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Skeletal muscle symptoms strongly contribute to mortality of
myotonic dystrophy type 1 (DM1) patients. DM1 is a neuro-
muscular genetic disease caused by CTG repeat expansions
that, upon transcription, sequester the Muscleblind-like family
of proteins and dysregulate alternative splicing of hundreds of
genes. However, mis-splicing does not satisfactorily explain
muscle atrophy and wasting, and several other contributing
factors have been suggested, including hyperactivated auto-
phagy leading to excessive catabolism. MicroRNA (miR)-7
has been demonstrated to be necessary and sufficient to repress
the autophagy pathway in cell models of the disease, but the
origin of its low levels in DM1 was unknown. We have found
that the RNA-binding protein Musashi-2 (MSI2) is upregu-
lated in patient-derived myoblasts and biopsy samples. Because
it has been previously reported that MSI2 controls miR-7
biogenesis, we tested the hypothesis that excessive MSI2 was re-
pressing miR-7 maturation. Using gene-silencing strategies
(small interfering RNAs [siRNAs] and gapmers) and the small
molecule MSI2-inhibitor Ro 08-2750, we demonstrate that
reducing MSI2 levels or activity boosts miR-7 expression, re-
presses excessive autophagy, and downregulates atrophy-
related genes of the UPS system. We also detect a significant
upregulation of MBNLI1 upon MSI2 silencing. Taken together,
we propose MSI2 as a new therapeutic target to treat muscle
dysfunction in DM1.

INTRODUCTION

Myotonic dystrophy type 1 (DM1) is a severe and chronically debil-
itating disease caused by an expansion of the CTG trinucleotide
repeat in the 3’ untranslated region (3’ UTR) of the DMI protein
kinase (DMPK) gene. DM1 is autosomal dominant and can affect
newborns to elderly people. Adult-onset patients may become phys-
ically disabled and may have a shortened lifespan. Most symptoms are
neuromuscular, including muscle weakness (myopathy), muscle stiff-
ness and trouble relaxing muscles (myotonia), and progressive muscle
wasting (atrophy), but DM1 is characteristically multisystemic and
also affects the heart, the brain, and the smooth musculature. Pneu-
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monia and respiratory distress due to muscle weakness and atrophy
and heart failure are the most frequent causes of death.'

Mutant DMPK transcripts in skeletal muscle, heart, and brain tissue get
retained in the cell nucleus into microscopically visible ribonuclear
foci.” CUG trinucleotide expansions fold into stable, double-stranded
stem-loops that sequester the splicing factors Muscleblind-like
(MBNL).” CUGBP Elav-like family member 1 (CELF1) regulates alter-
native splicing antagonistically to MBNLI. In contrast to MBNLI,
CELF1 is not sequestered into ribonuclear foci but is hyper-activated
and stabilized in the cell nucleus.* Like CELF1, the RNA-binding pro-
tein heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) is up-
regulated in DM1 and antagonizes MBNL activity inducing fetal
splicing shifts.” In the context of splicing alterations due to MBNL1/
CELF1/hnRNPA1 imbalance, the post-transcriptional control of mus-
cle genes compromises the correct skeletal muscle differentiation and
function. One example is the mis-splicing of dystrophin (DMD),
induced by MBNLI, that affects muscle architecture and fiber mainte-
nance contributing to the dystrophic process characteristic of DM1
skeletal muscles. Additionally, the re-expression of the embryonic
M2 isoform of pyruvate kinase (PKM2) in DM1 alters glucose meta-
bolism homeostasis leading to defects in energy metabolism associated
with muscle dysfunction.”

Muscle wasting is a critical symptom in DM1 patients, and multiple
contributing factors have been proposed to explain muscle loss.®
Several studies support a relevant role for hyperactivated autophagy.
In a Drosophila DM1 model and DM1 myotubes, the autophagic flux
is overactivated, and genetic or chemical blockade of this pathway, by
mechanistic target of rapamycin kinase (mTOR) upregulation or
chloroquine treatment, an autophagy blocker, improves muscle
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function and molecular markers of muscle atrophy.”'’ In the same
Drosophila model, overexpression of Muscleblind is sufficient to
recover muscle area and expression of autophagy-related genes.’
Muscle wasting and histological defects are also found in an inducible
mouse model that expresses 960 CUG repeats, in which proteins
involved in the autophagic pathway are upregulated, thus suggesting
an imbalance between anabolic and catabolic pathways that normally
regulate muscle mass.'' In the widely used human skeletal actin long
repeats (HSA™) mouse model, expressing 250 CUG repeats in the
skeletal musculature, treatment with chloroquine also rescues muscle
dysfunction defects, possibly through increased levels of MBNLI and
MBNL2."’ Importantly, primary myoblasts derived from DMI pa-
tients show normal myogenesis but impaired apoptosis and
autophagy.'”

Other studies have shown that some microRNAs (miRNAs) are mis-
expressed in skeletal muscle, heart, and blood samples from DM1 pa-
tients and DM1 muscle cells and mouse models."”"'” Specifically,
miRNA (miR)-7 levels are reduced in human skeletal muscle biopsies
and DM1 muscle cells. Through complementary miR-7 modulation
strategies, it was demonstrated that downregulation of miR-7 in con-
trol myotubes originates DM1-like phenotypes, whereas restoration of
normal miRNA levels in DM1 cells downregulates excessive auto-
phagy and ubiquitin proteasome system (UPS). Thus, miR-7 is neces-
sary and sufficient to inhibit major catabolic processes contributing to
muscle wasting, placing miR-7 as a new target to treat DM1.">"”
Furthermore, independent studies place miR-7 as a critical inhibitor
of the autophagy pathway through upregulation of the mTOR
signaling and direct translational repression of critical autophagy
genes, namely ATG7, ULK2, and ATG4A.'® miR-7 biogenesis is regu-
lated by Musashi homolog 2 (MSI2) and Hu antigen R (HuR). MSI2
binds through HuR to the conserved terminal loop of pri-mir-7-1, re-
sulting in the stabilization of the immature miRNA reducing the levels
of the mature form."? In mammals, the two family members MSI1 and
MSI2 are highly expressed in stem cells but almost absent from differ-
entiated tissues.”” Moreover, it was suggested in mouse models that
Msi proteins are splicing regulators, as numerous alternative exons
were altered after Msil or -2 knockout or overexpression.21 However,
as Msi was mainly located in the cytoplasm, effects in pre-mRNA
splicing might be indirect. Here, we report that MSI2 is upregulated
in DM1, which explains the reduced levels of miR-7 in disease samples,
and propose MSI2 as a new contributing factor to explain the muscle
atrophy of the disease.

RESULTS

MSI2 overexpression correlates with decreased levels of miR-7
in DM1

We previously reported that miR-7 is reduced in DM1 and that its
normalization rescues muscle wasting phenotypes.'” However, the rea-
sons leading to its reduction remained unknown. To shed light on this
problem, we first measured miR-7 levels in deltoid muscle biopsies
from 17 healthy controls (37 years + 3; median + SEM) and 16 DM1
donors (45 years + 3), in six primary myoblast lines obtained from
the above biopsies (3 control and 3 DM1), and DM1 fibroblasts ex-

pressing 1,300 CTG repeats®* transdifferentiated into multinucleated
myotubes (TDMs) for 7 days (Figure 1A). In all cases, we confirmed
significantly lower levels of miR-7 in DM1 samples. Considering pre-
vious work demonstrating that the RNA-binding protein MSI2 blocks
miR-7 biogenesis,"” we hypothesized that MSI2 could be upregulated
in DM1 cells (Figures 1B—1E). Indeed, we found an excess of MSI2
in muscle biopsies and TDMs (near 60 times at the protein level
compared to control TDMs) but not in primary myoblasts. Further-
more, we immunodetected MSI2 in healthy control and DM1
TDMs, where we confirmed the increased expression in DM1 muscle
cells and found that MSI2 localization was predominantly cytoplasmic
(Figures 1C and 1D). Consistent with our hypothesis that increased
MSI2 in DM1 might contribute to low levels of mature miR-7, the rela-
tive expressions of miR-7 and MSI2 protein correlated negatively and
significantly in biopsies (r = —0.54, p = 0.045) (Figure 1F). To further
validate MSI2 overexpression in DM1 and that this alteration was rele-
vant in the disease, we resorted to publicly available RNA sequencing
(RNA-seq) and ankle dorsiflexion strength data from 40 patients and
ten controls.”” Importantly, MSI2 was significantly overexpressed
(over 35%) in DM1 compared to controls, in full agreement with re-
sults obtained in our muscle sample cohort (Figure 1G). The analysis
also supported that MSI2 levels negatively correlated with ankle dorsi-
flexion strength (Figure 1H; r = —0.48, p = 0.0017).

Silencing of MSI2 rescues cell parameters related to muscle
disease in TDMs

To confirm that excessive MSI2 was involved in muscle-wasting mech-
anisms, we targeted MSI2 transcripts by small interfering RNAs
(siRNAs) and gapmers, triggering RNAi and RNase-H degradation,
respectively. We tested a combination of two siRNAs and a control
with a random sequence for 48 h in DM1 TDMs. MSI2 levels were
quantified finding a reduction of transcripts of almost 70% compared
to the same cells treated with the control (Figure 2A). Importantly,
this reduction had functional consequences in the cell since the direct
target miR-7 increased (more than three times). Additionally, we quan-
tified TGFBRI levels, as it was demonstrated to be directly regulated by
MSI2** and also P21, which, in contrast to TGFBRI, is inhibited by
MSI2.”° TGEBRI levels dropped (near 40%), and P21 levels, however,
did not significantly change (Figure 2B). MSI2 silencing was also as-
sessed at the level of the strong myotubes fusion phenotype described
for TDMs, which we previously showed that miR-7 overexpression was
sufficient to improve.'” After 7 days of differentiation, TDMs treated
with siRNAs were immunodetected for Desmin, a class-11I intermedi-
ate filament protein widely used as a marker of myogenic cells (Figures
2Cand 2D). The reduction in MSI2 levels was sufficient to improve the
fusion capacity of the cells to more than 70% compared to a mere 40%
in the same cells treated with the scrambled siRNA (Figure 2E). Myo-
tube diameter trended higher than controls upon MSI2 silencing but
did not reach statistical significance (Figure 2F).

As alternatives to siRNAs, we designed three antisense oligonucleo-
tides (ASOs) with RNase-H triggering activity (also known as
gapmers) against different exons within the MSI2 transcript isoform
1 and a scrambled control oligonucleotide with the same chemistry.
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Figure 1. MSI2 is upregulated in DM1 samples

Quantification by gRT-PCR of the relative expression of (A) miR-7 and (B) MSI2 in human biopsies (gray; n = 17 controls; n = 16 DM1), cultured primary myoblasts (blue; n = 3),
and transdifferentiated myoblasts (TDMs; orange; n = 1). miR-7 quantification is relative to endogenous U7 and U6 levels, and MSI2 is referenced to GADPH and GP/
expression. Sample sizes indicate biological replicates. At least three independent experiments were carried out for primary myoblasts and TDMs, and three technical
replicates were performed from each biological sample in all cases. Representative confocal images of MSI2 immunostained (green; C) healthy controls and (D) DM1 TDMs.
Nuclei were counterstained with DAPI (blue). Scale bar, 20 um. (E) Analysis of relative protein levels of MSI2 by western blot and representative blots of protein extracts
obtained from human biopsies, cultured primary myoblasts, and TDMs. B-actin and GAPDH were used as endogenous controls to normalize protein levels of TDMs or human
biopsies and primary myoblasts, respectively. Samples sizes as in (A) except n = 3 for primary myoblasts and TDMs. The scatterplots show the median with interquartile range
for human biopsies and mean + SEM for cultured cells. *p < 0.05, “*p < 0.01, and ***p < 0.001 according to Student’s t test. (F) Pearson’s correlations between the relative
miR-7 and MSI2 protein expression levels in human biopsies (gray). (G) The scatterplot represents MSI2 transcripts per million (TPM) in biopsies from 40 DM1 patients and 10

controls (according to Wang et al.?®)

with the median and interquartile range. ***p < 0.0001 according to Student’s t test. (H) Pearson’s correlation between MS/2 TPM in

DM1 biopsies and ankle dorsiflexion strength (ADS) measured in biopsy donors according to Wang et al.”®

Initially, we assayed their toxicity profile in control TDMs and
observed low toxicity, as at near 1,000 nM, the cell viability was still
higher than 50%. Two different concentrations were used in subse-
quent experiments: 30 nM, at which around 90% of cells were viable,
and 150 nM, at which between 70% and 80% of the cells were viable
when transfected with any of the three ASOs (Figure 3A). To confirm
the activity of the ASOs, we measured MSI2 relative expression upon
transfection in DM1 TDMs. We observed a significant reduction with
ASO1 and -3, but ASO1 was better at both tested concentrations.
Similar results were observed quantifying MSI2 protein levels (Figures
3B and 3C). The scrambled sequence ASO did not significantly reduce
MSI2 transcripts at 150 nM in transfected control TDMs (Figure SI).
Overall, the level of silencing achieved with ASOs was higher than that
obtained with siRNAs and, as expected, led to significant changes in
direct MSI2 targets. miR-7 was derepressed in ASO-treated DM1 cells,
except for ASO2, which did not significantly alter miR-7 levels
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compared to scrambled ASO (Figure 3D). Given the lack of activity
on MSI2 transcripts and the miR-7 target, ASO2 was discarded as a po-
tential molecule to silence the gene. The effect of reduced MSI2 levels
on P21 and TGFBRI targets was also studied (Figure 3E). P21 was
strongly derepressed in muscle cells treated with ASO3 at the lowest
concentration, whereas TGFBRI behaved the opposite at 150 nM of
ASOL. After 7 days of differentiation, TDMs were stained with an anti-
body against Desmin. Quantification of fusion capacity and myotube
diameter showed that reducing MSI2 levels in DM1 TDMs restored
the fusion index dramatically, in a dose-dependent manner in the
case of ASO3, and the size of the myotubes (Figures 3F—3J).

Reduction of MSI2 inhibits hyperactivated autophagy and
muscle atrophy-related genes in DM1 TDMs

Given the involvement of MSI2 in miR-7 biogenesis,’ we investigated
the expression of critical autophagy pathway genes in DM1 and
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Figure 2. MSI2 is reduced after siRNA treatment in DM1 TDMs
Quantification by gRT-PCR of (A) MSI2 and (B) miR-7, P21, and TGFBR1 in DM1
TDMs treated with 100 nM scrambled (sc) siRNA or a combination of two siRNAs
targeting MSI2 at a final concentration of 100 nM. Levels of MSI2, P21, and TGFBR1
are relative to the mean of GAPDH and GPI, whereas miR-7 was normalized to U7
and U6. Data come from three biological replicates. (C and D) Representative
confocal images of Desmin-immunostained (green) human TDMs for 7 days after
100 nM siRNA transfection into DM1 cells. Nuclei were counterstained with DAPI
(blue). Scale bar, 200 um. Quantification of (E) myogenic fusion index and (F) my-
otube diameter of DM1 myoblasts transfected with the indicated siRNA (between 10
and 15 images analyzed, totaling some 400—500 nuclei). The statistical analysis
was performed comparing values from treated cells with their corresponding
scramble (black dashed line in B). The bar graphs show mean + SEM. *p < 0.05 and
***p < 0.001 according to Student’s t test.

control TDMs, namely ATG3, ATG4A, ATG5, ATG7, and mTOR
(Figure 4A). Their expression was rescued significantly, approaching
normal levels in all cases, after treatment with ASOs at one or both
concentrations tested, except ATGS5, which only significantly reduced

its expression at the highest concentration of ASO1 (Figure 4B).
Autophagy status in DM1 TDMs in response to MSI2 levels was
also assessed at the protein level. We evaluated the expression of
ATG4A and ATG?7, direct miR-7 targets, and observed that ATG4A
was dramatically reduced (around 50% compared to scrambled
ASO) at the highest concentration of ASOs, whereas ATG7 was
also repressed in response to low MSI2 upon ASO transfection (Fig-
ures 4C and 4D). Additionally, we tested the activation of the AKT
pathway by calculating the phospho(Ser473)-AKT (AKT-P)-to-to-
tal-AKT ratio. This is a relevant parameter, as AKT controls both
protein synthesis via mTOR and protein degradation (including auto-
phagy) via the FoxO family of transcription factors.”>”” Our data
show a robust increase in AKT-P/AKT ratio in cells treated with
150 nM ASO1 or ASO3 (Figure 4E). The soluble-to-autophago-
some-associated-LC3 (LC3-I and LC3-II, respectively) ratio was
also quantified since the transformation of LC3-I into LC3-II is an in-
dicator of increased autophagic flux in cells.*® Notably, autophagic
flux dropped to about one-half when MSI2 was silenced with the
highest concentration of ASOs (Figure 4F). Finally, we quantified
P62 scaffold protein levels that deliver proteins committed for lyso-
somal degradation to the autophagosome. Low levels of autophagic
activity lead to the accumulation of P62, as autophagy itself degrades
the protein.”””” We did not detect any significant increase in P62
levels upon ASO treatment (Figure S2).

To further evaluate the autophagy status in DM1 TDMs treated with
ASOs, we performed immunofluorescence staining to detect LC3.
In cells transfected with the scrambled ASO, a heavily punctated pattern
was observed. These spots correspond to LC3 conjugated to membrane-
bound phosphatidylethanolamine (LC3-II) in autophagosomes.’’
However, upon reduction in MSI2 levels, these spots disappear, and
the signal becomes mainly cytoplasmic and diffuse, indicating an in-
crease in soluble LC3-I and, therefore, lower autophagic flux (Figures
5A—5F). We analyzed LC3 immunofluorescence results by quantifying
LC3 dots per unit of area (Figure 5G). Analyzed dots correspond to the
LC3-II isoform involved in the autophagosome formation, an essential
step in the mechanism underlying autophagy. Our results confirmed
increased puncta formation in DM1 TDMs (around four times) and
also that this parameter can be modulated upon MSI2 targeting with
ASOs. Both ASO1 and -3 caused a significant decrease in LC3 dots
when added to DM1 TDMs compared to cells treated with the scram-
bled ASO at the same concentration. The acidotropic dye LysoTracker
marks the acidic cellular compartments, including lysosomes and auto-
phagolysosomes, which are excellent markers of autophagy flux levels.
When the muscle cells were treated with the ASOs at the lowest concen-
tration, no noticeable change was observed in the signal; however, treat-
ment with high ASO concentration strongly lowered the signal, thus
confirming the reduction in autophagic activity when MSI2 gets
silenced (Figures 5SH—5M).

Since we have previously reported that increased miR-7 levels rescued
expression of muscle atrophy-related genes,'” we quantified the tran-
scripts of a set of genes involved in protein degradation belonging to
the UPS system, namely FBXO32, MuRF1, FOXOI, FOX03, AKT1I,
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Figure 3. Atrophic muscle markers ameliorate in DM1 TDMs upon MSI2 reduction

(A) Cell growth inhibition assay by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) method. Human control
(CNT) myoblasts were transfected with a range of concentrations of ASO1, -2, and -3 (n = 4). TC10 (33.1 nM, 158.3 nM, and 40.6 nM for ASO1, -2 and -3, respectively) was
obtained using the least-squares non-linear regression model. Vertical dashed lines indicate 30 and 150 nM concentrations used in the subsequent experiments. MSI2
quantification by (B) gRT-PCR relative to GAPDH and GP! and (C) by western blot relative to B-actin expression. (D) Quantification of miR-7 relative to U7 and U6 in DM1 TDMs
transfected with the indicated ASOs. (E) Quantification by gRT-PCR of P27 and TGFBR1 expression relative to the mean of GAPDH and GPI levels after treatment of the
muscle cells with the indicated concentrations of ASOs. Relative expression of control myotubes 1.412 + 0.068 and 0.643 + 0.042 for P21 and TGFBR1, respectively. (D and
E) The sample size was three biological replicates. (F) Analysis of myogenic fusion index and (G) myotube diameter of DM1 myoblasts transfected with the indicated
concentrations of ASOs or scramble (n = 10—15 images analyzed). (H—J) Representative confocal images of Desmin-immunostained (green) human TDMs for 7 days after
ASO or scrambled control transfection at 150 nM. Nuclei were counterstained with DAPI (blue). Scale bar, 40 pm. The bar graphs show mean + SEM. *p < 0.05, “*p < 0.01,
and ***p < 0.001, according to Student’s t test. In all cases, the statistical analysis compares the values of ASO and scrambled-treated cells (black dashed line or gray bar).

IGF1, IL-13, and MSTN. We observed that all of them were misregu-
lated in DM1 myotubes demonstrating pathological upregulation of
this pathway (Figure 5N). Consistent with the observations upon
miR-7 modulation, MSI2 silencing rescued the expression of most
of the genes studied, at least at one of the two concentrations tested
(Figure 50). IGF1, FBX032, and MSTN levels were significantly
rescued by at least one ASO concentration. Taken together, these re-
sults indicate that ASO-mediated reduction in MSI2 transcript level
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mimic gene expression rescues in autophagy and UPS systems
brought about by miR-7 agomiRs in DM1 TDMs.

Reducing MSI2 boosts MBNL1 levels in DM1 TDMs

Considering the key role of MBNL and CELF1 proteins in the patho-
genesis of DM1 and previous results where inhibition of autophagy
in DM1 promoted MBNLI activity,'”” we quantified MBNL1 and
MBNL2 and CELF1 levels after ASO treatments. Our data show that
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Figure 4. Inhibition of MSI2 expression in DM1 TDMs restores impaired autophagic markers

(A) gRT-PCR quantification of the relative expression of the indicated genes involved in different autophagy pathway steps in DM1 and control (green dashed lines) myotubes.
Statistical analyses were performed comparing DM1 versus controls. (B) Analyses of the expression of genes quantified in (A) in DM1 myotubes treated with ASOs targeting
MSI2 transcripts. All comparisons for the statistical analyses were performed using their corresponding scrambled control (dashed lines). The mean of GAPDH and GPI
expression was used as reference (n = 3). Quantification and representative western blots of (C) ATG4A, (D) ATG7, (E) AKT-P/AKT total protein levels, and (F) LC3-II/LC3-I
ratio in DM1 TDMs treated with MSI2 targeting or scrambled ASOs at the indicated concentrations. Green dashed lines indicate protein expression levels in control myotubes.
B-actin was used as an endogenous control to normalize protein levels (n = 3). The bar graphs show mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001

according to Student’s t test.

when DM1 muscle cells were treated with ASOs at 150 nM, MBNL1
protein was enhanced, achieving levels 50% higher than those ob-
tained in cells treated with scrambled ASO (Figure 6A). No effect
was observed on MBNLI transcript levels upon ASO treatment (Fig-
ure S3). In contrast, MBNL2 and CELF1 levels remained unchanged
after ASO treatment (Figures 6B and 6C; Figure S3). These results
were confirmed by immunofluorescence staining to detect MBNL1
and MBNL2 in ASO-treated DM1 TDMs. For MBNL1, a low concen-
tration of ASOs did not change the intensity or the pattern of the signal

compared to scrambled-treated controls, but at the high ASO concen-
tration, a boost in the green signal became evident both in the cyto-
plasm and in the cell nucleus (Figures 6D—6I). An antibody against
MBNL2 gave results consistent with the western blot quantification,
except for a slight increase with 150 nM ASOI, although the signal
was very weak given the low expression of MBNL2 (Figures
6]—60). To confirm that the additional protein detected was func-
tional, we studied splicing defects regulated by MBNL proteins (Fig-
ures 6P—6R). ASO-induced MBNLI increase was sufficient to reduce
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Figure 5. Blocking MSI2 expression improves muscle wasting markers in DM1 TDMs

(A—F) Fluorescence confocal images of LC3 immunostaining (red) or (H—M) LysoTracker staining (red) in 7-day TDMs treated for 48 h with (A, D, H, and K) scramble, (B, E, |,
and L) ASO1, or (C, F, J, and M) ASO3 at the indicated concentrations. Nuclei were counterstained with DAPI. Scale bar, 20 um. (G) Quantification of LC3 puncta per square
micrometer. Each condition was compared to cells treated with its corresponding scrambled oligonucleotides. The green dashed line shows the mean value obtained for
control muscle cells. Quantification by gRT-PCR of the relative expression of genes involved in catabolic pathways leading to muscle degradation in DM1 and control
myotubes (N) or DM1 cells treated with the indicated concentration of ASOs (O). Statistical analyses were carried out comparing DM1 with the control condition (N) or
comparing ASOs with their corresponding scramble (O). GAPDH and GPI were used as endogenous controls (n = 3). The bar graphs show mean + SEM. *p < 0.05,

**p < 0.01, **p < 0.001, and ***p < 0.0001 according to Student’s t test.

the inclusion of pyruvate kinase (PK) exon 10 (fetal PKM2 isoform)’
in all of the experimental conditions evaluated. The inclusion of
SERCA1 exon 22 (ASO3) or NFIX exon 7 (both tested ASOs) further
confirms the relevance of the extra MBNLI detected.

MSI2 activity inhibitor Ro 08-2750 improves phenotypes in DM1
muscle cells

MSI2 contains two highly conserved RNA-binding domains. The first
is crucial for the binding specificity, whereas the second adds affinity
for its target sequences.”” It was recently demonstrated that Ro
08-2750 binds to the first RNA-binding site, thus blocking MSI2 abil-
ity to bind to its target RNAs and consequently, the regulation that
MSI2 exerts over them.> Considering this, we treated DM1 TDMs
differentiated for 7 days with 10 and 15 pM Ro 08-2750, which were
concentrations below TC10 (11.44 uM) and below TC50 (20.06 uM;
Figure S4A), respectively. MSI2 levels were analyzed in cells treated
with the small molecule, and according to the described mechanism
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of action of Ro 08-2750,>* a mild effect on MSI2 levels was observed
upon the treatment (Figures 7A and 7B; Figure S4). Consistent with
its role in miR-7 biogenesis, DM1 cells treated with the compound
at 10 uM showed a significant 2.5-fold increase in miR-7 levels
compared to control DM1 TDMs (DMSO; Figure 7C; Figure S4).
TGFBRI expression, a direct target of MSI2, was also significantly
reduced by 10 pM of Ro 08-2750, whereas for P21, no change was de-
tected (Figure 7D; Figure S4). Since the strongest effect of the molecule
was detected at 10 pM, we decided to test the dose response on evalu-
ated phenotypes of lower concentrations. For this purpose, we treated
DMI1 TDMs with 1 and 3 pM of Ro 08-2750. No effect was detected on
MSI2 levels or its targets P21 and TGFBRI at 1 M. However, 3 uM
was sufficient to significantly de-repress miR-7 biogenesis leading to
levels similar to those obtained with the 10 uM treatment (Figure S4)

The fusion index and myotube diameter were obtained in Desmin-
immunostained cells to check whether the observed reduction in
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Figure 6. Degradation of MSI2 transcripts enhances MBNL1 levels in 7-day differentiated TDMs

(A) Quantification and representative blots of MBNL1 levels in protein extracts obtained from DM1 TDMs treated with the indicated concentrations of MSI2-targeting or
scrambled ASOs. (B and C) The western blots shown are representative of the amounts of MBNL2 and CELF1. B-actin was used as an endogenous control (n = 3).
Representative confocal images of (D—I) MBNL1 (green) or (J—O) MBNL2 (red) immunodetection in DM1 TDMs treated for 48 h with scramble (D, J, G, and M), ASO1 (E, K, H,
and N), or ASO3 (F, L, I, and O) at the indicated concentrations. Nuclei were counterstained with DAPI (scale bar, 50 um). (P—R) Semiquantitative RT-PCR analyses and

(legend continued on next page)
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MSI2 levels and activity inhibition had any impact on the DM1 cell
model (Figures 7JE—7G). The fusion index and diameter of the cells
improved significantly at both concentrations of Ro 08-2750, but
the rescue was more robust at 10 pM (Figures 7H and 7I). Addition-
ally, we evaluated the fusion index after treating the cells with 1 or
3 uM of Ro 08-2750, and we confirmed that the recovery was in a
dose-dependent manner reaching a peak at 10 pM (Figure S4). Spe-
cifically, the recovery percentage was 48%, 77%, 98%, and 63%
when cells were treated at 1, 3, 10, and 15 pM of Ro 08-2750. Consid-
ering the results obtained at the different concentrations of Ro 08-
2750 tested, we found that 10 uM was the optimum concentration
to work with the compound, since when treating DM1 TDMs with
concentrations below or above, the rescues disappeared or worsened,
respectively. Given the regulation of the autophagy pathway by MSI2
and miR-7, three proteins involved in the process (ATG4A, ATG7,
P62) were quantified by western blot (Figures 7J—7L). The results
confirmed the contribution of MSI2 to the hyperactivation of the
autophagy pathway, since DM1 TDMs treated with 10 uM of the
MSI2 inhibitor significantly rescued the levels of the autophagy-
related proteins and qualitatively decreased the formation of autopha-
golysosomes according to LysoTracker stainings (Figures 7M—70).
Overall, these results demonstrate that similar molecular and cell res-
cues can be obtained by MSI2 silencing and protein activity
inhibition.

To validate results, we treated independent DM1 cell lines with the
MSI2 inhibitor Ro 08-2750. Specifically, we treated immortalized
myoblasts differentiated for 7 days from the same donor as for
TDMs (Figure 8) and two primary myoblast lines obtained from addi-
tional patient biopsies (Table S1; Figure 9). We confirmed that MSI2
levels were significantly increased compared to controls, whereas
miR-7 behaved inversely (Figures 8A and 8B; Figure 9A). Notably,
Ro 08-2750 at 10 pM rescued the expression of the direct MSI2 targets
miR-7 and P21 in all cell lines and TGFBRI in the DM1—14 (Fig-
ure 8B; Figure 9A). Similarly, UPS system and muscle degradation
genes showing impaired expression in DM1 muscle cells were signif-
icantly rescued upon treatment (Figure 8C; Figure 9B). Additionally,
we evaluated by anti-Desmin immunofluorescence the fusion capac-
ity of immortalized myoblasts at 7, 10, and 14 days of differentiation
(Figures 8D—8G; Figure S5). In all cases, the capacity of DM1 muscle
cells was much lower when compared to control counterparts.
Notably, the fusion index was significantly improved after treatment
with the compound, namely 160%, 77%, and 95% at days 7, 10, and
14, respectively, compared to DM1 cells treated with vehicle only.
In the case of primary myoblasts cultured for 7 days, it was also
confirmed that the fusion capacities of both DM1—14 and
DM1—16 lines were significantly impaired compared to healthy con-
trols (Figures 9C—9H) and that this phenotype was dramatically
reversed after the addition of 10 pM Ro 08-2750. Finally, DM1 cells
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showed increased LC3 puncta formation (Figures 8H—8K; Figures
9I—9N), confirming the hyperactivation of the autophagic pathway.
In immortalized myotubes, this was reinforced by the detection of
increased ATG4A and ATG7 protein levels (Figures 8L and 8M).
Treatment with the small molecule was sufficient to reverse autopha-
gic markers to a non-DM1 state dramatically.

Taken together, all results support that MSI2 represents a valid new
therapeutic target to treat muscle dysfunction in DM1.

DISCUSSION

A key aspect of DM1 pathogenesis is progressive muscle wasting. DM1
muscle atrophy research has focused on the RNA toxicity concept
and the increased activity and stability of glycogen synthase kinase 3
beta (GSK3b).>* However, this paradigm has changed in the last
years, as strong evidence supports alterations in various signaling
pathways contributing to DM1 muscle dysfunction.® miR-7 downre-
gulation originates, at least in part, autophagy overactivation, which
is one of the most critical contributors to muscle atrophy in DM1
together with other atrophy-related pathways
UPS.>'>!7> However, the mechanisms promoting miR-7 dysregula-
tion remain unclear. Here, we report that MSI2 is pathologically over-
expressed in DM1 samples, and its depletion by different gene-
silencing strategies (siRNA, ASOs) or small-molecule inhibition in-
creases miR-7 levels and ameliorates disease-related muscle markers.
The rescues detected were qualitatively similar to those observed in
previous work, where miR-7 was replenished with a miRNA mimic
in DM1 TDMs."” Nevertheless, a quantitative comparison between
the different strategies to silence MSI2 indicates that the lower the
MSI2 levels and the higher miR-7, the better recovery parameters in
DMI1 TDMs. This association was apparent between inhibition of
MSI2 and muscle growth rescue, showing the highest increase in
diameter when the levels of MSI2 were the lowest. The previously re-
ported treatment with a miR-7 mimic or chloroquine in DM1 muscle

such as the

cells achieved a milder recovery of the cells’ diameter than the one
observed in the present work.'”"” This suggests that together with
the MSI2-miR-7-atrophy axis, MSI2 overexpression may have addi-
tional consequences independent of repression of miR-7 biogenesis.
However, based on the obtained results, it cannot be ruled out that
there are other alterations in the disease that are contributing, addi-
tionally to MSI2, to the deregulation of miR-7. Specifically, it has
been described that miR-7 biogenesis is also regulated by the quaking
protein, which, similarly to MSI2, binds to immature miR-7.>” More-
over, it was reported that Cyrano, a long non-coding RNA (IncRNA),
binds to miR-7 and effectively promotes its degradation via target-
directed miRNA degradation.38 In the context of DM, of particular
interest is the regulation of miR-7 by the NF90-NF45 complex (also
known as ILF2 and ILF3, respectively), which binds to pri-miR-7-1,
inhibiting the synthesis of mature miRNA.*' Interestingly,

representative agarose gels of splicing events altered in DM1 cells: (P) PKM isoforms represented as the percent of PKM2 and (Q) SERCAT (exon 22) and (R) NFIX (exon 7)
represented as the percent of exon inclusion. GAPDH was used as an internal control (n = 3). In all cases, the statistical analyses were performed comparing values from
treated cells with those obtained for cells treated with the scrambled ASO at the same concentration. Green dashed lines indicate values obtained for healthy control TDMs.
The bar graphs show mean + SEM. *p < 0.05, **p < 0.01, and **p < 0.001, according to Student’s t test.
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Figure 7. Downregulation of MSI2 activity by treatment with the small molecule Ro 08-2750 improves DM1-related phenotypes

MSI2 quantification by (A) gRT-PCR, relative to the mean of GAPDH, GPI, and HPRT1 levels, and (B) western blot in 7-day differentiated DM1 TDMs treated for 48 h with 10 or
15 uM Ro 08-2750 or with 0.8% DMSO as control. Bar graph and representative blot images of MSI2 immunodetection are shown. B-actin expression was used as an
endogenous control. (A and B) n = 6 for myotubes treated with DMSO and 10 M Ro 08-2750. (C) Relative expression levels of miR-7 were measured by gRT-PCR. Data were
normalized to the mean of U7 and U6 levels. (D) Quantification by gRT-PCR of TGFBR1 after small-molecule treatment relative to the mean of GAPDH, GPI, and HPRT1
expression levels used as an endogenous reference. In all gRT-PCR and western blots, the sample size was n = 3, unless otherwise specifically indicated. Representative
confocal images of Desmin-immunostained (green) human DM1 TDMs for 7 days after treatment with (E) DMSO as control or with Ro 08-2750 compound at (F) 10 uM or (G)
15 uM. Quantification of the percentage of myogenic fusion index (H) and myotube diameter () of DM1 TDMs with the indicated concentrations of the compound (n = 10—15
images). Quantification by western blot of (J) ATG4A, (K) ATG7, and (L) P62. Representative blots used for quantification are shown below the bar graphs. B-actin was used as
an endogenous control to normalize protein levels (n = 3). Representative confocal images of LysoTracker staining (red) of 7-day DM1 TDMs treated with (M) DMSO as control
or with the Ro 08-2750 compound at (N) 10 uM or (O) 15 uM. (E—G and M—0O). Scale bars correspond to 20 um, and the nuclei were counterstained with DAPI. The bar
graphs show mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, and “***p < 0.0001 according to Student’s t test.

upregulation of ILF2 and ILF3 was demonstrated in biopsies from  data obtained in the TDMs, provide evidence in multiple systems,

DMI1 skeletal muscles.'” Globally, it is possible that other new targets ~ and build more confidence in the robustness of modulating

exist in a DMI context to modulate miR-7 levels. this pathway as a potential therapeutic strategy against DMI.
Finally, our data are consistent with previous observations demon-

Besides using strategies to inhibit MSI2, we treated four different  strating that the axis miR-7-autophagy is involved in myotubes

DM1 cell models with the small molecule Ro 08-2750 that binds differentiation.”

directly and selectively to MSI2 and competes for its RNA binding,

thus leading to inhibition of MSI2 RNA-binding activity and the  Skeletal muscle cells regulate their size by a balance of protein synthe-

regulation of downstream targets.”” Globally, we fully validated  sis and degradation pathways."’ Noteworthy, the reduction of MSI2
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Figure 8. MSI2 inhibition in DM1 myoblasts improves pathological phenotypes

(A) MSI2 quantification by western blot and representative blots in control (orange) and DM1 myoblasts treated with vehicle 0.8% DMSO (gray) or 10 uM Ro-08-2750 (red)
during the last 48 h of 7-day differentiated myotubes; GAPDH expression was used as an endogenous control. (B) Quantification by gRT-PCR of MS/2 and its direct targets
miR-7, P21, and TGFBR1 in the same conditions as those described in (A). (C) Quantification by gRT-PCR of the relative expression of genes involved in catabolic pathways
leading to muscle degradation in DM1 treated with vehicle (gray dashed line) and control myoblasts (orange) or DM1 cells treated with compound (red). Statistical analyses
were carried out comparing control and DM1 treated with Ro-08-2750 with DM1 myoblasts treated with vehicle. mMRNA levels shown in (A) and (B) are relative to the mean of
GAPDH, GPI, and HPRT1; miR-7 was normalized to the mean of U7 and U6 (n = 3). Representative confocal images of Desmin immunostaining (green; D—F) and LC3
staining (red; H—J) of 7-day control and DM1 myoblasts treated with DMSO (D, H, and E—I) as control or with 10 uM Ro 08-2750. (F and J) Scale bars correspond to 40 um,
and the nuclei were counterstained with DAPI. (G) Quantification of myogenic fusion index of the conditions represented in (D)—(F) at 7, 10, and 14 days of differentiation (n =
10—15 images). (K) Quantification of the number of LC3 puncta per square micrometer. (G and K) Each condition was compared to DM1 cells treated with DMSO.
Quantification by western blot of (L) ATG4A and (M) ATG7. Representative blots used for quantification are shown on the side of the bar graphs. GAPDH was used as an
endogenous control to normalize protein levels (n = 3). The bar graphs show mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001 according to Student’s t test.

levels showed effects on both sides of this complex balance, because in
addition to dampening down catabolism via autophagy repression, it
also acted on muscle anabolism. MSTN, a member of the transform-
ing growth factor-B (TGF-) superfamily, negatively regulates muscle
mass by inhibiting Akt phosphorylation, resulting in decreased pro-
tein synthesis and reduced cell size.*> Importantly, we observed that
treatment of DM1 TDMs with MSI2-targeting ASOs significantly
reduced MSTN expression levels and increased AKT1 and its active
form (p-AKT), thus derepressing muscle mass anabolism. Comple-
mentary, upon ASO treatment, IGF-1 was significantly upregulated.
IGF-1 promotes muscle protein synthesis via activating the Akt/
mTOR pathway,” and consistently, in MSI2 silenced cells, we also de-
tected increased mTOR expression together with AKT activation.
These results and the fact that MSTN and IGF-1 have opposing roles

662 Molecular Therapy: Nucleic Acids Vol. 25 September 2021

in regulating the growth and size of skeletal muscle*” indicate that
MSTN and IGF-1 rescue may ameliorate ASO-treated DM1 TDMs
via the Akt/mTOR pathways. Remarkably, reduction of MSI2 expres-
sion in DM1 TDMs with ASOs was sufficient to rescue the expression
of MuRFI1, FBX032, FoxOl, and FoxO3 genes involved in protein
degradation via the AKT/mTOR pathway, thus contributing to
improved fusion index and diameter of treated TDMs. Finally, it
has been reported that increased expression of PKM2 in type 1 myo-
fibers leads to type 1 myofiber atrophy.” In our experiments, the per-
centage of the PKM2 isoform was significantly reduced after MSI2
silencing with the ASOs. This suggests that re-establishing normal
MSI2 levels promotes a PKM2-to-PKM1 switch characteristic from
differentiated myotubes, contributing to the improved fusion index
and myotube diameter observed in treated DM1 TDMs.
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Figure 9. Ro 08-2750 treatment of immortalized DM1 myoblasts differentiated for 7 days validates MSI2 as a new therapeutic target

(A and B) Quantification by qRT-PCR of the indicated genes in control primary myoblasts (ine CNT-10, orange dashed line) and two DM1 lines, DM1—14 and DM1-16,
treated with vehicle (0.8% DMSO; gray) or 10 pM Ro-08-2750 (red) for 48 hin 7-day differentiation cultures. Asterisks above gray bars indicate statistical differences between
CNT-10 and the DM1 lines. Asterisks over the black lines indicate the significant differences between both treatments (DMSO or Ro 08-2750). Gene expression is relative to
the mean of GAPDH and GPI, and miR-7 was normalized to the mean of U7 and U6 (n = 3). (C) Quantification of the myogenic fusion index and (D—H) representative confocal
images of Desmin immunostaining (green) of control primary myoblasts (D) and DM1—14 and DM1—16 lines treated with vehicle (E and G) or with 10 pM Ro-08-2750 (F and
H). (I-M) Representative confocal micrographs of LC3 immunostaining (red) and (N) quantification of the number of LC3 puncta per square micrometer in cell cultures
identical to (D)—(H). Scale bar corresponds to 40 um, and the nuclei were counterstained with DAPI (blue). The bar graphs show mean + SEM. *p < 0.05, **p < 0.01, **p <

0.001, and ****p < 0.0001 according to Student’s t test.

The study of MBNL protein levels upon MSI2 silencing demonstrated
increased MBNLI after treatment with the highest concentration of
ASO1. Moreover, extra MBNL1 protein was functional as splicing
events regulated by MBNLI1 were significantly improved. Previous re-
sults have shown that miR-7 levels were MBNLI1 independent.'”
MBNLL1 levels may increase because of autophagy repression via
MSI2/miR-7, resulting in reduced MBNLI disposal as similarly
observed when autophagy was blocked with chloroquine in DM1
muscle cells."” Another possibility would be for MSI2 to act indepen-
dently of the miR-7/autophagy axis since MSI2 regulates many targets
involved in varied processes, both at the level of mRNA stability or
post-transcriptionally.****

Maintenance of fetal-splicing patterns of certain transcripts is a key
phenotype in DM1.*® A potential direct role for MSI2 on alternative
splicing misregulation in DM1, combined with MBNL1, CELF1, and
HNRNPA1 dysregulations, cannot be discarded, but so far, the
involvement of this protein in splicing has been suggested to be indi-
rect, through the control of other regulators. Indeed, when we quan-
tified PKM2 levels after ASO treatments, we observed a significant

reduction at all tested conditions. However, MBNL1 levels were
only increased when cells were treated at the highest concentration
of ASO1. These results suggest that MSI2 could indirectly contribute
to PKM regulation, as it was reported that c-M YC,*® a direct target of
MSI2, upregulates transcription of PTB, hnRNPA1, and hnRNPA2,
which, in turn, promotes PKM2 levels.”

Upon MSI2 modulation, we observed a surprisingly modest effect on
the MSI2 mRNA-binding targets’ levels TGFBRI and P21.***® How-
ever, these results do not exclude the possibility that other molecular
alterations in DMI, in addition to MSI2 overexpression, may also
contribute to TGFBRI and P21 misregulation and, consequently,
counteract the effect of MSI2 silencing. Specifically, CELF1 was re-

4950 Consistent with these

ported to regulate P21 expression in DM1.
observations, CELF1 remained unchanged after MSI2 blocking, so
this fact could also be contributing to the mild effect over P21 levels

after MSI2 reduction.

In summary, this study sheds new light on the molecular mechanisms
leading to muscle atrophy in DM1 and, more specifically, on miR-7
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downregulation and subsequent autophagy regulation. We demon-
strate that the RNA-binding protein MSI2 is strongly upregulated
in DM1 and, for the first time, propose that this protein is a new ther-
apeutic target to treat DM1 muscle dysfunction. Remarkably, we
observed a significant negative correlation between MSI2 levels and
ankle dorsiflexion force in biopsies from 40 DMI1 patients, high-
lighting the relevance of MSI2 dysregulation as a contributor to the
muscle phenotype. Moreover, we demonstrate that the reduction of
MSI2 levels by three different strategies was enough to significantly
reduce miR-7 levels, constituting essential proof-of-concept studies
to develop new therapeutic strategies.

MATERIALS AND METHODS

Chemically modified oligonucleotides

siRNAs targeting MSI2 transcripts (ID S42755 and S42757; catalog
number 4392421) and negative control (catalog number 4390843)
were from the Invitrogen (Madrid, Spain) Silencer Select siRNA
collection. ASO and scrambled control were synthesized by
biomers.net. The ASO sequences were as follows: ASO1, 5 +T+G+
AXCTYTXC T T T*C*G*G+C+T+G 3'; ASO2, 5 +C+A+C*G*A*
A*G*T*T*G*G*G*A+T+A+T 3'; ASO3, 5 +T+T+G*G*A*T*T*A*
A*G*G*T*T+G+C+C 3'; and scrambled ASO, 5 +T+T+C*C*C*T*
G*A*A*G*G*T*T+C+C+T 3/, which are complementary to se-
quences from exon 9 (ASOl), exon 10 (ASO2), and exon 14
(ASO3). A + sign denotes locked nucleic acid nucleotides, and * indi-
cates phosphorothioate linkages.

Cell culture and treatment with oligonucleotides and small
molecule

Unaffected (control) and patient-derived (DM1) cells were kindly
provided by Dr. Furling (Institute of Myology, Paris, France).””
Briefly, DM1 cells were obtained from skin or skeletal muscle bi-
opsy of an 11-year-old female donor expressing 1,300 CTG repeats,
and counterpart control cells were obtained from a 25-year-old
non-DM1 donor. Both fibroblasts and myoblasts have been immor-
talized. Additionally, fibroblasts were transduced to express MyoD
(doxycycline) inducibly. Forced expression of MyoD transdifferen-
tiates fibroblasts into myotubes.”> TDMs were cultured as previ-
ously described.'” After 4 days in differentiation medium
(MDM), cells were transfected with a combination of the two
siRNAs targeting MSI2 transcripts (final concentration 100 nM) us-
ing Lipofectamine RNAIMAX transfection reagent (Invitrogen,
Madrid, Spain) following the manufacturer’s recommendations. Af-
ter 48 h, the medium containing the siRNAs was replaced by fresh
MDM. 24 h later, cells were collected. As a control, the same pro-
tocol was performed using 100 nM of a siRNA with a scrambled
sequence. Gapmers were transfected following the same protocol
at 30 and 150 nM. To treat cells with the small molecule Ro
08-2750 (Tocris catalog number 2272; Bristol, UK), cells were
cultured as before. Briefly, after 5 days in MDM, the medium was
supplemented with Ro 08-2750 to a final concentration of 1, 3,
10, or 15 uM (0.8% DMSO) or with 0.8% DMSO (vehicle) for 48
h. Immortalized myoblasts were cultured as previously described.*”
Immortalized myoblasts cultured for 5 days in MDM were treated
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with Ro 08-2750 to a final concentration of 10 uM for 48 h. In the
case of fusion index determinations at 7, 10, and 14 days, the com-
pound was added for the last 48 h.

Primary human skeletal muscle cultures

Primary human myoblasts from muscle biopsies from 3 DMI1 pa-
tients and three controls were obtained as previously described.”’ A
positive selection for the CD56 surface marker was performed to
enrich for myoblasts, using CD56-coated microbeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) following the manufacturer’s in-
structions. Purified myoblasts were seeded in six-well plates (2.5 X
10° cells/well), and the following day, the medium was replaced
with MDM (DMEM + 2% horse serum + 1% penicillin-strepto-
mycin). The medium was changed every 2 days. To treat primary
myoblasts, CNT-10, DM1—14, and DM1—16 with the small molecule
Ro 08-2750 cells were cultured as before. After 5 days in differentia-
tion conditions, the medium was supplemented with Ro 08-2750 to a
final concentration of 10 uM (0.8% DMSO) or with 0.8% DMSO
(vehicle) for 48 h. Information about biopsy donors is compiled in
Table SI.

DM1 patients and skeletal muscle biopsies

All muscle biopsies were taken after informed consent by patients and
approval by the Experimentation Ethics Committee of the University
Hospital La Fe (Valencia, Spain; authorization 2014/0799). Methods
for the determination of the size of the CTG repeat expansion were as
reported in Fernandez-Costa et al."”> A detailed description of muscle
type, sex, age, and repeats length is provided in Table SI.

Immunofluorescence methods

Desmin immunostaining and fusion index and diameter determina-
tion were performed as previously described.'® For MSI2 immunode-
tection, 3.5 x 10* fibroblasts/well were seeded in 24-well plates. After
7 days of differentiation into myotubes, cells were fixed with 4% para-
formaldehyde (PFA) for 15 min. After three washes with 0.1% Triton
X-100 in PBS 1x (PBS-T), cells were blocked (PBS-T, 1% BSA, 5%
normal goat serum) for 1 h and incubated with rabbit anti-MSI2
(1:100, EP1305Y; Abcam) in blocking buffer for 48 h at 4°C. After
three washes with PBS-T, cells were incubated for 1 h with goat
anti-rabbit fluorescein isothiocyanate (FITC) immunoglobulin G
(IgG; 1:200; Sigma-Aldrich, St. Louis, MO, USA) in blocking buffer.
Finally, cells were washed thrice with PBS 1x and were counter-
stained and mounted with VECTASHIELD mounting medium con-
taining 40,6-dia-midino-2-phenylindole (DAPI; Vector Laboratories,
London, UK) to detect the nuclei.

For LC3B immunodetection, cells were differentiated in MDM for
7 days (3 x 10° cells/well in 24-well plates). After 48 h of gapmer treat-
ment, cells were fixed with 4% PFA in PBS for 15 min at room temper-
ature. After fixation, cells were permeabilized with methanol 100% for
15 min at —20°C and blocked with blocking buffer (PBS 1x, 0.5%
BSA, 1% goat serum) for 1 h at room temperature. Cells were incu-
bated overnight (O/N) with rabbit anti-LC3B (1:200, ab51520; Abcam,
Cambridge, UK) diluted in blocking buffer. Then, samples were
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incubated with goat anti-rabbit IgG (H+L) Alexa Fluor Plus 594
(1:200; Invitrogen, Carlsbad, CA, USA) for 2 h. Between antibodies,
cells were washed three times with PBS 1x. Finally, cells were washed
three times with PBS and mounted in Vectashield (Vector Labora-
tories, London, UK) with 2 ng/mL DAPI. MBNL1 and MBNL2 were
detected in cells differentiated in MDM for 7 days as previously
described.'”

For LysoTracker staining, 2.5 x 10* cells were seeded in a 24-well
plate. After treatment with ASOs for 48 h, samples were incubated
for 30 min at 37°C with 100 nM LysoTracker RED-DND99 (Invitro-
gen, Madrid, Spain). After two washes with warmed PBS, cells were
fixed with 4% PFA for 15 min, followed by washes in 1x PBS.
Then, cells were mounted using Vectashield (Vector Laboratories,
London, UK) with 2 pg/mL DAPI Images were acquired in an
LSM800 confocal microscope (Zeiss) at 400x magnification.

LC3 puncta quantification

Image analyses of LC3-stained myotubes were performed using the
Ifdotmeter software’” following the authors’ recommendations.
Briefly, the quantification of the number of LC3 dots or LC3 puncta
was performed with 15—20 images per condition. Total LC3 dots per
image were normalized relative to the total area corresponding to all
of the myotubes observed in each image. Myotube area was measured
by using Image]J software. Data were expressed as the number of LC3
dots/pum?.

Toxicity assay

Control cells were aliquoted in a 96-well plate with 1.0 x 10° cells per
well. After 24 h, cells were transfected with different ASOs as
described'” (concentrations ranging from 1 nM to 1 uM) or treated
with Ro 08-2750 (Tocris Bioscience, Bristol, UK) at concentrations
ranging from 0.0195 to 80 pM (in 1:2 serial dilutions). Cell viability
was measured as previously described."’

RNA extraction, semiquantitative PCR, and real-time PCR

All of the procedures were performed as previously described.'”
Primers not previously reported are listed in Table S2. qRT-PCR
data were obtained using the delta-delta CT method. Commercial
TagMan probes (QIAGEN) were used to detect MBNLI (6-carboxy-
fluorescein (FAM)-labeled probe) and reference GAPDH (NHS ester-
fluoro-phore (MAX)-labeled probe) genes (Integrated DNA Technol-
ogies, Leuven, Belgium). Relative quantification of the relevant genes
in healthy control TDMs was previously reported.'”

Western blotting

Protein extraction, quantification, and immunodetection were per-
formed as previously described.'”"” Specifically, MSI2 detections
were performed by incubating membranes O/N with a rabbit anti-
MSI2 antibody (1:1,000, EP1305Y; Abcam, Cambridge, UK). Goat
horseradish peroxidase (HRP)-conjugated anti-rabbit-IgG (1:3,500;
Sigma-Aldrich, St. Louis, MO, USA) was used as the secondary anti-
body. Images were acquired with an ImageQuant LAS 4000 or
Amersham ImageQuant 800 (GE Healthcare). Quantification was

performed using Image] software (NIH). Relative quantification of
the relevant proteins in healthy control TDMs was previously
reported.’”

Statistical analyses

In all molecular studies, for comparison on mean data, we assumed
that all parameters follow a normal distribution, and the samples
were compared using two-tailed t tests (o = 0.05), applying Welch’s
correction when necessary. The statistical differences were estimated
by Student’s t tests (p < 0.05) on normalized data. Sample sizes (n) are
included in the figure legends.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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