news/home/20220625005001/en/Italfarmaco-Group-Announces-
Positive-Topline-Data-from-Phase-3-Trial-Showing-Beneficial-Effect-
of-Givinostat-in-Patients-with-Duchenne-Muscular-Dystrophy). We
hypothesize that on top of these beneficial effects,HDACi could signif-
icantly improve the effect of exon-skipping strategies by increasing the
level ofDmd transcript. In this study, we have evaluated the impact of
such a combined therapy on the Dmd transcript imbalance phenom-
enon and on dystrophin restoration levels both in vivo in mdx mice
and in vitro in human myocytes. Adult mdx mice were treated with
different HDACi: givinostat (a pan HDACi), valproic acid (VPA; in-
hibitor of class I/II), or EX527 (inhibitor of class III), and also received
ASOs aimed at skipping exon 23.Mice receiving the combined therapy
with givinostat and VPA showed significantly higher levels of
dystrophin restoration compared with mice treated with ASO alone.
Additionally, we demonstrate increased H3K9 acetylation along the
DMD locus in human myocytes.

RESULTS
Effect of HDAC inhibitors on Dmd mRNA levels in mdx mice

We first studied Dmd gene expression at several exon-exon junctions
in skeletal and cardiac muscles of 3-month-old mdx mice and their
WT controls (C57/BL10 mice). The quantitative PCR (qPCR) data
obtained from triceps, diaphragm, and heart revealed amounts of
Dmd transcripts that were significantly lower in all mdx muscles
compared with WT controls (p = 0.0099 for triceps, p < 0.0001 for
diaphragm, and p = 0.0006 for heart) (Figure 1A). No difference
was found at the exon junction 4-5, suggesting that initiation of tran-
scription is not altered in mdx mice (triceps 100%, diaphragm 105%,
and heart 82% compared with WT expression). However, Dmd
expression was markedly lower in the distal part of the gene in mdx
muscles where expression levels at the exon 65-66 junction were
only 21% in triceps, 38% in diaphragm, and 31% in heart compared
with WT expression. These results confirm the strong 50-30 transcript
imbalance previously described inmdxmice due to the nonsense mu-
tation in exon 23. A 50-30 imbalance was also detected in WT mice as
shown by the absolute quantification ofDmd transcripts (Figure S1A),
yet slopes were significantly steeper in mdx mice.

To investigate whether this imbalance previously linked to epigenetic
effects could be counterbalanced by histone acetylation, we treated
mdx mice with HDACi for 5 weeks. Mdxmice received daily admin-
istration of givinostat (10 mg/kg by oral gavage 5 days/week13), VPA
(500 mg/kg intraperitoneally [i.p.] 5 days/week19), EX527 (2 mg/kg
i.p. 5 days/week20) or saline (i.p. 5 days/week).

The quantification ofDmd gene expression at several exon-exon junc-
tions by qPCR in muscles from HDACi-treated mice revealed a ten-
dency for some HDACi to increase Dmd expression levels, such as
EX527 in the proximal exon junctions (4-5 and 24) for all muscles
or givinostat across all exon junctions in the diaphragm. However,
when we compared all of the exon junctions per treatment with saline,
no significant differences emerged (p = 0.8554 in heart, p = 0.6694 in
triceps, and p = 0.5552 in diaphragm) (Figure 1B). The Dmd gene
expression at several exon-exon junctions can also be represented
by the regression line (Figure S1B), allowing better visualization of
the overall expression levels.

Given that the single treatment with either HDACi (Figure 1B) or
ASOs14 did not correct the reduction at the 30 end, we sought to inves-
tigate the potential effect of the combination treatment with HDACi
and exon-skipping therapy. Therefore, we combined HDACi and
palm-tcDNA ASO treatments, as this ASO could efficiently target
the donor splice site of mouse Dmd exon 23.9 After a first week of
HDACi treatment, mdx mice were treated once weekly with
25 mg/kg ASO for a total of 4 weeks as presented in Figure 1C.
Two weeks after the last ASO injection, tissues were analyzed and
exon 23 skipping levels were quantified by TaqMan qRT-PCR (Fig-
ure 1D). Four injections of ASO induced exon 23 skipping levels
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 607
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Figure 1. Effect of HDACi on Dmd transcript levels and exon-skipping efficacy in mdx mice

(A) Relative expression ofDmd transcript levels obtained in triceps, diaphragm, and heart for several exon-exon junctions along theDmd gene inmdx andC57Bl10mice (n = 6

for C57Bl10 and n = 9 formdxmice) (p = 0.0099 in triceps, p < 0.0001 in diaphragm, and p = 0.0006 in heart betweenmdx and C57Bl10 analyzed by two-way ANOVA). (B)

Effect of HDACi treatment on Dmd transcript imbalance in triceps, diaphragm, and heart (n = 7 mice per group). No statistical difference was detected overall between

HDACi-treated mice and saline-treated mice (p = 0.6694 in triceps, p = 0.5552 in diaphragm, and p = 0.8554 in heart analyzed by two-way ANOVA). (C) Schematic rep-

resentation of themdx treatment with ASO combined with the various HDACi. (D) Effect of HDACi on exon-skipping level. Left: qPCR quantification of exon 23 using TaqMan

qPCR in the different muscle tissues: tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), biceps (BI), diaphragm (DIA), and heart. n = 7 mice per

group, *p < 0.05 between ASO treatment and ASO + VPA treatment using a two-way ANOVA to compare the two groups. Right: example of the visualization of exon 23

skipping on gel in the heart with one representative mouse for each group (1/7). PCR amplifications between exons 20 and 26 are loaded in a 1.5% agarose gel. The top band

corresponds to the unskipped transcript and the lower band to the exon 23 skipped transit. All data are plotted as means ± SEM.
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ranging from 2% to 7% in the different muscles. However, co-treat-
ment with VPA slightly increased the skipping levels (1.26-fold
change, p = 0.0478, two-way analysis of variance [ANOVA], ASO
versus ASO + VPA) (Table 1) as well as co-treatment with givinostat,
though not statistically significant (1.21-fold change, p = 0.1916, two-
608 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
way ANOVA, ASO versus ASO + givinostat). Exon 23 skipping levels
were also visualized on gel after RT-PCR. The right panel of Figure 1D
shows the gel for heart samples (n = 1/7 mouse per group on the
gel) in which the bands corresponding to the exon 23 skipped tran-
script are clearly visible in ASO-treated samples as opposed to the



Table 1. Exon-skipping fold change following HDACi treatment in mdx mice

Exon-skipping fold change TA GAS QUAD TRI DIA HEART Average

ASO + givistatin 1.00 1.36 1.65 0.83 1.09 1.11 1.21

ASO + VPA 1.11 1.45 1.41 1.17 1.28 1.19 1.26

ASO + EX527 0.87 1.27 1.51 0.76 1.03 0.90 1.01

Fold changes are calculated from the levels of exon 23 skipping quantified by TaqMan qPCR obtained in themuscles co-treated with ASO andHDACi compared with the samemuscles
treated with ASO alone. TA, tibialis anterior; GAS, gastrocnemius; QUAD, quadriceps; TRI, triceps; DIA, diaphragm.

www.moleculartherapy.org
saline-treated mice. No exon 23 skipping was detected in samples
from mdx mice treated with HDACi only (data not shown).

Effect of HDAC inhibitors on dystrophin protein levels in mdx

mice

We next assessed the levels of dystrophin expression in the various
muscle tissues following treatment with ASO alone or ASO and
HDACi. No dystrophin expression was found in samples from mdx
mice treated with HDACi only (Figure S2A). Significant amounts
of dystrophin protein (ranging from 2% to 10%) were detected by
western blot in all analyzed tissues after only four administrations
of ASO (Figure 2A). We found significantly more dystrophin restora-
tion in mdx mice co-treated with VPA (1.74-fold change compared
with ASO alone across all muscles, p < 0.0001, two-way ANOVA,
ASO versus ASO + VPA) and givinostat (1.44-fold change, p =
0.0076, two-way ANOVA, ASO versus ASO + givinostat), but not
with EX527 (1.10-fold change, p = 0.7012, two-way ANOVA, ASO
versus ASO + EX527) in both skeletal muscles and heart (Figure 2A).
Dystrophin restoration and correct localization were also confirmed
by immunostaining performed on muscle cryosections (Figure 2B).
Compared with the treatment with ASO alone, we did not detect
significantly more dystrophin-positive fibers in muscles from
HDACi co-treated mice (approximately 3% of dystrophin-positive fi-
bers in all groups), but the intensity of the staining was higher (Fig-
ure S2B), which fits with the higher amounts detected on western
blot. Since some HDACi have previously been shown to increase
muscle fiber size in mdx mice, we measured the muscle fiber sizes
in the triceps of all groups of mice (Figures 2C and S2C).Mdxmuscles
display a higher number of small fibers (<1,000 mm2) compared with
WT mice and ASO-treated mice, where the distribution shows a
normalization toward WT muscles (fewer small fibers and more
middle sized-fibers [2,000–4,000 mm2]). Co-treatment with givinostat
tends to induce very large fibers (<5,000 mm2), as previously re-
ported,16 and the mean fiber area was therefore significantly
improved compared with mdx saline (Figures 2C and 2D). Previous
studies have shown that the effects of HDACi on muscle histopathol-
ogy are mediated by an upregulation of follistatin, an antagonist of
both myostatin and activin A.18,21 We thus investigated the expres-
sion of follistatin in mice treated with ASO alone or in combination
with HDACi and detected only a slight and not statistically significant
elevation compared with the saline group (p = 0.2769) (Figure S2D).
This suggests that the effect of HDACi on dystrophin expression and
muscle fiber size are not or, at least, not completely due to increased
follistatin expression.
To investigate whether the higher protein restoration obtained with
the combined therapy ASO and HDACi could be due to higher
mRNA levels or differences in transcript imbalance, we assessed
Dmd gene expression at different exon junctions in co-treated mice
as before. The qPCR results revealed higher levels of Dmd transcripts
in the diaphragm (Figures 2E and S2E) of all treated groups of mice
compared with saline mdx mice, but this was only statistically signif-
icant in mdx mice co-treated with VPA after multiple testing correc-
tion (p = 0.0001). In mice treated with HDACi alone (givinostat,
VPA, or EX527), no statistical difference was detected (Figure S1B).

It has previously been demonstrated that two fragments of the myofi-
brillar structural protein myomesin-3 (MYOM3) are abnormally pre-
sent in sera of the mdx mouse model and that this biomarker can be
used to evaluate the efficacy of treatments.9,22 Levels of MYOM3 in
the serum following treatment with ASO alone were significantly
decreased by 57% (p < 0.0001) after 4 weeks of treatment (Figure 2F).
MYOM3 levels were also significantly reduced with HDACi co-treat-
ment (p < 0.0001 for all conditions compared with the saline group)
although not statistically different from ASO alone.
Effect of HDAC inhibitors on ASO biodistribution and toxicity

To verify that increased skipping and protein restoration levels are
not due to higher ASO concentrations in tissues, we checked the
quantity of ASO in muscle tissues (Figure 3A). ASO quantification
was performed as previously described23 and revealed similar levels
of ASO in all muscle tissues (p = 0.5122, p = 0.4380, and p =
0.5257 for VPA, givinostat, and EX527, respectively). We calculated
the ratio between protein restoration and ASO content, which reflects
the therapeutic index of each treatment (Table 2). This highlights the
superiority of the combined ASO + VPA therapy, since we found a
nearly 2-fold increase between the two treatments (0.66 for ASO
alone versus 1.26 for ASO + VPA). We also assessed the ASO content
in liver, kidney, and spleen where ASOs tend to preferentially accu-
mulate (Figure 3A, right). While we detected no difference between
the different treatments in liver and spleen, we found a significant
reduction (3-fold) in the kidneys of mice treated with ASO + VPA
(p = 0.0009). This information is particularly promising for potential
long-term treatment and safety, since the combined ASO +VPA ther-
apy could lead to higher protein rescue inmuscles with less ASO accu-
mulation in kidney. Taking this result into account, we calculated the
ratio between efficacy (average protein rescue across muscles) and
ASO quantity in kidneys to determine the treatment with the best
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 609
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Figure 2. Dystrophin protein expression in mdx mice treated with ASO and HDACi

(A) Dystrophin restoration in treated mdx mice. A typical dystrophin western blot obtained for the heart is shown in the top panel, with vinculin used for normalization. A

standard curve made from pooled lysates from C57BL10 (WT) and mdx control for each tissue is loaded for quantification (0%, 2.5%, 5%, 10%, and 20% of WT). Middle

panel: quantification of dystrophin restoration using Empiria Studio software. n = 7 mice per group, p = 0.0010 between treatments (two-way ANOVA), **p < 0.01 between

ASO alone and ASO + givinostat groups and ****p < 0.0001 between ASO alone and ASO + VPA groups. p = 0.4496 between ASO and ASO + EX527. The fold changes

(legend continued on next page)
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benefit/risk ratio. The combined therapy ASO + VPA revealed a near
4-fold improved ratio compared with ASO alone (Table 3).

We also checked ASO localization in the kidneys by in situ hybridiza-
tion using a fluorescently labeled probe specific to the ASO. Following
intravenous injections, the palm-tcDNA, like most charged ASOs,
was found in the cortex area of kidneys and more specifically in prox-
imal tubules24 (Figure 3B). Co-treatment with HDACi did not modify
ASO localization, but the staining intensity was lower in VPA-treated
mice, confirming the data obtained with the ASO quantification
assay. Moreover, ASO quantification in urine revealed a higher
amount of ASO in the urine of VPA-treated mice compared with
mice treated with ASO alone (although not statistically significant),
suggesting a tendency for better kidney clearance (Figure 3C).

To ensure that the combination of HDACi with ASO did not induce
any specific toxicity, we analyzed the serum levels of various general
biomarkers in mice following the different treatments (Figure 4).
Quantification of serum creatinine, urea, albumin, alkaline phospha-
tase (ALP), bilirubin, alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) revealed no significant changes in HDACi-
treated mdxmice compared with saline-treated mdxmice. The slight
elevation in AST and ALT levels observed in ASO + givinostat-treated
mice was mostly due to a single individual and was not statistically
significant, as was the effect of givinostat alone (Figure S3).

Effect of valproic acid on chromatin organization

To further investigate the impact of VPA and the possible mechanisms
underlying the higher dystrophin rescue induced by the combined
ASO + VPA therapy, we next studied the effect of the combined
treatment on DMD transcripts in cultured human myocytes. We
first assessed whether changes in the chromatin landscape could be de-
tected after treatment with ASOs and/or VPA. For this purpose, we
treated immortalized myocytes derived from a healthy control (HC)
or a DMD patient carrying a deletion of exons 48 through 50 with: a
control ASO (not targeting DMD), an ASO targeting DMD exon 41
(generating an in-frame exon 41-skipped transcript in HC cells), or
an ASO targeting DMD exon 51 (restoring the reading frame in these
DMD cells); ASOs were tested alone as well as in combination with
VPA treatment. As expected by blocking HDACs, treatment with
VPA (alone and in combination with the ASO) increased the level of
observed permissive histone mark H3K9Ac over the gene body of
the DMD locus in HC cells, indicating that the DMD chromatin is
indeed regulated through HDAC activity in the absence of pathogenic
mutations (Figure 5A). No additional difference in H3K9Ac levels was
between protein restoration detected in ASO-treated mice and ASO + HDACi-treated m

by immunostaining on transverse sections of muscle tissues (triceps and heart) from W

DAPI (blue staining). Scale bars, 100 mm. (C and D) Graphs representing the distribution

with ASO or ASO +HDACi and compared withWT (C57/BL10) or saline controlmdxmic

combination HDACi + ASO onDmd transcript imbalance in the diaphragm, analyzed by T

adjusted p = 0.0001 betweenmdx and ASO + VPA after multiple testing comparison usi

in serum of mdx mice treated with ASO or ASO + HDACi and compared with saline con

mice. All data are plotted as means ± SEM.
observed for co-treatment of VPA with ASOs. Similarly, H3K9Ac
levels were elevated in DMD patient cells treated with VPA, although
the increase was only significant in DMD cells treated with ASO +
VPA. Levels of the repressive histone mark H3K9me3 were not altered
by treatment with VPA (Figure S4). None of the other histone marks
that we investigated (H3K4me3, H3K27me3, and H3K36me3) showed
any reproducible changes over theDMD locus caused by the treatment
of cells with VPA and/or ASO (Figure S4).

Exon-skipping efficiency in the different in vitro samples was
measured by RT-PCR followed by analysis of PCR product ratios us-
ing an Agilent Femto Pulse system (Figure 5B). Exon-skipping levels
were comparable across VPA andASO+VPA combination treatment
for DMD exon 41 skipping in HC cells (�64%) as well as for exon 51
skipping in DMD cells (�81%), meaning that VPA did not induce
changes in skipping efficiency in either cell type.

To assess whether VPA treatment affects production of dystrophin
protein, we compared dystrophin recovery in samples treated with
ASOs and ASO + VPA combination treatment using western blot
that allows the detection of full-length dystrophin (Dp427) (Figure 5C).
In HC cells, ASOs or ASO+VPA treatments had no significant impact
on Dp427 expression (p > 0.9999) (Figure 5D). In DMD cells, ASO-
mediated exon 51 skipping induces a distinct recovery of full-length
dystrophin (Dp427) (p = 0.0407 and p = 0.0483 for ASO and ASO +
VPA compared with control ASO, respectively), but no difference
was observed between ASO alone or ASO + VPA (Figure 5D). The
mRNA levels of Dp427 showed no significant alterations compared
with the control ASO sample resulting from the described treatments
(Figure 5E), although we observed a slight decrease (not statistically
significant) in samples transfected with DMD-targeting ASOs (in
bothHC andDMD cells). Since DMD is primarily expressed inmature
muscle cells, we looked at the expression levels ofMYOG (Figure S5A)
and MYH3 (Figure S5B) as markers of myogenesis progression. We
noted a loss of myogenic potential, as determined by MYH3 levels in
cells transfected with DMD-targeting ASOs (Figure S5B), which may
explain the reduced levels of DMD transcripts in these samples.

Analysis of various exon-exon junctions of the DMD gene confirmed
lower expression of DMD transcripts in DMD cells when compared
with HC cells (Figure S5C), with a clear 50-30 imbalance, especially in
the samples derived from the DMD patient (Figure S5C). The exon
3-4 junction seems equally abundant in HC and DMD cells, again sug-
gesting that the ratio of transcription initiation is similar in either
cell type, but the 50-30 transcript imbalance is clearer in DMD cells.
ice is shown in the bottom panel. (B) Detection of dystrophin protein (green staining)

T and mdx mice treated with saline, ASO, or ASO + HDACi. Nuclei are labeled with

(C) and the mean (D) of muscle fiber area in triceps muscles frommdxmice treated

e. *p < 0.05 and **p < 0.01 compared with treatment withmdx saline. (E) Effect of the

aqMan qPCR at different exon junctions. n = 7mice per group; asterisk indicates an

ng Tukey’s method for p-value correction. (F) MYOM3 quantification by western blot

trol mdx mice. n = 4 mice/group, ****p < 0.0001 compared with saline control mdx
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Figure 3. Impact of HDAC inhibitors on ASO biodistribution

(A) Quantification of ASO in the different muscle tissues tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), triceps (TRI), biceps (BI), diaphragm (DIA) and heart

(left), and accumulation organs such as spleen, liver, and kidney (right) after 4 weeks of ASO treatment. n = 7 mice per group, ***p < 0.001 compared with ASO analyzed by

two-way ANOVA. (B) Detection of ASO (red staining) by in situ hybridization on transverse sections of kidneys from mdx mice treated with saline, ASO, or ASO + HDACi.

Nuclei are labeled in blue (DAPI). Scale bars, 2,000 mm for the entire kidney sections (top panels) and 500 mm for the zoomed-in cortex regions (lower panels). The green

squares indicate the location of the zoomed-in region. (C) ASO quantification in urine collected during 24 h after the last ASO injection (n = 4 mice per group). All data are

plotted as means ± SEM.
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However, we could not detect any significant changes in the imbalance
following ASO or VPA treatment in DMD cells (Figure S5D).

DISCUSSION
In this study, we used three different HDACi: givinostat (a pan
HDACi), VPA (inhibitor of HDAC class I and II), and EX527 (an in-
hibitor of sirtulin: HDAC class III) and combined them with an exon-
612 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
skipping approach using tcDNA-based ASOs. We have previously
demonstrated that palm-tcDNA ASOs represent promising drugs
for the systemic treatment of DMD based on a 12-week treatment.9

In the present proof-of-concept study evaluating combined therapies,
we deliberately used a short-term 4-week treatment, resulting in lower
levels of dystrophin expression (approximately 3% of WT levels) in
order to leave space for improvement.



Table 2. Ratio between protein rescue and ASO content in muscle tissues and fold change compared with treatment with ASO alone

Protein rescue/ASO quantification TA GAS QUAD TRI DIA HEART Average Fold change

ASO 0.93 0.86 0.82 0.49 1.33 0.22 0.66 1.00

ASO + GIVI 1.27 1.45 1.17 1.26 2.60 0.39 1.16 1.75

ASO + VPA 2.32 1.55 1.38 1.29 1.92 0.37 1.26 1.90

ASO + EX527 0.76 0.77 0.76 0.93 2.43 0.24 0.84 1.27

www.moleculartherapy.org
The combined ASO + givinostat and ASO + VPA treatments induced
significantly higher dystrophin restoration levels than ASO therapy
alone (1.7- and 1.4-fold, respectively) as detected bywestern blot. Resto-
ration of dystrophin was also confirmed by immunohistochemistry
which did not reveal more dystrophin-positive fibers in muscles from
HDACi co-treated mice, suggesting that the increase in dystrophin re-
covery is a consequence of higher intracellular levels of dystrophin
rather than a higher number of cells expressing dystrophin. This would
be in line with our hypothesis according to which HDACi treatment
may increase availablemRNA(leading to increased dystrophin produc-
tion in each targeted nucleus) rather than have an impact on ASO bio-
distribution, which may have led to more dystrophin-positive fibers.

To investigate whether higher dystrophin restoration could have been
due to unexpected higher uptake of ASO in muscle tissues, we
checked ASO biodistribution after combined therapies. ASO amount
in target muscle tissues was not altered by any of the HDACi, but
VPA treatment surprisingly reduced the amount of ASO accumulated
in kidneys. This may be due to higher kidney clearance given that
more ASOs were found in the urine of VPA-treated mice, although
this does not necessarily mean that the initial biodistribution to kid-
ney was affected (perhaps only the clearance rate). While further work
will be required to determine the underlying mechanisms, this repre-
sents an interesting advantage for the combined ASO + VPA therapy,
which shows a 4-fold increase in the benefit/risk ratio.

HDACi have previously been studied in the context of DMD models
but not directly for their effect on dystrophin transcript synthesis.
Previous published work has shown how HDACs play a role in
DMD pathophysiology and how they can mediate the connection be-
tween the dystrophin-associated glycoprotein complex (DAPC) and
nuclear gene/microRNA (miRNA) expression. For example, expres-
sion of miRNA-1 in healthy muscle fibers occurs as a consequence
of HDAC2 nitrosylation by nitric oxide synthase (NOS), which hap-
pens when NOS is bound to dystrophin at the DAPC. Nitrosylated
HDAC2 is then released by the miRNA-1 locus with consequent
gene expression.25 A similar connection has also been established
for follistatin, which is controlled by class I HDACs, specifically
HDAC2 (even though some evidence connecting follistatin expres-
sion with class II HDAC4 activity is also present). Inhibition of
HDAC2 as well as reconstitution of the dystrophin-NOS signaling
has been shown to result in derepression of follistatin. Pharmacolog-
ical blockade of HDACs has been shown to decrease fibrosis and pro-
mote compensatory regeneration in the mdx skeletal muscle through
this follistatin upregulation.16–18
In our study, we only detected a slight and not statistically significant
upregulation of follistatin gene expression following HDACi treat-
ment, suggesting that increased dystrophin expression was not
directly linked. We further measured muscle fiber cross-sectional
area (CSA) and demonstrated that givinostat indeed significantly
increased fiber size area but not VPA. Givinostat treatment was pre-
viously shown to ameliorate morphology and muscular function in
mdx mice by significantly reducing fibrosis in muscle tissue and pro-
moting the increase of CSA of the muscles.16 It is possible that the
increased level of dystrophin detected in ASO + givinostat-treated
mice is due to the overall improvement of muscle histopathology
and the increase in fiber size. However, CSA was not significantly
impacted by the VPA treatment, suggesting a different underlying
mechanism. When investigating whether combined therapies with
HDACi had impacted the levels of dystrophin mRNA, we detected
a significantly increased level of transcripts in VPA co-treated mus-
cles. This may explain the higher dystrophin expression in ASO +
VPA-treated mice and would be in line with our hypothesis which
assumed that HDACi could increase the level of Dmd transcript
and ultimately improve the efficacy of the exon-skipping approach.

While we observed a significant increase in VPA-induced dystrophin
protein recovery in vivo in mdx mice treated with ASO + VPA, this
effect was not recapitulated in the in vitro human myocyte model.
This may be explained by the difference in treatment regimen be-
tween the two models, as the murine samples were treated with
VPA for 5 weeks, as opposed to 24 h for human in vitro samples.
Exon-skipping efficiency is also significantly higher in cultured cells
than in muscles in vivo, likely due to the direct delivery of ASO to
the cells. This high in vitro exon-skipping efficiency could potentially
obscure subtle positive effects of VPA, which are observable in vivo
where dystrophin recovery only reaches a fraction of WT levels.
We also noted a loss of myogenic potential, as determined by
MYH3 levels in cells transfected with DMD-targeting ASOs, suggest-
ing that the in vitromodel may not be the most appropriate model to
analyze subtle dystrophin expression changes.

HDACi have previously been shown to alter the myogenesis of
various cultured myocytes models,16,26,27 but this was not readily
observed in the ASO-treated cell lines treated with VPA in our
study. However, most reports claiming increased myogenesis have
used pan-HDAC inhibitors such as givinostat or trichostatin
A.16,27 Given that VPA is an HDAC class I and IIa inhibitor, it
may not inhibit the HDACs that cause the reported increase in
myogenic potential.
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Table 3. Ratio between the average protein rescue across muscles and ASO content in kidneys, representing the benefit/risk of each combined therapy

Average protein restoration (%) ASO content in kidney (mg/g) Benefit/risk ratio Fold change compared with ASO

ASO 4.03 1.35 2.99 1.00

ASO + GIVI 5.80 1.37 4.24 1.42

ASO + VPA 6.99 0.59 11.81 3.95

ASO + EX527 4.44 1.58 2.81 0.94

The fold change is expressed in comparison with treatment with ASO alone.
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Despite the lack of detectable increase in dystrophin levels, we
observed increased H3K9Ac levels at the DMD gene upon treatment
with VPA and combination of targeting ASO and VPA of humanmy-
ocytes as assessed by chromatin immunoprecipitation followed by
qPCR (ChIP-qPCR). This result confirms our hypothesis that
predicted an impact of HDACi DMD transcript levels.

Of note, increased histone acetylation levels have been reported to
cause spontaneous exon skipping in neuronal cells (in the neural
cell adhesion molecule gene),28 presumably by the kinetic coupling
of transcription and splicing.29 As such, it is possible that HDACi
could facilitate ASO-mediated exon skipping (although this is not
observed in our in vitro model). However, it is unclear as to what
the threshold is for H3K9Ac to induce increased exon skipping,
and whether our VPA-treated samples reach such levels.

Interestingly, Marasco et al. recently reported that co-treatment of
VPA and ASOs could improve exon 7 inclusion in SMN2 tran-
scripts.30 They showed that SMN2 exon 7 belongs to the class of
type 2 exons where acetylation of H3K9 improves RNA polymerase
II speed and inclusion and H3K9me2 results in slower RNA polymer-
ase II and exon 7 skipping. They also observed that ASO treatment re-
sulted in increased dimethylation in SMN2 intron 7. Thus, while the
net effect of ASO treatment was more exon 7 inclusion, the dimethy-
lation decreased exon 7 inclusion. Co-treatmentwithVPA reduced di-
methylation and increased ASO-induced exon 7 inclusion.We did not
assess local chromatin changes in the targeted regions. Furthermore,
we target exonic regions in our study while Marasco et al. targeted
an intronic region. In either case, we did not observe a clear effect of
VPA treatment on exon-skipping levels but rather on dystrophin pro-
tein levels. This suggests that an effect like the one described for SMN2
intron 7 did not occur and that our positive effects are rather due to
increased expression of dystrophin transcripts.

It has recently been reported that HDACi have an influence on the
activity of other cell types present in the muscle tissue, such as fi-
bro-adipogenic progenitors and muscle stem cells.31 The altered
microenvironment influenced by HDACi might improve general
muscle tissue health and, concomitantly, result in improved delivery
of the ASO and/or recovery of ASO-induced dystrophin protein. This
potential positive effect of HDACi + VPA is not properly mimicked in
the homogeneous in vitro myocyte cultures, potentially explaining
why this model does not benefit from HDACi in similar fashion to
our in vivo model system.
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In conclusion, our results show a clear beneficial effect of VPA on the
recovery of dystrophin protein in mdx mice after exon skipping and
confirm that even short treatments with VPA have a noticeable effect
on the chromatinmarks present at theDMD locus. However, whether
these two observations are causative or correlative is currently unclear
and warrants further research into the epigenetic status of the Dmd
locus in muscle tissue of VPA-treated mdx mice. Moreover, it would
be useful to evaluate the functional outcomes of this increased dystro-
phin expression in future studies.

Considering that the HDACi used in this study have either been
approved in the clinic (VPA) or are being evaluated in late-stage clin-
ical trials (givinostat), this work provides encouraging data support-
ing a future combined therapy which could be rapidly translated to
the clinic.

MATERIALS AND METHODS
Antisense oligonucleotides and animal experiments

Animal procedures were performed in accordance with national and
European legislation, approved by the French government (Ministère
de l’Enseignement Supérieur et de la Recherche, Autorisation APAFiS
#6518). Mdx (C57BL/10ScSc-Dmdmdx/J) mice were bred in our an-
imal facility at the Plateforme 2Care, UFR des Sciences de la Santé,
Université de Versailles Saint Quentin, and were maintained in a
standard 12:12-h light/dark cycle with free access to food and water.
Mice were weaned at weeks 4–5 postnatal, and 2–5 individuals were
housed per cage.

tcDNA-ASO targeting the donor splice site of exon 23 of the mouse
dystrophin pre-mRNA32 were synthesized by SQY Therapeutics
(Montigny le Bretonneux, France). Palmitic acid was conjugated at
the 50 end of tcDNA-PO via a C6-amino linker and a phosphoro-
thioate bond as previously described.9

Groups of 8- to 10-week-oldmdxmicewere treatedwithHDAC inhib-
itors or saline (n = 7 mice per group) for 5 weeks as follows: VPA
(Santa Cruz, dissolved in PBS and used at a final concentration of
500 mg/kg/day) and EX527, also known as Selisistat or SEN0014196
(ADOOQ Bioscience, dissolved in PBS 2% dimethyl sulfoxide
[DMSO] and used at a final concentration of 2 mg/kg/day) were in-
jected i.p. five times per week as previously described;19,20 givinostat
(ADOOQ Bioscience. dissolved in H2O 2% DMSO and used at a final
concentration of 10 mg/kg/day) was administered by oral gavage as
previously described.13 After the first week of HDACi treatment,



Figure 4. Serum biochemistry following HDACi treatment

Quantification of general toxicity biomarkers in the serum: creatinine, urea, albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase

(ALP), and bilirubin. n = 7 mice per group, *p < 0.05 compared with mdx saline, analyzed by Kruskal-Wallis test. All data are plotted as means ± SEM.
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mice were treated with ASO (one intravenous injection per week at
25 mg/kg/week under general anesthesia using 2% isoflurane). Age-
matched mdx groups receiving an equivalent volume of sterile saline
were included as controls, and C57BL/10 mice were included as WT
controls.

Animals were euthanized 2 weeks after the last ASO injection;
thereafter, muscles and tissues were harvested and snap-frozen in
liquid-nitrogen-cooled isopentane and stored at �80�C before
further analysis. To assess the biodistribution of the ASO treatment,
kidneys were sampled at the end of the protocol, fixed in 10% neutral
buffered formalin, and embedded in paraffin wax. Blood samples
were also collected at the end of the treatment for MYOM-3 and
biochemistry analysis. Analyses of serum ALT, AST, ALP, bilirubin,
creatinine, urea, and albumin levels were performed by the pathology
laboratory at the Mary Lyon Centre, Medical Research Council, Har-
well, Oxfordshire, UK.

ASO quantification by fluorescent hybridization assay

Tissues were homogenized using the Precellys 24 (Bertin Instru-
ments, France) in lysis buffer (100 mmol/L Tris-HCl [pH 8.5],
200 mmol/L NaCl, 5 mmol/L EDTA, 0.2% SDS) containing 2 mg/
mL of proteinase K (Invitrogen) (50 mg tissue/mL of buffer), followed
by incubation overnight at 55�C in a hybridization oven. After centri-
fugation at 7,000 � g (Sorval ST 8R centrifuge, 75005719 rotor) for
15 min, the supernatant was used in the assay. Quantification of
ASOwas performed using a hybridization assay with a molecular bea-
con probe, as previously described.23 In brief, 10 mL of tissue lysates or
serum was incubated with a 50 Cy3-DNA complementary probe con-
jugated with HBQ quencher at 30 in black non-binding 96-well plates
(Thermo Fisher Scientific, USA). PBS was added to a final volume of
100 mL per well, and fluorescence was measured on a spectrophotom-
eter (excitation 544 nm/emission 590 nm using FluoStar Omega). The
amount of tcDNA in tissues was determined using a standard curve
built on the measurement of known tcDNA quantities dissolved in
the respective tissue lysates of mock-injected animals.

RNA analysis

Total RNAwas isolated from snap-frozen muscle tissues using TRIzol
reagent according to the manufacturer’s instructions (Thermo Fisher
Scientific).

To visualize exon-skipping levels, aliquots of 500 ng of total RNA were
used for RT-PCR analysis using the Access RT-PCR System (Promega,
USA) in a 25-mL reaction using the external primers Ex 20Fo (50-CAG
AAT TCT GCC AAT TGC TGA G-30) and Ex 26Ro (50-TTC TTC
AGC TTG TGT CAT CC-30). The cDNA synthesis was carried out
at 45�C for 45 min, directly followed by the primary PCR of 29 cycles
of 95�C (30 s), 55�C (1 min), and 72�C (2 min). 1.5 mL of these reac-
tions was then reamplified in nested PCRs by 24 cycles of 95�C (30 s),
55�C (1 min), and 72�C (2 min) using the internal primers Ex 20Fi
(50-CCC AGT CTA CCA CCC TAT CAG AGC-30) and Ex 26Ri
(50-CCT GCC TTT AAG GCT TCC TT-30). PCR products were
analyzed on 1.5% agarose gels with ethidium bromide.

Exon 23 skipping levels were quantified using real-time qPCR using
TaqMan assays designed against the exon 23–24 junction and exon
22–24 junction as previously described.9 Seventy nanograms of
cDNA was used as input per reaction, and all assays were carried
out in triplicate. Assays were performed under fast cycling conditions
on a Bio-Rad CFX384 Touch Real-Time PCR Detection System, and
all data were analyzed using the absolute copy number method. For a
given sample the copy number of skipped product (exon 22–24 assay)
and unskipped product (exon 23–24 assay) were determined using
the standards Ex20-26 and Ex20-26Delta23 respectively (gBlocks
gene fragments from Integrated DNA Technologies). Exon 23
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Figure 5. Effect of valproic acid on DMD chromatin organization and expression in vitro

(A) ChIP-qPCR analysis of the histonemarkH3K9Ac at various locations in theDMD locus in immortalizedmyocytes derived froma healthy control (HC) or aDMDpatient. Cells

were untreated (Unt), treated with a control ASO (targeting NOTCH3 [Con]), ASOs inducing exon skipping ofDMD exon 41 (H41),DMD exon 51 (H51), valproic acid (VPA), or a

combination of ASOs and VPA as indicated. Enrichment of H3K9Ac was normalized to input chromatin. n = 3 replicates, *p < 0.05, ***p < 0.001, RM-ANOVA between two

groups as indicated. (B) Quantification of exon skipping induced in a representative sample set corresponding to (A), as determined by analysis with Femto pulse. PCR around

exon 41 in HC cells and PCR around exon 51 in DMD patient cells are shown; percentages below each lane indicate exon-skipping efficiency over the WT PCR product.

Expected PCRproduct sizes for unskipped and skipped transcripts are 357 bp and 174 bp for exon 41 skipping, and 401 bp and 168 bp for exon 51, respectively. (C)Western

blot analysis of DMD protein expression after combinatorial treatment with ASOs and VPA. HC or DMD immortal myocytes were treated with ASOs and/or VPA as indicated.

Arrowhead indicates expected size of the DMDDp427 protein. Tubulin was probed as a loading control for normalization purposes. (D) Quantification of n = 4western blots, as

presented in (C). Band intensity of DMDDp427was normalized to tubulin expression. Arbitrary units, n = 4 experiments, *p < 0.05, NS denotes non-significant; Kruskal-Wallis

test. (E) qRT-PCR analysis of the expression of DMD Dp427 in myotube samples corresponding to the samples presented in (A) and (C) using isoform-specific primer sets.

Gene expression was normalized to housekeeping genes GUSB and GAPDH. NS, not significant; Kruskal-Wallis test. All data are plotted as means ± SEM.
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skipping was then expressed as a percentage of total dystrophin
(calculated by the addition of exon 22–23 and exon 22–24 copy
numbers). Quantification of Dmd transcripts at different exon-exon
junctions was performed similarly, with probes targeting ex4-5 junc-
tion (Mm.PT.58.41636025), ex49-50 junction (Mm.PT.58.6233636),
ex58-59 junction (Mm.PT.58.43613256), ex65-66 junction (Mm.PT.
58.42993407), and GAPDH (Mm.PT.39a.1) (Integrated DNA Tech-
616 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
nologies). Absolute quantification was determined for each probe us-
ing the corresponding standards (gBlocks gene fragments from Inte-
grated DNA Technologies).

Exon-skipping levels of samples derived from in vitro cultures were
determined using RT-PCR with exon-specific primers (Table S1) fol-
lowed by analysis of skipping ratios using an Agilent Femto Pulse.
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Peaks were called, and molarity of each PCR product was determined
using the corresponding ProSize data analysis software (Agilent).
Further data analysis and visualization was performed using
GraphPad Prism version 9.

Follistatin quantification was performed using real-time qPCR using
TaqMan assays (Mm.PT.58.11399784 from IDT). DDCt analysis was
performed with GAPDH as normalization.

Western blot analysis

Protein lysates were obtained from intervening muscle sections
collected during cryosection using the Precellys 24 (Bertin Instru-
ments) in RIPA buffer (Thermo Fisher Scientific) complemented
with SDS powder (5% final) (Bio-Rad, France) and protease inhibitor
cocktail (Thermo Fisher Scientific). Protein extracts were denatured
at 100�C for 3 min and centrifuged at 13,000 rpm for 10 min at
10�C. Supernatants were collected, and the total protein concentra-
tion was determined with the BCA Protein Assay Kit (Thermo Fisher
Scientific). Twenty-five micrograms of protein was loaded onto
NuPAGE 3%–8% Tris-acetate protein gels (Invitrogen), following
the manufacturer’s instructions. Dystrophin protein was stained us-
ing iBind Flax Western Device (Thermo Fisher Scientific), and the
membrane was labeled with NCL-DYS1 primary monoclonal anti-
body (NCL-DYS1, dilution 1:200; Novocastra, Newcastle, UK) and
hVin-1 primary antibody (dilution 1:4,000; Sigma), followed by incu-
bation with a goat anti-mouse secondary antibody (IRDye 800CW
Goat anti-mouse immunoglobulin G [IgG], dilution 1:2,000; Li-
Cor, Germany). Bands were visualized using the Odyssey CLx system
(Li-Cor), and quantification was carried out using the Empiria Studio
software (Li-Cor) based on a standard curve made from pooled
lysates from C57BL10 (WT) and mdx control for each tissue.

For myomesin-3 detection, mouse sera were diluted at 1:20 before
loading onto 3%–8% Criterion XT Tris-Acetate Protein Gel,
following the manufacturer’s instructions (Bio-Rad). Myomesin-3
protein was detected by probing the nitrocellulose membrane with
MYOM3 primary rabbit polyclonal antibody (MYOM3; Proteintech,
Manchester, UK), followed by incubation with a goat anti-rabbit sec-
ondary antibody (IRDye 800CW Goat anti-rabbit IgG; Li-Cor).
Bands were visualized using the Odyssey Imaging System (Biosci-
ences, Lincoln, NE, USA). Signal intensities in treated samples were
quantified and normalized to PBS control mouse signals using Image
Studio software (Li-Cor).

For protein samples derived from in vitro cell cultures, cells were lysed
in 1� Laemmli sample buffer (2% SDS, 10% glycerol, 60 mMTris [pH
6.8]) and denatured at 95�C. After normalization of protein concen-
tration determined by the BCA Protein Assay Kit, samples were sup-
plemented with 2% b-mercaptoethanol and 0.01% bromophenol blue
prior to PAGE. The Immobulon-FL PVDF membrane (Merck-
Millipore) was probed for dystrophin using ab154168 (Abcam) and
tubulin T6199 (Sigma-Aldrich) in Takara immunobooster (Takara),
followed by secondary antibodies donkey-a-Rabbit IRDye-800CW
and donkey-a-Mouse IRDye-680RD (926-68072). The membrane
was visualized using an Odyssey CLx infrared imaging system (Li-
Cor) and analyzed using the accompanying Image Studio software
v5.2 (Li-Cor).

Immunohistochemistry analysis

Sections of 10 mm were cut from triceps and heart and examined for
dystrophin expression using the rabbit polyclonal antibody dystro-
phin (dilution 1:500; Thermo Fisher Scientific, cat. no. RB-9024-P),
which was then detected by donkey anti-rabbit IgG Alexa 594 (dilu-
tion 1:400; Jackson ImmunoResearch). Controls prepared by omit-
ting primary antibody showed no specific staining. Images were taken
at equivalent locations and exposure times using a Zeiss Axio Imager
with an Orkan camera (Hamamatsu) and AxioVision software, and
analyzed with ImageJ software.

To visualize ASO in kidney, 5-mm sections were cut from paraffin
blocks, dewaxed (3� 5 min in xylene and 3� 3 min in ethanol 100)
and stained with a complementary DNA probe fluorescently labeled
with Alexa 594. Controls prepared by omitting the probe showed no
specific staining. Scans were taken at equivalent exposure times using
an IX83 inverted microscope (Olympus) with an Orca-R2 camera
(Hamamatsu) and cellSens Dimension software.

For measurement of muscle fiber size, sections of 10 mm were cut
from triceps and stained with the rabbit polyclonal antibody laminin
(dilution 1:200; Sigma, ref. L9393-2ML), which was then detected by
donkey anti-rabbit IgG Alexa 488 (dilution 1:400; Thermo Fisher Sci-
entific, ref. A11008). Images were taken using a Zeiss Axio Imager
with an Orkan camera (Hamamatsu) and AxioVision software, and
analyzed with ImageJ software.

Cell culture

Immortalized HC and DMD patient cell lines were kindly provided by
Prof. Vincent Mouly (Institute of Myology, Paris).33,34 Cells were
cultured in skeletal muscle growthmedium (SMGM; Promokine), sup-
plemented with 15% heat-inactivated fetal bovine serum (HI-FBS) and
gentamycin. To induce differentiation of proliferatingmyoblasts tomy-
otubes, SMGMmediumwas replacedwith fusionmediumconsisting of
Dulbecco’s modified Eagle’s medium (DMEM)-Glutamax, high-
glucose (Gibco), supplemented with 2% HI-FBS and 1% penicillin-
streptomycin (Gibco). Cells were maintained at 37�C and 5% CO2 in
humidified incubators and were routinely tested for mycoplasma infec-
tion by the use of the Mycoalert Kit (Lonza). For transfection of myo-
cytes with ASO, a 200-nM end concentration of ASO was transfected
at day 3 of myogenic differentiation for 3 h, after which cells were left
to further differentiate for 48 h as indicated. In brief, 200 nM end con-
centration of ASO (20 O-methyl RNA; phosphorothioate backbone)
(H41, cuccucuuucuucuucugc; H51, ucaaggaagauggcauuucu; Control-
NOTCH3 (h4c12), agcagaggaagcguccauc, which is very inefficient at
skipping NOTCH3 exon 4 by itself and known to not induce motif-
related events such as an inflammatory response35) was mixed with a
1:4 ratio of Lipofectamine 2000 (Thermo Fisher Scientific), incubated
at room temperature for 20 min, and added to culture dishes. After
3 h of incubation, transfection medium was replaced with fusion
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medium for further differentiation of myocytes. For VPA treatment,
fusion medium was supplemented with 3 mM VPA (Sigma-Aldrich,
ref. P4543-25G) freshly dissolved inMilli-Q�water for 24 h before har-
vesting as indicated.

Chromatin immunoprecipitation

ChIP-qPCR was performed as previously described.36 In brief, after
described treatments cells were crosslinked for 10 min by addition
of formaldehyde to 1% final concentration. Fixation was quenched
by addition of 125 mM glycine, after which cells were washed in
cold PBS and collected. Nuclei were liberated from cells by resuspen-
sion in NP-ChIP buffer (150 mM NaCl, 5 mm EDTA, 0.5% Igepal
CA-630, 1% Triton X-100 in 50 mM Tris-HCl [pH 7.5]), which
were sheared for 25 cycles (30 s on, 30 s off) using a Bioruptor Pico
(Diagenode). For each histone mark described, 3 mg of chromatin
was precleared and incubated with antibodies (Table S2) overnight.
Chromatin-antibody immunocomplexes were captured for 2 h using
20 mL of a mix of protein A and protein G Dynabeads (Life Technol-
ogies) at a 3:1 ratio. Beads were washed in a series of wash buffers: low
salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl
in 20 mM Tris-HCl [pH 8]), high salt buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 300 mM NaCl in 20 mM Tris-HCl [pH 8]),
lithium chloride wash buffer (0.25 M LiCl, 1% Igepal CA-630, 1% so-
dium deoxycholate, 1 mM EDTA in 10 mM Tris-HCl [pH 8]), and
twice with TE-wash buffer (1 mM EDTA in 10 mM Tris-HCl [pH
8]). DNA was eluted from the beads by boiling at 95�C for 10 min
in the presence of 10% Chelex-100 resin (Bio-Rad). Corresponding
input samples were phenol-chloroform isolated from 10% of input
material used for each chromatin sample. Samples were analyzed us-
ing locus-specific primer sets (Table S1) and SensiMix Sybr HI-ROX
(Bioline), run in a CFX-384 Real-Time PCR system (Bio-Rad). Values
from histone ChIP samples were normalized to corresponding input
samples using DCt calculations.

Statistical analysis

All in vivo data were analyzed with GraphPad Prism8 software
(GraphPad, San Diego, CA, USA) and expressed as means ± SEM.
“n” refers to the number of mice per group.

Group comparisons were performed using one- and two-way ANOVA
with repeated-measures comparisons when needed (e.g., effects at
different exon junctions or in different muscle tissues), followed by
post hoc Dunnett’s or Sidak’s multiple comparisons when appropriate.
To compare the overall effect of two treatments across the different tis-
sues or different exon junctions, the two groups were directly compared
using a two-wayANOVA, and the p value of the treatment effect is indi-
cated in thefigure legends. TheKruskal-Wallis testwas used to compare
groups that did not follow a normal distribution (assessed with the
Shapiro-Wilk test).

The statistical analysis of gene expression and transcript imbalance
assessed by qPCR at various exon-exon junctions was also performed
using a linear model, in which exons were included as a covariate
(continuous) and group was included as a factor. Pairwise contrasts
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were assessed using the emmeans R package, and multiple testing
correction was performed with the Tukey method.

Statistical analysis of all in vitro data was performed using GraphPad
Prism version 9. Kruskal-Wallis test followed by Dunn’s multiple
correction was performed as indicated. Repeated-measures (RM)-A-
NOVA was used as indicated. Data are plotted as means ± SEM. “n”
refers to independently acquired and processed samples (biological
replicates) as indicated. Biological replicates consist of technical trip-
licates in the case of qRT-PCR and ChIP-qPCR measurements. Sig-
nificance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.
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