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Myotonic dystrophy type 1 (DM1) is themost common formofmuscular dystrophy
in adults and affects mainly the skeletal muscle, heart, and brain. DM1 is caused by
a CTG repeat expansion in the 3′UTR region of the DMPK gene that sequesters
muscleblind-like proteins, blocking their splicing activity and forming nuclear RNA
foci. Consequently, many genes have their splicing reversed to a fetal pattern.
There is no treatment for DM1, but several approaches have been explored,
including antisense oligonucleotides (ASOs) aiming to knock down DMPK
expression or bind to the CTGs expansion. ASOs were shown to reduce RNA
foci and restore the splicing pattern. However, ASOs have several limitations and
although being safe treated DM1 patients did not demonstrate improvement in a
human clinical trial. AAV-based gene therapies have the potential to overcome
such limitations, providing longer and more stable expression of antisense
sequences. In the present study, we designed different antisense sequences
targeting exons 5 or 8 of DMPK and the CTG repeat tract aiming to knock
down DMPK expression or promote steric hindrance, respectively. The
antisense sequences were inserted in U7snRNAs, which were then vectorized
in AAV8 particles. Patient-derived myoblasts treated with AAV8. U7snRNAs
showed a significant reduction in the number of RNA foci and re-localization
of muscle-blind protein. RNA-seq analysis revealed a global splicing correction in
different patient-cell lines, without alteration in DMPK expression.
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Introduction

Myotonic dystrophy type 1 (DM1) is the most common form of muscular dystrophy
among adults, with a prevalence of approximately 1 in 8,000 individuals in European
populations [for review see (Thornton, 2014)]. The symptoms include myotonia, progressive
muscle wasting, and weakness, abnormal cardiac conductions, gastrointestinal problems,
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endocrine dysfunctions, and cognitive impairment, among others,
defining DM1 as a multisystem disorder. DM1 is caused by a CTG
repeat expansion in the 3′ untranslated (UTR) region of the
dystrophia myotonica protein kinase gene (DMPK) (Fu et al.,
1992; Mahadevan et al., 1992) inherited with an autosomal
dominant pattern. The number of CTG repeats correlates with
the penetrance and severity of the associated disease, with
healthy individuals having 5–37 repeats and pre-mutations with
38–49 repeats. DM1 cases with late adult onset are linked to a range
of 50–150 CTG repeats, while those with young adult onset have a
range of greater than 150–1,000 repeats, and CTG repeats surpassing
1,000 are associated with childhood and neonatal onset (Johnson
et al., 2021).

At the mRNA level, the CUG repeats form secondary
structures that aggregate in the nucleus and are referred to as
RNA foci (Taneja et al., 1995; Davis et al., 1997). These nuclear
aggregates also contain CUG-binding proteins, such as
muscleblind-like proteins (MBNL), which are involved in
mRNA processing, including alternative splicing (Wang et al.,
2012). Consequently, the levels of free MBNL1 available are
dramatically reduced. In opposition, the alternative splicing
regulator CUG-binding protein 1 (CELF1) becomes
hyperphosphorylated and has its activity enhanced (Kuyumcu-
Martinez et al., 2007). MBNL1 and CELF1 have antagonistic
activities and, together, control the alternative splicing of many
genes. In DM1, since MBLN1 is trapped in RNA foci,
CELF1 becomes more active and switches the alternative
splicing pattern in favor of fetal-like isoforms (Sicot et al.,
2011). The genes with altered splicing have been associated
with specific DM1 symptoms. For example, the altered
splicing of BIN1, CLCN1, DMD, LDB3, and INSR, have been
related to muscle weakness, myotonia, myofiber disorganization,
sudden cardiac death, and insulin resistance, respectively
(Mankodi et al., 2002; Dansithong et al., 2005; Fugier et al.,
2011; Rau et al., 2015; Yamamoto et al., 2019).

There is no effective treatment for DM1, but several
pharmacological and genetic therapeutic strategies have been
developed and tested in cellular and murine models of DM1.
These therapies comprise a diverse range of strategies targeting
the disease at different levels, from the DNA level with gene editing
to modulation of downstream signaling pathways [recently reviewed
in (Izzo et al., 2022)]. At the RNA level, different approaches
specifically target the mutant mRNA and the interaction of
MBNL1 with the CUG repeats. Modified antisense
oligonucleotides (ASOs) were designed to interfere with the
interaction of MBNL1 and the CUG repeats or to promote
DMPK mRNA degradation. ASOs targeting the CUG repeats
with different chemical modifications have been delivered to cell
and animal models, like PMO-CAG25 (Wheeler et al., 2009), 2′-
OMe-CAG (Mulders et al., 2009; González-Barriga et al., 2013),
LNA-CAG (Nakamori et al., 2011), and all-LNA-CAG
(Wojtkowiak-Szlachcic et al., 2015). Peptide-conjugated ASOs
(PMO-CAG) have also been developed to enhance cell
penetration (Leger et al., 2013; Klein et al., 2019). Gapmer ASOs
were also designed to promote DMPK silencing by targeting regions
upstream or downstream of the CTG repeats (Wheeler et al., 2012;
Pandey et al., 2015; Jauvin et al., 2017; Yadava et al., 2020; Hu et al.,
2021; Ait Benichou et al., 2022). Overall, in preclinical studies, these

different classes of ASOs have shown to be successful in reducing
RNA foci quantity, restoring the alternative splicing profile, and even
abolishing myotonia in animal models. Based on encouraging
preclinical data, a version of an MOE gapmer was administered
to DM1 patients in a clinical trial, however, drug levels in skeletal
muscles were not sufficient to reach therapeutical benefit and the
trial was suspended. ASOs present a series of limitations that may
prevent their successful application in humans. First, to sustain the
therapeutic effect, they need to be repeatedly injected. Second, unless
directly injected into the target tissue, they have restricted
biodistribution. Third, to achieve therapeutic effects, high doses
may be necessary.

To overcome the limitations and challenges of ASOs, we
sought to develop adeno-associated virus-based (AAV) gene
therapy strategies to treat DM1. Here, we report for the first
time the use of AAV vectors to deliver U7 small nuclear RNA
constructs targeting the coding region of DMPK or the 3′UTR
region and CTG expansion tract in different patient-derived cell
lines. The most efficient vectors were able to significantly reduce
the number of nuclear RNA foci and change MBNL1 localization.
Consequently, through RNA-seq analysis, we identified a global
alternative splicing profile change, including in genes already
known to be affected in DM1 and important for muscle function.
Altogether, our data show that AAVs can be a reliable vector to
deliver U7snRNAs that can efficiently rescue the spliceopathy
characteristic of DM1.

Methods

Primary fibroblasts and cell transduction

Following informed consent obtained under an Institutional
Review Board-approved protocol (IRB #00002860, IRB17-00719,
and IBS00000123), a skin punch biopsy was performed under local
anesthesia. The patient genotypes were obtained from their medical
records. CTG lengths were analyzed for diagnosis in blood samples
by Southern blot. Human fibroblasts were derived from skin biopsies
of healthy individuals and DM1 patients. The biopsies were cut into
small pieces (about 2 mm2) and each piece was placed in a 6-well
plate and kept until it started to dry for 15 min, and 2 mL of growth
medium composed of DMEM (Thermo Scientific, 10,569), 20% fetal
bovine serum (Thermos Scientific, 16,000), 1% Antibiotic-
Antimycotic (Thermo Scientific, 15,240) was carefully added to
the well. The medium was changed after the first fibroblasts were
attached, and then every two to 3 days until confluence was reached.
After splitting cells, some unmodified primary cells were frozen. For
viral transduction, cells were plated in a 12-well plate. At 50%
confluency, 2 to 5 × 109 vg/mL of each lentivirus (hTERT-
puromycin and doxycycline-inducible MyoD-hygromycin) were
added to 400 µL of growth medium. The following day, 1 mL of
growth media was added. One or 2 days later, the cells were split in a
6-well plate and grew until reaching 70% confluence. At this step, the
growth medium was supplemented with 400 μg/mL of hygromycin
and 1 μg/mL of puromycin to select cells that integrate both
lentiviruses. The cells were selected for at least 12 days, with
medium refreshed every two to 3 days, and then named
FibroMyoD (FM).
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Fibroblast conversion and myogenic
differentiation

FibroMyoD (FM) cells were grown in growth media until cells
reached 80% confluency. At that point, growth media was changed
to Skeletal Muscle Cell Growth medium (Promocell, C23060),
supplemented with 5 uM CHIR 99021 (Axon Medchem, 1,386),
10 uMDAPT (Tocris, 2634), 8 ug/mL doxycycline (Fisher Scientific,
BP2653-5), which induces the expression ofMYOD and consequent
conversion of fibroblasts into myoblasts. After three to 4 days, the
cells acquired an elongated and fusiform morphology and became
oriented parallel to each other. At this point, cells were washed with
PBS, and the myoblast growth medium was replaced by Skeletal
Muscle Cell differentiation medium (Promocell, C23061),
supplemented with CHIR 99021, DAPT, and doxycycline, to
induce the fusion and differentiation of myoblasts into
multinucleated myotubes. The medium was changed every other
day for 7 days when cells were fixed with 4% PFA for
immunofluorescence staining.

Constructs

We designed three different antisense sequences targeting the
splicing sites of DMPK exon 5 and three for exon 8 to induce the
skipping of such exons (Figure 2A).We usedHuman Splicing Finder
tool to identify splicing motifs important for exon inclusion. Then,
we designed sequences to mask them and exclude the targeted exon
from the final mRNA. Additional antisense sequences were designed
to target the 3′UTR region. The 15CTG and 20CTG sequences are
simple concatenated CTG trinucleotides. For the 5′ and 3′CTG
sequences, we designed sequences targeting the CTG repeat
expansion but also to be more specific to the DMPK gene, we
expanded our sequence to either the 5′ or 3′UTR of the DMPK gene
as different regions of the human genome contain repeated CTG
sequences. The antisense sequences were inserted in the mouse
U7snRNA gene, which was cloned in a self-complementary AAV
vector. The final constructs were verified by sequencing. The
integrity of the inverted terminal repeats in the AAV backbone
was verified by SmaI digestion.

AAV cells transduction treatment

scAAV8. U7snRNAs particles were produced by Astellas
Pharma Inc. (former Audentes). We selected three cell lines
containing the largest numbers of repeats: 900, 1,150, and
1,450 CTGs. 7.5E+5 FM cells were plated on 10 cm Petri dishes
and 5.5E + 4 FM cells were seeded on glass chamber slides. Once the
cells reached 80% confluence, they were transduced with AAVs
diluted in Skeletal Muscle Cell Growth medium (Promocell,
C23060), supplemented with 5 uM CHIR 99021 (Axon
Medchem, 1,386), 10 uM DAPT (Tocris, 2634), 8 ug/mL
doxycycline (Fisher Scientific, BP2653-5). A total of 9E + 12vg or
6E + 11vg AAV particles were added to the Petri dishes and glass
chamber slides, respectively. The same dose was used for all different
AAVs and cells. However, due to limited AAV8. U7snRNA.20CTG
volume, 1150CTG FM cells on the Petri dish received approximately

half of the AAV amount. Two days after transduction, the growth
medium was replaced by Skeletal Muscle Cell differentiation
medium (Promocell, C23061), supplemented with CHIR 99021,
DAPT, and doxycycline. Medium was refreshed every other day
for 7 days when the cells on the glass slides were fixed on 4% PFA
and cells on Petri dishes were pelleted and frozen at −80°C.
Experimental design is shown in Figure 2B.

RNA fluorescence in situ hybridization (RNA
FISH)

FM cells were grown on glass chamber slides (Thermo
Scientific Lab-TEK II CC2, 154,852), coated with Matrigel
(Corning, 354,230) diluted 1:10, and fixed with 4%
paraformaldehyde for 10 min. After fixation, cells were rinsed
three times with 1X PBS, permeabilized with 0.1% TritonX-100
for 5 min, followed by a wash in 30% formamide, 2X SSC (saline
sodium citrate buffer) for 10 min. Next, cells were hybridized
with 2 ug/mL BSA, 66 μg/mL yeast tRNA, 1 ng/µL Cy3-labeled-
(CAG)10 probe in 30% formamide, 2X SSC, for 3 h at 37°C. After
hybridization, cells were washed in 30% formamide, 2X SSC for
30 min, at 37°C, and then in 1X SSC for 30 min, at room
temperature under agitation. Next, cells were washed three
times with 1X PBS. For MBNL1 co-staining, cells were
incubated for 1 h in a blocking solution (5% normal goat
serum, 0.3% Triton X-100 in PBS). Primary MBNL1 antibody
(Abcam, ab45889) was diluted 1:250 in 1% BSA, 0.3% Triton X-
100 in PBS solution and incubated overnight at 4°C. Cells were
then washed three times with 1X PBS and incubated for 1 h with
secondary antibody goat anti-rabbit Alexa Fluor 488 (Thermo
Fisher, A11008) diluted 1:1,000 in 1% BSA, 0.3% Triton X-100
solution overnight at room temperature. After secondary
incubation, the cells were rinsed three times with 1X PBS, and
nuclei were stained with NucBlue™ Live ReadyProbes™ (Thermo
Scientific, R37605) in 1X PBS for 20 min, at room temperature.
Then, cells were washed three times with 1X PBS, and the
coverslips were mounted on slides with Vectashield (Vector
Laboratories, H-1000). The slides were imaged in a Nikon
Ti2 Eclipse microscope, with a ×40 objective. Five large scan
images were acquired of each cell line/treatment, comprising at
least 2,000 nuclei per image. Quantification of foci and
MBNL1 quantification was done in Nikon Elements software,
using customized scripts.

Immunofluorescence

After fixation, mature myotubes were permeabilized with 0.5%
TritonX-100 for 10 min under agitation. Blocking was done in PBS
with 10% goat serum (Thermo Scientific, 10,000 C) for 10 min under
agitation. Primary antibody against myosin heavy chain
(Developmental Studies Hybridoma Bank, MF-20 supernatant)
was diluted 1:50 in blocking buffer, and cells were incubated for
2 hours at room temperature followed by incubation with secondary
antibody goat anti-mouse Alexa Fluor 488 (Thermo Scientific, A-
11001), diluted 1:500 in blocking buffer, for 1 hour at room
temperature. Nuclei were counterstained with DAPI and slides
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were mounted with Vectashield. Images were captured in the Nikon
Ti2 Eclipse microscope, with a ×20 objective, and processed in
Nikon Elements software.

RNA isolation and sequencing

Total RNA was extracted with TRIzol reagent (Fisher
BioReagents, BP2805-25), followed by concentration and
purification with Zymo kit, including DNase treatment to remove
genomic DNA. RNA integrity was assessed with RNA 6000 Nano kit
(Agilent, 5067-1511) in the 2100 Bioanalyzer. rRNA was depleted
with NEB Next rRNA Depletion Kit (human, mouse, rat) (E
#E6310X). For RNA-seq (mRNA) libraries generation, 200 ng of
total RNA was treated with NEBNext rRNA Depletion kit (New
England Biolabs, E6310X) and fragmented for 10 min. NEBNext
Ultra II Directional (stranded) RNA Library Prep (New England
Biolabs, E7760L) and NEBNext Multiplex Oligos (New England
Biolabs, E6442L) kits were used for cDNA synthesis and
amplification for 11 PCR cycles. The concentration of cDNA
libraries was determined on Qubit Fluorometer (Thermo Fisher).
Libraries were sequenced on an Illumina Novaseq SP Paired-End
100 bp format system.

RNA-seq alignment and differential
expression

The effective read length of the paired-end libraries was
extended using the FLASH tool (Magoč and Salzberg, 2011) that
merged overlapping paired-end reads. Extended read-pairs and
non-extended forward reads were mapped using STAR v2.7.8c
(Dobin et al., 2013) to the GRCh37/hg19 reference genome with
splice junction annotations built using the GENCODE
comprehensive gene annotation GTF file (gencode.v37lift37.
annotation.gtf). STAR alignment options included:
--twopassMode Basic --alignSJDBoverhangMin 1 --
alignSJoverhangMin 8 --outFilterMismatchNoverLmax 0.3
--outFilterMultimapNmax 10. BAM alignments files were filtered
for secondary alignments using the samtools view -h -F 2304 flag.
Gene-level read counts were extracted from STAR output BAM files
using featureCounts v.1.6.5 (Liao et al., 2014) with parameters set to
strand-specific read counting. Differential gene expression analysis
was performed using the edgeR Bioconductor package with the
voom method (Smyth et al., 2018).

Local splicing variation (LSV) detection

The MAJIQ/Voila v2.4.dev3 + g85d0781 software (Modeling
Alternative Junction Inclusion Quantification) was used to detect
and quantify splice variation from the filtered BAM alignment
files (Vaquero-Garcia et al., 2016). MAJIQ Builder used Ensembl
transcriptome annotations downloaded from http://majiq.
biociphers.org/download/DB/ensembl.hg19.gff3. The 9 RNA-
seq samples were configured as three experiments (NT,
3′CTG, and 20CTG) to construct splice graphs and detect
known/novel local splicing variations. Relative inclusion values

(“percent selected index” or PSI) of splice junctions within LSVs
were calculated using the MAJIQ psi command with parameters
minreads = 2 and minpos = 1. Pairwise delta PSI values (dPSI)
were calculated for pairwise groups using the MAJIQ psi
command with default parameters. The Voila view and
modulize command used the --changing-between-group-dpsi
0.1 option.

Gene ontology analysis

Gene Ontology analysis was carried out in WebGestalt online
tool (Liao et al., 2019) to identify the enriched functional terms in
“biological processes,” “cellular component,” and “molecular
function” categories, using Over-Representation analysis (ORA),
and FDR <0.05 and 6 as a minimum number of genes as threshold
cutoffs. Weighted set cover post-processing was used to summarize
and reduce redundancy and then identify the most representative
GO terms.

Reverse transcription, PCR amplification and
quantification

Reverse transcription was performed with 1 µg of RNA with the
RevertAid kit (Thermo Scientific, K1691) in a total volume of 20 µl.
PCR amplification was performed using ×2 Master Mix (Thermo
Scientific, K0172) and 150 ng of cDNA as template to analyze the
splicing profile of selected genes (primer sequences are listed in
Supplemental Table S1). PCR products were migrated on 2%
agarose gel and stained with ethidium bromide. The band’s
intensities were quantified on ImageLab software (BioRad), and
the exon inclusion/exclusion was calculated as a ratio of the total
intensities of the isoforms.

Statistical analysis

Statistical analyses were performed in GraphPad Prism
9 software. Differences between multiple groups were assessed
with Kruskal-Wallis test, followed by Dun’s multiple
comparisons; p < 0.05 was considered significant.

Results

Fibroblast reprogramming and myoblast
conversion and differentiation

To establish an in vitro cell model for DM1, we obtained
primary fibroblasts derived from skin biopsies of patients with a
broad range of mutations (Supplemental Table S2). The
fibroblasts were transduced with two lentiviruses carrying the
human telomerase (hTERT) and inducible-Myod genes. Since
both lentiviruses contain selectable markers, co-transduced cells
were submitted to antibiotic selection. After selection, the
resulting cells were named FibroMyoD (FM). To induce the
trans-differentiation, FM cells were cultured in myoblast
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growth medium, supplemented with doxycycline that activates
the expression of MYOD. After two to 4 days, the fibroblasts
became myoblasts, recognized by their elongated and fusiform
morphology. Myoblasts were then induced to differentiate into
multinucleated myotubes. A resumed scheme of the conversion
process and representative images are shown in Figures 1A, B.
The myogenic differentiation of all cell lines was evaluated by
immunostaining of myosin heavy chain protein, expressed by
mature myotubes but absent in undifferentiated fibroblasts and
myoblasts (Figure 1C; Supplementary Figures S1A, B). Overall,
the mutant cell lines presented a good differentiation as
compared to healthy control cells, except for the lines
harboring more than 900 CTG repeats that formed shorter
myotubes containing fewer nuclei compared to the other lines
(Figure 1C).

RNA foci accumulation is significantly
reduced after AAV8.U7snRNA transduction

DM1 pathology is believed to be caused by an RNA toxicity
mechanism, in which the CUG repeats in DMPK mRNA form
secondary structures that sequester proteins with affinity for CUG
motifs, like MBNL1. MBNL1 protein is involved in mRNA
processing, including alternative splicing of a wide variety of
genes. Thus, MBNL1 sequestration in the RNA foci leads to a
reduction in the availability of the protein that will ultimately
alter the splicing profile of multiple genes, causing the
manifestation of multisystemic symptoms in individuals with
DM1. To revert RNA toxicity, it is necessary to reduce the
number of RNA foci and that can be achieved by two general
strategies. The first is the reduction of the number of expanded

FIGURE 1
Reprogramming of fibroblasts intomyogenic cells. (A). Schematic representation of the fibroblast conversion intomyotubes. Primary fibroblasts are
derived from skin biopsies and co-transfected with lentiviruses carrying the hTERT and MYOD genes. Upon the addition of doxycycline, the transcription
of MYOD is activated, inducing the activation of the myogenic program. Within 2–4 days, the fibroblasts acquire a myoblast morphology, and when
differentiation medium is added, they start to fuse and form mature multinucleated myotubes. (B) Representative brightfield images of the
conversion stages. Scale bar = 100 µm. (C)Differentiation of FM lines was confirmed bymyosin heavy chain expression (green). Nuclei in blue. Scale bar =
100 µm.
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FIGURE 2
Delivery of U7snRNAs containing antisense sequences targeting the 3’UTR/CUG tract region decreases the number of RNA foci. (A) Schematic
representation of antisense sequence targets. (B) Experimental design. (C) RNA FISH with Cy3-(CAG)10 probes in untreated and treated DM1 cell lines.
RNA foci are recognized as discrete bright dots (in red) in nuclei. Nuclei counterstained with Hoechst 33342 (blue). Scale bar = 20 μm. (D)Quantification
of foci number per nucleus before and after treated with the different constructs. Over 10,000 nuclei were quantified in each condition. Data are
presented asmeanwith standard deviation. Kruskal-Wallis test followed byDun’smultiple comparisons to untreated samples. *p <0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.
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alleles through DMPK mRNA degradation. The second is to block
the interaction of MBNL1 with the CUG repeats. Both strategies aim
to restore the normal titration of MBNL1 and then rescue the
abnormal splicing profile.

To knockdown DMPK mRNA expression, we designed
antisense sequences to bind the splicing sites of exons 5 (named
Ex5#1, Ex5#2, Ex5#3) and 8 (named Ex8#1, Ex8#2, Ex8#3) and then
promote the skipping of these exons, causing the production of an
out-of-frame transcript that is degraded by RNA decay mechanisms
(Figure 2A). The antisense sequences were added to the mU7 gene
and vectorized in AAV8 particles. After transducing patient-derived
DM1 FM cells with AAV8, we performed RNA FISH to label and
quantify the number of RNA foci per nucleus. Healthy cells were
included as controls to confirm the absence of RNA foci when the
cell has normal CTG repeats (Supplementary Figures S2A, B). These
constructs did not promote a significant reduction in the number of
foci/nuclei (Figure 2D), and neither rescued the splicing of genes
assessed by RT-PCR (Figure 7) when compared to untreated cells.
This can be attributed to a low skipping efficiency (Supplementary
Figure S3A).

To promote steric hindrance of the CUG repeats, we designed
four different antisense sequences targeting the DMPK mRNA
3′UTR region (Figure 2A). Two antisense sequences target the
boundary of the 3′UTR and the CUG repeat tract at 5′ and 3′ of
it (named 5′CTG and 3′CTG), conferring more specificity to the
targets. Two antisense sequences consist of 15 and 20 CTG repeats
(named 15CTG and 20CTG), that can bind multiple times along the
length of the CUG repeats. These four sequences were also added to
the mU7 gene and vectorized in AAV8. After only 7 days post-
AAV8 treatment, all four constructs promoted a significant
reduction in the number of foci per nucleus (Figure 2C;
Supplementary Figure S4) as confirmed by foci quantification
(Figure 2D) in three DM1 cell lines.

MBNL1 is released from foci and re-localized
in the nucleus

To determine whether the RNA foci reduction had an impact on
MBNL1 localization, we did a co-staining of RNA foci by FISH and
MBNL1 by immunofluorescence. Before treatment, we found
MBNL1 co-localizing with RNA foci in the nuclei of
differentiated myotubes of three DM1 cell lines carrying large
numbers of repeats (Figure 3A; Supplementary Figures S5, 6).
After treatment with the constructs targeting the 3′UTR/CUG
repeats region, we saw a significant reduction in the number of
foci per nucleus, as discussed above, accompanied by the release and
redistribution of MBNL1 protein, as seen by the expected diffuse
localization in the nucleus, especially in the cells treated with 3′CTG,
15CTG, and 20CTG constructs (Figure 3A; Supplementary Figures
S2C, 5, 6). Quantitative analysis of the co-localization of
MBNL1 with RNA foci confirmed the visual observations,
showing decreased co-localization (Figure 3B). Pearson coefficient
of correlation was calculated to show the relationship between RNA
foci and MBNL1 signals. This coefficient ranges from −1 to 1, where
values closer to 1 indicate a stronger correlation or more co-
localization of MBN1 in RNA foci in this case. After treatment, a
reduction in these values was observed (Figure 3B), confirming that

the U7snRNAs can free MBNL1 from the DMPK expanded CUG
repeats.

Improved myoblast fusion

To assess myoblast fusion, we counted “distinct nuclear
domains” based on DAPI staining area. A domain definition
includes both isolated nuclei and nuclear clusters, therefore
smaller number of distinct domains and larger size are indicative
of more fusion because more differentiated myotubes tend to have
more clustered nuclei. Our analysis showed that treated cells have a
smaller number of nuclear domains, which we interpreted as an
improved fusion index compared to untreated cells (Supplementary
Figure S3B).

Transcriptome assessment of differential
gene expression

Next, we sought to investigate the global impact of the 3′CTG
and 20CTG constructs on the transcriptome of the treated myotubes
by RNA sequencing. We compared the transcriptome of treated
myotubes versus untreated myotubes to identify differentially
expressed genes (DEGs). DEG analysis assesses the gene
expression of all transcripts of a given gene independently of
alternative splicing. Only genes with fold-change values equal or
greater/less than +2.00/−2.00 were considered differentially up- or
downregulated, respectively (Supplemental Table S3). Themyotubes
treated with the 3′CTG and 20CTG constructs showed 112 and
120 DEGs, respectively (Figures 4A, B). We also combined the
transcriptome of both conditions and compared it to untreated
myotubes, and we found 111 DEGs (Figure 4C).

To understand the significance of these DEGs, we performed a
Gene Ontology analysis to identify enriched biological processes in
which these DEGs are involved. The most enriched and significant
GO terms found are overall related to immune response (Figure 4D).
The differential expression of these genes was not unexpected as a
DM1 transcriptional signature, but it is probably a response to the
AAVs. Since the cells were collected only 7 days after transduction,
the immune mechanisms were still activated, but probably starting
to decrease, as evidenced by the high enrichment of the GO term
“negative regulation of type I interferon production”.

Interestingly, we found that the 3′CTG treatment upregulated
DMD expression, while MBNL1 and DMPK transcripts were
unchanged (also in the 20CTG treatment). This suggests that
RNA foci reduction is not accompanied by DMPK mRNA
degradation and that the MBNL1 protein seen in the nucleus is
no longer able to access and bind the CUG repeats.

Correction of alternative splicing landscape

Subsequently, we analyzed the alternative splicing profile in
AAV-treated versus untreated DM1myotubes. We identified 96 and
247 local splicing variants (LSVs) in the 3′CTG and 20CTG treated
myotubes, respectively. LSVs were subdivided into six modules of
alternative splicing, namely alternative 3′, alternative intron, multi-
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FIGURE 3
MBNL1 is released from RNA foci and re-localizes in the nucleoplasm. (A) RNA FISH (red) combined with immunofluorescence staining for MBNL1
(green) on 900CTG DM1 cell line, before and after treatment with AAV8.U7snRNAs targeting the 3’UTR/CUG tract region. In untreated cells, MBNL1
staining shows a dotted pattern and co-localizes with RNA foci, as seen in the merged image. After treatment, the number of RNA foci reduces
dramatically, releasing MBNL1 which now shows a diffuse localization in the nucleus. Scale bar = 20 µm. (B)MBNL1 signal quantitative analysis. The
bars represent the percentage of MBNL1 that co-localizes with foci and the line indicates the mean Pearson coefficient of correlation.
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exon spanning, alternate last exon, alternate first exon, and cassette
(Figure 5C). LSVs with significant variation between untreated and
treated conditions were plotted in heat maps and hierarchically
clustered (Figures 5A, B). For each treatment, we can appreciate two
discrete sets of LSVs with differential expression between treated
and untreated DM1 myotubes. From the list of LSVs, we highlight a
subset of genes that are known to have abnormal alternative splicing
in DM1 and that showed a significant delta Percent Spliced Index
(ΔΨ) after treatment with 20CTG (Figure 6) and 3′CTG
(Supplementary Figure S7). Mis-splicing of BIN1 exon 10 has
been previously associated with T-tubule alterations which can
partially explain the muscle weakness in DM1 (Fugier et al.,
2011). We observed increased exon 10 inclusion after treatment
with both constructs. We also identified the restoration of the
splicing of LAMA2, LDB3, MBNL1, FXR1, and SPTAN1 genes
(Figure 6; Supplementary Figure S7).

To gain insight into the function of the genes in which
alternative splicing was reversed by the AAV8. U7snRNA
treatment, we performed Gene Ontology analysis on the lists of
LSVs. We identified a list of enriched and representative GO terms

that correlate with muscle development, structure, and function
(Figure 5D) in the 20CTG treatment. GO results for 3′CTG
treatment are shown in Supplementary Figure S8. This suggests
that the splicing correction detected in the analysis above is relevant
to the restoration of a normal muscle phenotype, and then
functionally pertinent in the context of correction of
DM1 pathology.

Validation of spliceopathy correction by
RT-PCR

To confirm the RNA sequencing findings on the correction of
abnormal alternative splicing by the AAV8. U7snRNAs, we
performed RT-PCR analysis on selected candidates. Moreover, to
expand our findings on the effects of our constructs, we also
analyzed the splicing pattern of additional classic
DM1 biomarkers, specifically DMD, INSR, MBNL1, and MBNL2
genes that were not detected by RNA-seq. This missed detection can
be attributed to a lower number of reads, but PCR has a higher

FIGURE 4
Transcriptome analyses of differentially expressed genes. Volcano plots showing up and downregulated genes in DM1 myotubes treated with
20CTG (A) and 3′CTG constructs (B). (C) Volcano plot of the combined transcriptomes of 20CTG and 3′CTG treated myotubes in comparison to
untreated cells, highlighting DMD transcript that is upregulated, and MBNL1 and DMPK transcripts that are unchanged. (D) Tree map representing the
Gene Ontology analysis of DEGs from C comparison. The size of the rectangles is proportional to the enrichment of the GO term. The numerals
correspond to the number of DEGs from the input list involved in the GO term. The color gradient corresponds to the false discovery rate (FDR) where
darker blue represents smaller FDR values. FDR cutoff was <0.05.
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sensitivity for individual events and amplifies the signal as seen in
the representative gel image (Figure 7A), showing the detection of
alternatively spliced exons in seven genes implicated in
DM1 pathology. A healthy control sample was included as a
reference of the expected pattern of exon inclusion/exclusion, as
well as an untreated DM1 sample and the respective samples treated
with the different constructs tested in this study (Figure 7A). In
panels B to H are plotted the quantification of the band intensity
obtained for each DM1 cell line (Figure 7). The constructs targeting

the 3′UTR/CUG repeat expansion region were the most successful
in restoring the splicing pattern of all genes, with some of them
reaching levels equivalent to the wild-type pattern.

Discussion

The manifestation of multisystemic symptoms in DM1 can be
explained by the pleiotropic effect caused by CTG expansion on a

FIGURE 5
Alternative splicing profile by RNA-seq. Heatmap of LSVs between the untreated and 20CTG (A) and 3′CTG (B) treatedmyotubes with significant ΔΨ.
(C)Number of LSVs belonging to each of the categories and the respective schematic representation of the splicingmodules. (D) Treemap depicting the
three Gene Ontology categories found enriched in the list of LSVs found in the 20CTG treated myotubes. The size of the rectangles is proportional to the
enrichment of the GO term. The numerals correspond to the number of genes from the input list involved in the GO term. The color gradient
corresponds to the false discovery rate (FDR) where darker orange represents smaller FDR values. FDR cutoff was <0.05.
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wide variety of genes which are developmentally regulated by
alternative splicing. DMPK alleles containing an excessive
number of CUG repeats form secondary structures that sequester
MBNL proteins, and ultimately CELF1 phosphorylation is
upregulated, favoring a fetal splicing profile of genes regulated by
MBNL1. Thus, strategies aiming to restore normal levels of
MBNL1 hold a promise to treat DM1. Considering this scenario,
we designed multiple modified mU7snRNA to knock down DMPK
expression or promote steric hindrance of the CUG repeats and
prevent MBNL1 binding. The latter strategy proved to be very

efficacious in reversing the main DM1 hallmarks, namely RNA
foci and abnormal alternative splicing profile. In addition, for the
first time, we used AAV vectors to deliver the U7snRNAs. AAV
vectors have an excellent safety profile and there are a few products
already available in the market to treat different genetic disorders.

The development of cellular models of tissues affected by
DM1 that develop the main molecular hallmarks of the disease is
critical to investigate the pathological mechanisms, as well as to test
therapeutic compounds and/or vectors for gene therapy. Several
in vitro models have been explored for DM1 as there is no perfect

FIGURE 6
Graphs of selected local splice variants with junction read counts and violin plots showing the variation of percent of spliced in (ΔΨ/dPSI) values after
treatment with 20CTG. (A) BIN1 exon 10 inclusion. The red and blue arcs represent the junctions, and the numbers above the arcs are the junction read
counts. The red and blue violins correspond to the PSI (E(Ψ)) or dPSI values of the respective junctions, where negative values correspond to increased
differential inclusion in untreated condition compared with treated condition whereas a positive E [ΔΨ] denotes preference for treated vs. untreated.
We show a detailed representation of BIN1 LSV as an example of how the dPSI is generated based on the individual PSI values obtained in each condition.
(B) LAMA2 exon 53 inclusion. (C) RYR1 exon 93 inclusion. (D) SPTAN1 exon 23 inclusion.
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mouse model. Among them, primary myoblasts which can be
derived from muscle biopsies, can reproduce in vitro some of the
disease features and have helped study molecular mechanisms of
DM1 (Furling et al., 2001; Dansithong et al., 2005; Holt et al., 2007;
Loro et al., 2010; Botta et al., 2013). They have also been used to
assess the efficacy of therapies (François et al., 2011; Jenquin et al.,
2018; Reddy et al., 2019). Nonetheless, primary myoblasts cultures
are a limited source of cells due to their restricted proliferation
capacity. To circumvent this disadvantage, immortalized myoblast
lines have been created and they were shown to reproduce the
molecular features of DM1 (Pantic et al., 2016; Ludovic et al., 2017).
However, they still require invasive muscle biopsies. Conversely,
skin biopsies are easier to perform and are less harmful to patients.
Fibroblasts derived from skin biopsies were used to establish
DM1 induced pluripotent stem cells, which can differentiate into
many different cell types and could potentially be used for cell
therapy (Gao et al., 2016). Still, the derivation and maintenance of
these cells are laborious, with variable efficiency, and the

reprogramming process erases epigenetic markers that might be
pertinent to the disease’s molecular mechanisms. As an alternative,
immortalization and direct reprogramming of skin fibroblasts into
myogenic lineages are relatively easy with the advantage of
preserving the epigenome (Davis et al., 1987; O’Leary et al., 2010;
Larsen et al., 2011; Provenzano et al., 2017).

Here, we obtained skin biopsies from patients with DM1,
carrying different sizes of the CTG expansion, and successfully
reprogrammed them into myoblasts, which have good myogenic
potential in vitro and recapitulate molecular features observed in
the DM1 muscles, like RNA foci accumulation and aberrant
alternative splicing. DMPK expression increases with myoblast
fusion in vitro (Furling et al., 2003) and RNA foci accumulate
more in non-proliferating cells (Xia and Ashizawa, 2015). In
addition, myotubes express muscle-specific proteins that are not
expressed by myoblasts, with a transcriptional profile that
resembles muscle samples. Therefore, differentiated myotubes
are preferable to evaluate RNA foci accumulation instead of

FIGURE 7
Validation of splicing pattern by RT-PCR. (A) Representative gel image of RT-PCR amplification of exons with differential splicing detected by RNA-
seq and commonly altered in DM1. The first lane shows the expected normal pattern in healthy control cells. The subsequent lanes show the bands in
900CTG cell line untreated and treatedwith the different constructs tested in this study. Graphs (B–H) show the quantification of the band intensity of the
included/excluded exons for each gene analyzed in the three cell lines. The constructs targeting the 3′UTR/CUG repeats region showed the best
splicing correction, equivalent to normal levels.
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fibroblasts or myoblasts. While immortalized DM1 myoblasts
behave in a similar way to primary myoblasts regarding their
differentiation potential (Ludovic et al., 2017), it was shown that
the restoration of MYOD levels in transdifferentiated
DM1 fibroblasts was able to overcome the impaired
differentiation (Larsen et al., 2011).

Next, we designed different antisense sequences targeting the
splicing sites of exons 5 and 8 and the 3′UTR/CUG tract region to
promote DMPK knockdown or steric blocking of the CUG repeats,
respectively. We selected exons 5 and 8 because once skipped, an
out-of-frame transcript is produced and likely degraded via the
RNA surveillance pathway, and these two exons are present in all
DMPK isoforms. This strategy is not allele-specific, meaning that
both normal and expanded alleles are knocked down, and
potentially DMPK protein levels would also be decreased.
Though DMPK protein levels can be reduced by 50% in
congenital DM1 (Furling et al., 2003), it is unclear whether
DMPK haploinsufficiency is relevant to disease development.
Dmpk knockout mouse models have been developed to address
this question. The two first mouse strains obtained had mild
cardiac conduction defects and mild myopathy (Jansen et al.,
1996; Reddy et al., 1996). Later, a different Dmpk knockout
mouse opposed these findings and had no phenotype (Carrell
et al., 2016). Altogether, these studies indicate that DMPKmay not
be essential for muscle function in adults and knockdown
strategies could be tolerable.

U7snRNAs have shown excellent efficiency in promoting
exon skipping (Wein et al., 2022), so we designed modified
mU7snRNAs to skip exons 5 or 8. After treating DM1 FM
cells with AAV8, we verified the RNA foci quantity by FISH
as an indication of decreased DMPK mRNA levels.
Unfortunately, the reduction in the number of foci per
nucleus was not significant, and neither the splicing pattern of
the genes checked by RT-PCR was altered. Our results
corroborate the findings of a recent publication in which
antisense oligonucleotides promoting exon skipping were
unsuccessful in rescuing DM1 hallmarks in fibroblasts
(Stepniak-Konieczna et al., 2020).

Interference in the MBNL proteins interaction with the CUG
repeats is a promising strategy to reverse the DM1 pathology
(Wheeler et al., 2009). For that, modified antisense
oligonucleotides have been tested both in vitro and in vitro. In
the HSALR, a mouse model that expresses a human actinin transgene
containing CTG repeats in their skeletal muscle (Mankodi et al.,
2000), different types of ASOs were able to promote RNA foci
reduction, MBNL1 redistribution, correction of abnormal splicing,
and myotonia improvement (Mulders et al., 2009; Wheeler et al.,
2009; Leger et al., 2013; Wojtkowiak-Szlachcic et al., 2015; Hsieh
et al., 2018; Klein et al., 2019). These results hold the promise to be
effective to treat DM1 patients and a few drugs will be soon tested in
clinical trials, but ASOs present some limitations that could
potentially preclude their use in clinics, such as the requirement
of high doses and long-life administration. This can be exemplified by
a clinical trial in which an MOE gapmer (IONIS-DMPK-2.5Rx)
aiming to reduce the expanded allele via RNase-H degradation
pathway failed to show therapeutic benefits because of insufficient
drug levels reaching the muscles (https://strongly.mda.org/ionis-
reports-setback-dmpkrx-program-myotonic-dystrophy/). Therefore,

new approaches to deliver ASOs are needed to achieve meaningful
clinical outcomes.

Modified U7snRNAs can be used to deliver antisense
sequences with several advantages over “naked” ASOs. The
expression of U7snRNAs grants continuous expression of the
therapeutic antisense sequence, ensuring long-term effect and
minimizing the necessity of re-administration. U7snRNAs are
protected from nuclease degradation due to stabilization by Sm
and Lsm proteins. And delivery via AAV vectors favors an ample
distribution of U7snRNAs to the targeted tissues, depending on the
serotype selected (reviewed in [Lesman et al., 2021)].

Silencing of the expanded DMPK alleles by the use of a
lentivirus expressing U7snRNA targeting the CUG repeat has
been previously shown to knock down DMPK mRNA. It
reduced the fraction of nuclei containing foci and restored the
splicing of BIN1, DMD, and LDB3 genes in DM1 muscle cells
(François et al., 2011). Despite being promising this approach does
not seem to have been explored in animal models potentially due to
safety issues with the use of lentivirus. To further explore this
strategy, we designed three new antisense sequences to target the
3′UTR/CUG tract region and included a construct similar to the
one used in the previous study with 15 CTG repeats. These
constructs were delivered thanks to the use of AAVs, which are
vectors currently in human clinical trials. Our 20CTG construct
has the advantage to be even more specific and it covers more CUG
repeats at once. The 5′CTG and 3′CTG constructs have further
specificity to DMPK transcripts because they also target the 3′UTR
sequences next to the CUG tract, minimizing potential off-targets.
Furthermore, instead of using lentivirus (LVs) as a delivery vector,
we utilized adeno-associated viruses that present a series of
advantages in terms of safety over LVs. AAVs have an
extremely low rate of genome integration, reducing the risks of
mutation insertion or disruption of coding genes. Instead, AAV
genomes persist as episomal chromatin in the nucleus of
transduced cells. Of note, the transgene expression persists in
the long term. And most importantly, different studies have
shown that AAVs are non-toxic in nonhuman primates
(Gushchina et al., 2021) nor in humans, as exampled by the
FDA-approved drug onasemnogene abeparvovec to treat spinal
muscular atrophy (Mendell et al., 2021).

After the treatment with the AAV8. U7snRNAs targeting the
CUG repeats, there was a significant decrease in the number of foci
per nucleus, accompanied by MBNL1 re-localization. Improved
myogenic differentiation was also observed. To further explore the
effects of these two observations, we investigated the impact of the
U7snRNAs 20CTG and 3′CTG constructs on the transcriptome by
RNA sequencing, which had not been explored before. Former
publications on the DM1 transcriptome have revealed specific
signatures highly correlated with muscle strength (Wang E. T.
et al., 2019). Transcriptome analysis of primary DM1 myoblasts
and myotubes showed mis-regulation of proliferation,
extracellular matrix, and cytoskeleton, which will ultimately
compromise myoblast fusion and differentiation, contributing
to the DM1 phenotype (Todorow et al., 2021). In our study,
differential expression analysis revealed the de-regulation of
approximately a hundred genes, which are mainly related to
immune response as indicated by Gene Ontology enrichment
analysis. As expected, the enrichment of immune response
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categories is probably a response to the AAV8 particles and not
DM1-specific. Immune responses to the AAV capsid, both innate
and adaptative, are well documented in the literature (Martino and
Markusic, 2020; Ronzitti et al., 2020; Ertl, 2021). Considering the
cells were harvested only 9 days after AAV exposure, the
expression of such genes is still activated and maybe is masking
transcriptome changes that could occur in response to the
MBNL1 release. Differently from the previous publication
(François et al., 2011), overall DMPK expression was unaffected
by the treatment, suggesting that RNA foci decrease is not
occurring via mRNA decay. We cannot establish either whether
our constructs can target the normal alleles since the cells utilized
do not have SNPs that could distinguish both alleles. Thus, future
studies may be needed to clarify these questions and determine the
exact mechanism.

Splicing alterations are known to be more distinctive and
broader in the DM1 transcriptome (Nakamori et al., 2013; Wang
D. et al., 2019). Thus, we focused on the alternative splicing profile
upon the treatment with the 20CTG and 3′CTG constructs. We
found an evident shift in the splicing pattern of many exons before
and after treatment (Figures 5A, B). Some of the cassette exons
identified in our sample data were also recognized as splicing
candidates in DM1 muscle biopsies (Nakamori et al., 2013),
reinforcing the significance of these splicing events in DM1.
Moreover, this also suggests that the FM cell model has an
expression profile that partially overlaps with the mature muscle
profile, confirming the reliability of this model as a tool to test
therapies in vitro. Gene Ontology analysis confirms the pertinency
of these genes by the enrichment of several terms correlated with
muscle development, structure, and function, such as “muscle organ
development,” “cytoskeleton organization,” and “sarcomere”.
Finally, by RT-PCR we were able to confirm the splicing profile
of selected candidates and extend the analysis to genes not captured
by RNA-seq. Altogether, our results show that the U7snRNAs are
effectively delivering antisense sequences, which are binding the
CUG repeats, displacing MBNL1 protein, and finally leading to
spliceopathy correction of genes implicated in DM1 muscle
phenotype.

In conclusion, we have developed DM1 FM cell lines that have
the advantage to be derived from skin biopsies, which are less
invasive compared to muscle biopsy, extended proliferation
in vitro, and simple conversion into mature myotubes in a
short time frame. FM lines recapitulate two of the main cellular
and molecular DM1 features in muscle cells, RNA foci, and altered
alternative splicing. We employed two different strategies aiming
to reverse the DM1 pathology: one based on exon skipping to
produce an out-of-frame transcript and consequent mRNA
degradation, and a steric hindrance one, through competitive
binding with the CUG repeats. The latter strategy proved to be
more efficacious, as evidenced by RNA foci decrease and
MBNL1 re-localization. Our findings further extend previous
studies by exploring the global transcriptome, showing a wide
correction of spliceopathy in different DM1 cell lines, and by
delivering U7snRNAs by AAV vectors, which have a safer profile
for in vivo studies. While cell models are excellent tools to screen
therapeutics, they still have limitations. Therefore, studies on
DM1 animal models will soon be conducted to investigate the
efficacy of our best candidates in vivo.
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SUPPLEMENTARY FIGURE S1
Myosin heavy chain expression in FM cell lines. (A) DM1 cell lines obtained
with different CTG expansion lengths. Differentiation of FM lines was
confirmed by myosin heavy chain expression (green). Cell lines with fewer
repeats tend to show better myogenic differentiation by forming larger
myotubes. Nuclei in blue. Scale bar = 100 µm. (B) Undifferentiated
fibroblasts andmyoblasts do not express myosin heavy chain protein. Scale
bar = 20 µm.

SUPPLEMENTARY FIGURE S2
RNA foci and MBNL expression in healthy control cells. (A) RNA FISH on cells
containing a normal range of CTG repeats in DMPK. (B) Quantification of
RNA foci showing virtual absence of foci. Around 6,000 nuclei were
measured. (C) MBNL1 staining (green) combined with RNA FISH (red)
showing diffuse localization of MBNL1 in the nucleus of healthy cells.

SUPPLEMENTARY FIGURE S3
Exon skipping efficiency andmyoblast fusion. RT-PCRof exons 5 (A) and 8 (B)
to detect exon skipping efficiency. No skipping of exon 5 was observed.
Only construct Ex8#1 showed around 30% of skipping. (C) Counting of
distinct nuclear domains in the three DM1 cell lines showed a reduction in the
number of domains, indicating more large nuclei clusters, which is an
approximate measurement of myoblast fusion.

SUPPLEMENTARY FIGURE S4
Zoomed in images of individual nuclei to highlight the reduction in the
number of RNA foci after treatment with AAV.U7snRNAs.

SUPPLEMENTARY FIGURE S5
MBNL1 is released from RNA foci and re-localizes in the nucleoplasm. RNA
FISH (red) combined with immunofluorescence staining for MBNL1 (green)
on 1150CTGDM1 cell line, before and after treatmentwith AAV8.U7snRNAs
targeting the 3’UTR/CUG tract region. In untreated cells, MBNL1 staining
shows a dotted pattern and co-localizes with RNA foci, as seen in the
merged image in yellowish color. After treatment, the number of RNA foci
reduces dramatically, releasing MBNL1 which now shows a diffuse
localization in the nucleus. Scale bar = 20 µm.

SUPPLEMENTARY FIGURE S6
MBNL1 is released from RNA foci and re-localizes in the nucleoplasm. RNA
FISH (red) combined with immunofluorescence staining for MBNL1 (green)
on 1450CTG DM1 cell line, before and after treatment with
AAV8.U7snRNAs targeting the 3’UTR/CUG tract region. In untreated cells,
MBNL1 staining shows a dotted pattern and co-localizes with RNA foci, as
seen in the merged image. After treatment, the number of RNA foci
reduces dramatically, releasing MBNL1 which now shows a diffuse
localization in the nucleus. Scale bar = 20 µm.

SUPPLEMENTARY FIGURE S7
Graphs of selected local splice variants with junction read counts and violin
plots showing the variation of percent of spliced in (ΔΨ/dPSI) values after
treatment with 3’CTG. (A) BIN1 exon 10 inclusion. The red and blue arcs
represent the junctions, and the numbers above the arcs are the junction
read counts. The red and blue violins correspond to dPSI values of the
respective junctions, where negative values correspond to increased
differential inclusion in untreated condition compared with treated condition
whereas a positive E[ΔΨ] denotes preference for treated vs untreated. (B)
FXR1 exon 16 inclusion. (C) MBNL1 exon 7 exclusion. (D) SPTAN1 exon
23 inclusion. (E) LDB3 exon 8 inclusion.

SUPPLEMENTARY FIGURE S8
Tree map depicting the three Gene Ontology categories found enriched in
the list of LSVs found in the 3’CTG treated myotubes. The size of the
rectangles is proportional to the enrichment of the GO term. The numerals
correspond to the number of genes from the input list involved in the GO
term. The color gradient corresponds to the false discovery rate (FDR) where
darker orange represents smaller FDR values. FDR cutoff was <0.05.
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