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Unstable CTG expansions in the 3’ UTR of the DMPK gene are
responsible for myotonic dystrophy type 1 (DM1) condition.
Muscle dysfunction is one of the main contributors to DM1
mortality and morbidity. Pathways by which mutant DMPK
trigger muscle defects, however, are not fully understood. We
previously reported that miR-7 was downregulated in a DM1
Drosophila model and in biopsies from patients. Here, using
DM1 and normal muscle cells, we investigated whether miR-7
contributes to the muscle phenotype by studying the conse-
quences of replenishing or blocking miR-7, respectively. Resto-
ration of miR-7 with agomiR-7 was sufficient to rescue DM1
myoblast fusion defects and myotube growth. Conversely,
oligonucleotide-mediated blocking of miR-7 in normal myo-
blasts led to fusion and myotube growth defects. miR-7 was
found to regulate autophagy and the ubiquitin-proteasome sys-
tem in human muscle cells. Thus, low levels of miR-7 promoted
both processes, and high levels of miR-7 repressed them.
Furthermore, we uncovered that the mechanism by which
miR-7 improves atrophy-related phenotypes is independent
of MBNLLI, thus suggesting that miR-7 acts downstream or in
parallel to MBNLI. Collectively, these results highlight an un-
known function for miR-7 in muscle dysfunction through auto-
phagy- and atrophy-related pathways and support that restora-
tion of miR-7 levels is a candidate therapeutic target for
counteracting muscle dysfunction in DM1.

INTRODUCTION

Myotonic dystrophy type 1 (DM1) is an autosomal-dominant neuro-
muscular disease with multisystemic and variable symptoms. In the
course of the disease, dysfunction is observed in many organs and tis-
sues, specifically skeletal, cardiac, and smooth muscles and the CNS.!
These dysfunctions lead to characteristic symptoms such as cardiac
conduction defects, muscle myotonia with distress, neuropsycholog-
ical abnormalities, muscle weakness, and atrophy.” The leading cause
of mortality is sudden death due to cardiac conduction problems, ar-
rhythmias, and respiratory failure as a result of muscle wasting.

The genetic cause of the disorder is an unstable expansion of non-
coding CTG repeats located within the 3’ UTR of the DM1 protein ki-
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nase (DMPK) gene. Mutant DMPK transcripts are retained in the nu-
cleus and form ribonuclear foci that are a histopathological hallmark
of the disease. Chief among sequestered CUG-binding proteins are
the Muscleblind-like proteins (MBNLI, 2, and 3). While MBNLI con-
trols fetal-to-adult splicing and polyadenylation transitions in muscle
and MBNL2 seems to serve a similar role in the brain,” MBNL3 deficit
results in progressive impairment of muscle regeneration” and age-
associated pathologies observed in DM1.> CUGBP Elav-like family
member 1 (CELF1) regulates alternative splicing antagonistically to
MBNLL. In contrast to MBNL1, CELF1 is not sequestered into ribo-
nuclear foci but is hyper-activated and stabilized in the cell nucleus.’

The mechanisms underlying muscle atrophy remain largely un-
known. Atrophy has been linked to increased activity and stability
of glycogen synthase kinase 3 beta (GSK3B) by CELF1 overactiva-
tion.” Indeed, mice that underwent early inhibition of GSK3pB ex-
hibited reduced muscle atrophy.® Moreover, defects in alternative
exon regulation of dystrophin (DMD) were linked to defects in muscle
architecture and organization, which are characteristic features of
dystrophic DM1 skeletal muscles.” Additionally, it was demonstrated
that embryonic M2 isoform of pyruvate kinase (PKM2), a key enzyme
contributing to the Warburg effect in cancer, is significantly induced
in DM1 tissue and mouse models owing to aberrant splicing. Authors
suggest that Pkm?2 re-expression in skeletal muscle disrupts the meta-
bolic homeostasis and may lead to energy deficits associated with
muscle weakness and wasting."’

However, evidence suggests that other processes might be contrib-
uting to muscle wasting in DM1. Specifically, autophagy and the ubig-
uitin-proteasome system are two main processes that mediate the
degradation of cellular components in order to recycle them and
obtain energy, thus maintaining muscle homeostasis. Autophagy
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Figure 1. Involvement of miR-7 in DM1

(A) The graph represents miR-7 target genes that are significantly overexpressed in
DM biopsies (according to Wang et al.>). Asterisks show the significance of the
Pearson’s correlation coefficient between ankle dorsiflexion strength and expres-
sion level of each gene. (B) Relative expression levels of miR-7 measured by qRT-
PCR (calculated using the 222" method) in human CNT (green) and DM1 (red)
fioroblast and myoblast cells. (C) Cell growth inhibition assay by MTS method.
Human CNT myoblasts were transfected with increasing concentrations of agomiR-
7 (blue) and antagomiR-7 (purple) (n = 4). TC10 (11.15 nM for agomiR-7 and
4.92 nM for antagomiR-7) and TC50 (708.3 nM for agomiR-7 and 816.9 nM for
antagomiR-7) were obtained using the least-squares non-lineal regression model.
(D) Logarithmic representation on base 2 (logy) of the gRT-PCR quantification of
miR-7 levels in human CNT (blue) and DM1 (purple) myoblasts after transfection with
1, 10, and 100 nM of agomiR-7 or antagomiR-7, respectively. Transfection of
myoblasts with antagomiR-7 or agomiR-7 led to a reduction or increase of miR-7
levels in a dose-dependent manner compared to CNT and DM1 myoblasts trans-
fected with scramble versions of antagomiR and agomiR at the same concentration,
respectively (n = 3). In (A) and (B), U7 and U6 snRNAs were used as reference genes
(n = 3). Error bars indicate + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001
according to Student’s t test.

was demonstrated to be overactivated in DM1-derived primary myo-
blasts concomitantly with apoptosis, leading to loss of myotubes."'
Consistently, autophagic markers were upregulated in mice express-
ing 960 CUG repeats that also exhibited marked muscle atrophy.'”
In a heat-shock-induced adult-onset DM1 Drosophila model, hyper-
activation of autophagy and apoptosis are partly responsible for mus-
cle atrophy, since inhibition of either pathway was sufficient to rescue
muscle atrophy."” The defective activity of the ubiquitin-proteasome
system was described in muscles of transgenic DM1 mice that dis-
played progressive muscle wasting and weakness due to Fbx032
and/or Murfl overexpression.'* Pathological activation of AMPK or

TWEAK/Fn14 signaling was also reported in skeletal muscles and
heart of a murine DM1 model and in tissues from DM1 patients.'>'®

Additional studies found that the expression of several microRNAs
(miRNAs) is altered in DM1 human skeletal and heart muscle and
also in DM1 muscle cells.!” " Furthermore, misexpression was re-
ported for 20 miRNAs in DM1 model flies. Among them, miR-7
was under-expressed, and target transcripts had higher expression
in DM1 muscle tissue, such as the autophagy-related gene
ATG4A.” Interestingly, recent studies reported that miR-7 represses
autophagy through the upregulation of mTOR signaling and direct
inhibition of some autophagy genes (ATG7, ULK2, and ATG4A).”"
However, the role and relevance of miR-7 downregulation in DM1
pathogenic mechanisms still remain unknown.

Considering these previous data, here we shed light on this problem
by demonstrating that depleted levels of miR-7 trigger DM-related
phenotypes through an MBNLI-independent mechanism such as
increased autophagy and the ubiquitin-proteasome system, which
are pathways known to contribute to muscle atrophy.”” Importantly,
replenishing of miR-7 levels through the use of chemically modified
agomiRs was sufficient to repress autophagy and muscle atrophy
markers and to rescue differentiation parameters such as fusion index
and myotube diameter. These results provide proof of concept that
the modulation of miR-7 levels could be a valid therapeutic approach
to muscle atrophy in DM1.

RESULTS

miR-7 Targets Are Overexpressed in DM1 Muscle Biopsies and
Correlate with Muscle Weakness

The first test to our hypothesis that miR-7 levels were relevant to mus-
cle phenotypes in DM1 was to extract expression data of direct miR-7
target transcripts from existing datasets and to correlate their levels
with functional data. To this end, we resorted to the DMseq database
that includes information on ankle dorsiflexion strength from 40
DMI patients and 10 controls.”® From these data, the authors calcu-
lated the correlation between force and gene expression results from
RNA-sequencing (RNA-seq) experiments. Based on the miRtarbase™*
and DMseq databases, we first selected all confirmed miR-7 targets
according to at least two of the following methods: 3’ UTR luciferase
reporter assays, western blot, or qRT-PCR. From these genes, we
selected those that were significantly overexpressed in DM1 patients,
which further supported that they were under direct miR-7 repres-
sion, and obtained a total of 11. We also included three predicted tar-
gets of miR-7 that were studied by Fernandez-Costa et al.*’ and ATG?,
since the binding of miR-7 to its 3’ UTR has been demonstrated.” Of
the 15 miR-7 targets analyzed, 11 showed a statistically significant
negative correlation (4 weak, 5 moderate, and 3 strong, according
to the classification by Evans>’) between gene expression and dorsi-
flexion force, that is, the higher the overexpression, the lower the force
of the tibialis anterior muscle (Figure 1A; Table S1). Therefore, these
results from DMI tibialis muscle biopsies provide critical support to
the hypothesis that miR-7 levels may impinge on muscle strength,
which is intimately related to muscle atrophy and weakness.
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miR-7 Is Downregulated in 7-Day Transdifferentiated DM1
Myoblasts

Given the strong correlation between miR-7 target dysregulation and
muscle weakness in human-derived samples, we set out to establish a
cell model in which we investigate the molecular basis of such a rela-
tionship. We analyzed miR-7 levels in DM1 fibroblasts expressing
1300 CTG repeats”® and in fibroblasts transdifferentiated into multi-
nucleated myotubes for 7 days (Transdifferentiated myoblasts;
TDM; Figure 1B). In both cases, only about half the normal levels
of miR-7 were detected in DM1 cells. We designed two chemically
modified oligonucleotides as tools to investigate the potential roles
of miR-7 in DMI1 muscle dysfunction: a mimic of miR-7 (agomiR-
7) and a miR-7 blocker (antagomiR-7; Figure 1C) and assayed their
toxicity profile in cells. The half-maximal inhibitory concentrations
(ICsp) were 708.3 nM for agomiR-7 and 816.9 nM for antagomiR-7,
indicating that the modified oligonucleotides were slightly toxic and
they were only safe for cells at concentrations below 100 nM, at
which more than 80% of cells were viable. To replenish the miR-7
deficit, we transfected DM1 TDMs with agomiR-7 and with control
(scramble) oligonucleotides at 1, 10, and 100 nM (Figure 1D, blue
bars). We observed a dose-dependent increase in miR-7 levels
when compared to cells treated with the scramble at the same con-
centration, achieving a fold increase of over 2.100 at the highest con-
centration. Conversely, we decided to block miR-7 in CNT (healthy
control cells)TDMs to assess whether a lack of miR-7 contributed to
characteristic DM1 muscle phenotypes. CNT TDMs were trans-
fected with miR-7 antagonists and scramble controls at 1, 10, and
100 nM. After that, we quantified by qQRT-PCR miR-7 levels and
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Figure 2. Raising miR-7 Levels with agomiR
Oligonucleotides Improves DM1 Myotube Defects in
Fusion Capacity and Diameter

(A-L) Representative confocal images of Desmin-immu-
nostained (green) human myoblasts transdifferentiated for
7 days after antagomiR-7 transfection into CNT cells (B, D,
and F) or agomiR-7 transfection into DM1 cells (H, J, and
L) and their respective scramble controls (A, C, and E for
antagomiR; G, |, and K for agomiR) at 1, 10, and 100 nM.
Nuclei were counterstained with DAPI (blue). Scale bar,
100 um. (M) Quantification of myotube diameter of CNT
(purple) and DM1 (blue) myoblasts treated with the indi-
cated concentrations of antagomiR-7 and agomiR-7,
respectively. Dashed lines represent the mean of the three
concentrations (1, 10, 100 nM) from CNT (73.54 + 3.77;
green) or DM1 (2.24 + 0.09; red) myoblasts transfected
with scramble versions (N). Analysis of the myogenic
fusion index of transdifferentiated CNT (purple) and DM1
(blue) human myoblasts transfected with antagomiR-7 or
agomiR-7, respectively (n = 5-7 images in each condition;
mean CNT scrambles, 89.00 + 1.58; green dashed line,
39.37 +2.68; mean DM1 scrambles, red dashed line). The
statistical analysis was performed comparing each con-
centration of agomiR-7 or antagomiR-7 to its respective
scramble. Data were expressed as mean + SEM. *p <
0.05, *p < 0.01, **p < 0.001 according to Student’s t

- Bl antagomiR-7

DM1

&
TS test.

observed a dose-dependent reduction of the miRNA that reached
75% of normal at 100 nM of antagomiR-7 (Figure 1D, purple
bars). Note that antagomiR blocks miRNA function but not neces-
sarily destroys it. To confirm that both the mimic and the inhibitor
were effectively entering into the cells, we transfected CNT TDMs
with Cy3-labeled agomiR-7 and antagomiR-7 (Figure S1). A very
faint red signal was observed when cells were treated with the oligo-
nucleotides at the lowest concentration. As expected, stronger red
fluorescence was detected at 10- and 100-nM modified oligonucleo-
tides with the number of cells being very similar in all conditions.

miR-7 Supplementation Rescues Differentiation Defects in DM1
Muscle Cells

It was previously described that DM1 myoblasts form smaller myo-
tubes and have reduced fusion capacity under differentiation condi-
tions.”® We studied the contribution of miR-7 to these phenotypes by
restoring miR-7 levels, or reducing them, in DM1 or CNT TDMs,
respectively (Figure 2). After 7 days of differentiation, TDMs were
stained with an antibody against Desmin, a class-III intermediate
filament protein found in muscle cells that integrate the sarcolemma,
Z-disk, and nuclear membrane, thus regulating sarcomere architec-
ture and widely used as a marker of myogenic cells. DM1 TDMs had
reduced diameter and fusion index compared to CNT transfected
with their corresponding scramble (Figures 2G, 2I, and 2K and
2A, 2C, and 2E). Quantification of both parameters showed that
DMI1 TDMs had a smaller diameter than CNT, with mean values
of 2.12 and 74 pm, respectively, whereas fusion index was also signif-
icantly lower (around 49.6% of normal; reference values denoted as
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Figure 3. Modulation of miR-7 Levels in DM1 Myoblasts Produces Changes
in CELF1 Expression, but Not in MBNL1

(A) Relative expression levels of CELFT measured by gRT-PCR in CNT (green) and
DM1 (red) TDMs. Logarithmic representation on base 2 (logo) of the gRT-PCR
quantification of CELF1 (B) relative expression levels in CNT (purple) and DM1 (blue)
TDMs transfected with 1, 10, 100 nM of antagomiR-7 or agomiR-7. Results for each
concentration of agomiR (in DM1 TDMs) or antagomiR (in control TDMs) were
normalized to their corresponding scramble concentration. GAPDH expression
levels were used as reference gene in (A) and (B) (n = 3). Data were obtained ac-
cording to the 222 method. (C) Western blot of MBNL1 protein in DM1 myoblasts
transfected with agomiR-7 and CNT transfected with antagomiR-7. B-ACTIN was
used as endogenous control (n = 3). (D) Quantification of foci number per cell ob-
tained from in situ hybridization of DM1 TDMs transfected with the indicated con-
centrations of miR-7 mimic (blue bars) or CNT TDMs treated with antimiR-7 (purple
bars). Dashed lines represent the mean of the three concentrations (1, 10, 100 nM)
from CNT (4.398 + 0.457; green) or DM1 (0.347 + 0.087; red) myoblasts transfected
with scramble versions. The bar graphs show mean + SEM. *p < 0.05, *p < 0.01,
***p < 0.001 according to Student’s t test.

red and green dotted lines in Figures 2M, 2N and S2). We observed
that increasing the levels of miR-7 in DM1 cells had a mild effect on
the size of the myotubes, since the rescue was only statistically signif-
icant at 100 nM of agomiR. However, restoring the levels of the
miRNA dramatically raised the fusion index at all three concentra-
tions, reaching an increase of 90% when compared to the fusion
index of scramble controls (Figures 2M and 2N, blue bars), which
indicates an improved fusion capacity. On the contrary, a dose-
dependent worsening of both parameters was observed when miR-
7 was inhibited in CNT TDMs (Figures 2M and 2N, purple bars).
Taken together, these results support that while miR-7 was necessary
for both myoblast growth and fusion, only extra miR-7 was sufficient
to strongly rescue the fusion index in DM1 myoblasts. To confirm
that the effect on cell fusion alterations was mediated by autophagy
regulation, we inhibited or boosted this pathway by chloroquine or
metformin treatment, respectively, and analyzed the fusion index
(Figure S3). Results showed that this parameter was significantly
improved when autophagy was blocked, and the opposite effect

was observed when the pathway was induced by metformin
treatment.

Restoration of miR-7 Levels Ameliorates DM1 Phenotypes in an
MBNL1-Independent Manner

To further investigate the role of miR-7 in DMI, we analyzed the
consequences of its modulation on two critical players of the dis-
ease: the CELF1 and MBNLI genes. CELF]I transcripts were found
to respond to miR-7 modulation so that in miR-7-deprived DM1
TDMs or normal TDMs transfected with antagomiR-7, CELFI
was downregulated, whereas treatment with a miR-7 mimic
showed a dose-dependent rescue of the said defect (Figures 3A
and 3B). Regulation of CELFI levels by miR-7 was most likely in-
direct, since no significant predictions of binding were found in its
3’ UTR using the miRtarget and miRanda algorithms. In contrast,
miR-7 had no effect on MBNLI protein levels in cells exposed to
the scramble, mimic, or inhibitor oligonucleotides (Figure 3C; Fig-
ure S4A). Considering the possibility that miR-7 could have an ef-
fect on the accumulation of mutant DMPK transcripts, we quanti-
fied ribonuclear foci by in situ hybridization. No significant
differences in foci number were detected between DM1 TDMs
treated with scramble and agomiR-7 (Figure 3D). We also analyzed
the splicing pattern of five genes that were previously described to
be regulated by MBNL1, ATPase sarcoplasmic/endoplasmic reticu-
lum Ca* transporting 1 (ATP2AI1),” bridging integrator I
(BIN1),”® cardiac troponin T (¢INT),””> DMD,*° and insulin recep-
tor (INSR),”" or by MBNL?2, spectrin alpha chain, non-erythrocytic
1 (SPTAN-1).*” No effect was detected in any of the experimental
conditions (Figure S4B). These data are consistent with unchanged
MBNL1 protein levels and foci number and suggest that miR-7 acts
downstream or in parallel to MBNL1 in the DM1 pathogenesis
pathway (Figure S5).

miR-7 Is a Regulatory Node for Hyperactivated Autophagy in
DM1 TDMs

Deregulated autophagy was previously reported in different DM1
models, and its restoration was sufficient to recover some DM1-
impaired phenotypes such as muscle mass or lifespan.'’'>'®*?
Considering this previous information and the demonstration that
miR-7 regulates ATG4A,”" an autophagy regulatory gene that pro-
motes autophagosome biogenesis,”* we decided to measure auto-
phagy levels in DM1 TDMs and the consequences of the modulation
of miR-7 levels on that phenotype. Autophagy was detected using Ly-
soTracker, which is a stain with high selectivity for acidic organelles,
such as digesting autophagolysosomes. CNT and DM1 TDMs were
transfected with antagomiR-7 and agomiR-7, respectively, using a
scramble oligonucleotide as a negative control (Figure 4). Strong
green fluorescence was detected in DM1 TDMs treated with the
scramble, whereas only a few green puncta were observed in CNT
TDMs (compare Figures 4A, 4C, and 4E and Figures 4G, 4I, and
4K), indicating increased autophagy in DM1 cells. When miR-7 was
inhibited in CNT TDMs, a pronounced increase of the green fluores-
cence was detected, even at 1 nM (Figures 4A-4F). On the contrary,
the transfection of DM1 TDMs with the miR-7 mimic generated a
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Figure 4. Restoring miR-7 Levels Rescues Hyperactivated Autophagy in DM1 Myoblasts
(A-L) Fluorescent images of LysoTracker staining (green) in human CNT (A-F) and DM1 TDMs (G-L) treated with antagomiR-7 at 1 (B), 10 (D) and 100 nM (F) or agomiR-7 at 1
(H), 10 (J)and 100 nM (L), respectively, and their corresponding scramble controls for the antagomiR-7 1 (A), 10 (C) and 100 nM (E) or for the agomiR-7 1 (G), 10 (I) and 100 nM

(K)Nuclei were counterstained with Hoechst 33342 (blue). Scale bar, 50 pm.

dramatic reduction of autophagy levels at all three tested concentra-
tions (Figures 4G-4L).

To reinforce these observations, we analyzed by qRT-PCR the expres-
sion of six autophagy-related genes: ATG2B, ATG3, ATG4A, ATG5,
ATG?7, and VPS34. Importantly, we observed that all these genes
were overexpressed in DM1 TDMs (Figure 5A). In contrast, in
DM1 TDMs, a significant rescue of the expression levels of all the
studied genes was achieved upon agomiR-7 transfection (Figures
5B-5G, blue bars). On the contrary, blocking of miR-7 in CNT
TDMs consistently enhanced expression of all five genes, yet each re-
sponded differently to varying concentrations of antimiR-7 (Figures
5B-5G, purple bars).

Autophagy activation in DM1 TDMs and response to miR-7 was also
assessed at the protein level. Amounts of ATG4A proteins were
dramatically lower after the transfection of DM1 TDMs with a
miR-7 mimic, achieving values similar to those obtained in CNT cells
(green dotted line, Figure 6A). Consistent results were obtained when
miR-7 was blocked in CNT TDMs, as ATG4A levels showed a potent
increase of around 80%-100% compared to the same cells treated
with the scramble at the same concentration. Similar results, although
milder, were obtained after ATG7 quantification (Figure 6B). P62 is

282 Molecular Therapy: Nucleic Acids Vol. 19 March 2020

a scaffold protein that delivers proteins committed for lysosomal
degradation to the autophagosome. Low levels of autophagic activity
lead to the accumulation of P62, as the protein is degraded by auto-
phagy itself.>>* Our data indicate that the transfection of DM1
TDMs with agomiR-7 at 10 and 100 nM was sufficient to totally
restore P62 levels. Even at 1 nM, there was a mild but significant
rescue (Figure 6C, blue bars). On the contrary, the reduction of the
miRNA in CNT TDMs showed a trend to reduce P62 at the highest
concentration of the miR-7 inhibitor, thus confirming the activation
of the autophagy pathway. We next evaluated levels of soluble and
autophagosome-associated LC3 (LC3I and II, respectively), since
the conversion of LC3I into LC3II marks the accumulation of auto-
phagosomes in the cells’” (Figure 6D). We observed that increasing
miR-7 levels by transfection of 100 nM agomiR achieved a reduction
of autophagy in DM1 TDMs. On the contrary, by blocking the
miRNA in CNT TDMs, we observed an accumulation of LC3II at
all three concentrations of the inhibitor compared to the same cells
treated with scramble oligonucleotide. Finally, we tested the activa-
tion of AKT and AMPK by calculating the ratio of phos-
pho(Ser473)-AKT to AKT and phospho(Thr)172 AMPK to AMPK.
This is a relevant measure, as AKT and AMPK control both protein
synthesis via mTOR and protein degradation (including autophagy)

38,39

via the transcription factors of the FoxO family. We observed a
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Figure 5. Impaired Expression of Autophagy-Related Genes Is Restored by
Increasing miR-7 Levels in DM1 Myoblasts

(A) Quantification of relative expression of autophagy-related genes (ATG4A, ATG7,
ATG5, ATG2B, ATG3, and VPS34) in DM1 myoblasts by qRT-PCR using the 244
method. Green dashed line indicates the relative expression levels of the genes in
CNT myoblasts. Logarithmic representation on base 2 (log,) of the gRT-PCR
quantification of (B) ATG4A, (C) ATG7, (D) ATGS5, (E) ATG2B, (F) ATG3, and (G)
VPS34in CNT (purple) and DM1 (blue) myoblasts transdifferentiated for 7 days after
transfection with the indicated concentration of antagomiR-7 (in control TDMs) or
agomiR-7 (in DM1 TDMs), respectively. Gene expression levels were normalized to
cells transfected with antagomiR or agomiR scramble at each concentration. In all
cases, GAPDH expression was used as reference gene (n = 3). Data were obtained
using the 2724 method. The bar graphs show mean + SEM. *p < 0.05, *p < 0.01,
***p < 0.001 according to Student’s t test.

spectacular increase in the levels of p-AKT/AKT at 100 nM agomiR-7
in DM1 TDM achieving levels slightly higher than those obtained for
CNT cells transfected with scramble oligonucleotide. Conversely,

CNT TDMs transfected with antagomiR-7 lowered the ratio at all
three tested concentrations, except for the 10 nM condition (Fig-
ure 6E). However, no differences in AMPK ratios were observed be-
tween CNT and DM1 TDM, nor even after miR-7 modulation
(Figure S6).

To further demonstrate the relevance of miR-7 modulation on auto-
phagy flux, we used tandem mCherry-GFP-tagged LC3 and
mCherry-GFP-tagged P62 expression vectors. The rationale behind
these constructs is that GFP signal is reduced in an acidic environ-
ment, whereas mCherry is more stable. In this way, the colocalization
of GFP and mCherry fluorescence indicates a cellular compartment
that has not fused with an acidic organelle (autophagosome), whereas
mCherry signal in the absence of GFP fluorescence corresponds to an
autophagosome vesicle that has fused with a Iysosome, thus becoming
an autolysosome.”” Consistent with our previous results, when we
simultaneously transfected DM1 TDM cells with the vector express-
ing mCherry-GFP-LC3 and the scramble oligonucleotide, the signal
corresponding to mCherry was much stronger than that of GFP
compared to CNT TDMs, thus supporting an enhanced autophagic
flux in DM1 TDM (Figures 6F and 6H). Experimental manipulation
of miR-7 levels revealed a dramatically increased autophagy flux in
the CNT TDMs upon miR-7 blocking, generating a staining pattern
comparable to that of the DM1 TDMs (Figure 6G). In contrast, exper-
imental supply of miR-7 mimic to DM1 model cells increased GFP
signal over that of mCherry, indicating alleviation of the excessive au-
tophagic flux of DM1 cells (Figure 6I). As a control, the cells were
treated with chloroquine, a compound that blocks autophagy by pre-
venting the formation of autolysosomes (Figure 6]). In this case, the
expression pattern of the reporters was very similar to that observed
after the addition of agomiR-7, supporting the hypothesis that the
restoration of miR-7 levels is sufficient to normalize autophagic activ-
ity in DM1 TDMs. Similar results were obtained when cells were
transfected with the construct expressing mCherry-GFP-P62
(Figure S7).

Taken together, these data demonstrate that miR-7 plays a crucial role
in the negative regulation of the autophagic pathway, as its modula-
tion was sufficient to significantly halt (agomiR-7 in DM1 TDMs)
or activate (antagomiR-7 in CNT TDMs) the process.

miR-7 Restores Expression of Genes Involved in Muscle Atrophy

Considering the impaired activation of AKT in DM1 TDMs (Fig-
ure 6E) and that AKT regulates transcription factors of the FoxO fam-
ily, which subsequently regulate expression of genes involved in pro-
tein degradation, we decided to further analyze expression levels of
several genes involved in these pathways. AKT1, AKT2, and AKT3
form the AKT family. In DM1 TDMs, we found that AKTI was down-
regulated and its levels could be set back to normal by transfection
with 100 nM agomiR-7 (Figures 7A and 7B). Consistent with these
data, silencing of AKT1 increased autophagy marker LC3II in glioma
cells.*® AKT1 transcript levels, however, remained unchanged upon
blocking of miR-7 activity in CNT TDMs. The FoxO family in skeletal
muscle is comprised of three paralogs: FoxO1, FoxO3, and FoxO4.
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Figure 6. Positive miR-7 Modulation Is Sufficient to Restore Autophagy-Related Protein Levels Altered in DM1 Myoblasts

Western blot analysis and representative blots of (A) ATG4A, (B) ATG7, (C) P62, (D) LC3-II/LC3-I ratio, and (E) AKT-P/AKT total protein levels in DM1 TDM (blue) treated
with agomiR-7 and CNT TDM (purple) transfected with antagomiR-7 at the indicated concentrations. B-ACTIN was used as an endogenous control to normalize protein levels
(n = 3). Dashed lines represent the mean of the three concentrations (1, 10, 100 nM) from CNT (0.787 + 0.065; 0.226 + 0.041; 1.421 £ 0.043; 0.148 £ 0.013; 1.861 £ 0.140; in
A-E, respectively, green) or DM1 (2.265 + 0.183; 0.462 + 0.067; 0.596 + 0.044; 0.499 + 0.019; 0.910 + 0.127; in A-E, respectively, red) TDMs transfected with scramble
versions of the modified oligonucleotides. Representative confocal images of fluorescent LC3 puncta. CNT TDMs were cotransfected with mCherry-GFP-LC3 plasmid and
100 nM scramble oligonucleotide or antagomiR-7 (F and G). DM1 cells were cotransfected with the reporter plasmid and 100 nM scramble or agomiR-7 oligonucleotides
(H and ). DM1 cells were also treated with 10 uM chloroquine for 16 h as a positive control of autophagy blockade(J). The merged images (yellow) show overlap of GFP-LC3
(green) and mCherry-LC83 (red). Scale bar represents 20 um. Statistical analysis was performed comparing each concentration of agomiR-7 or antagomiR-7 with their
respective scramble at a given concentration. The bar graphs show mean + SEM. *p < 0.05, **p < 0.01 according to Student’s t test.
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Figure 7. AgomiR-7 Rescues Expression Levels of Genes Involved in
Muscle Atrophy

(A) gRT-PCR analyses in 7-days DM1 TDMs of genes involved in signaling pathways
of muscle degradation (FOXO1, FOXO3, MuRF1, FBXO32, IL-18, and AKTT). Gene
expression in DM1 TDMs was compared to the expression level of the corre-
sponding gene in CNT TDMs (green dashed line). Logarithmic representation on
base 2 (logy) of the gRT-PCR quantification of (B) AKT1, (C) FOXO1, (D) FOXO3, (E)
MuRF1, (F) FBXO32, and (G) IL-1B in CNT (purple) and DM1 (blue) TDMs treated
with three concentrations (1, 10, and 100 nM) of antagomiR-7 and agomiR-7,
respectively. Gene expression was normalized to cells transfected with antagomiR
or agomiR scrambles at the corresponding concentration. In all cases, GAPDH
expression was used as reference gene (n = 3). Data were obtained using the 244
method. The bar graphs show mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001
according to Student’s t test.

We quantified transcript levels of FoxOI and FoxO3 and observed
that they were abnormally overexpressed in DM1 TDMs, and these
levels could be lowered upon transfection with a miR-7 mimic (Fig-
ures 7A, 7C, and 7D, blue bars). We also tested the possibility of
generating a DMI-like expression profile of FoxOI and FoxO3 in
CNT cells upon inhibition of miR-7, and we confirmed our hypothe-
sis with different concentrations of antagomiR-7. AKT, through nega-
tive regulation of the FoxO transcription factors, downregulates the
expression of FBX0O32, MuRFI (involved in protein degradation),
and other autophagy-related genes such as LC3 or BNIP3.*' Levels
of MuRF1 and FBX032 were quantified in DM1 TDMs and were
found higher compared to CNT myoblasts. Both genes responded
to miR-7 manipulations as expected, and while agomiR-7 promoted
lower expression, antagomiR-7 reduced it (Figures 7A, 7E, and 7F).

Skeletal muscle inflammation is one of the most common symptoms
in muscle atrophy.** Specifically, activation of the innate immune
response, as well as increased production of pro-inflammatory cyto-
kine interleukin-1B (IL-1B) in plasma of DM1 patients were previ-
ously described.*** We decided to quantify the expression levels of
IL-1B in our cell model as an additional atrophy marker. IL-1
expression in DM1 TDMs was upregulated compared to CNT,
supporting the notion of an immune response alteration in DMI.
Surprisingly, restoration of miR-7 levels in DM1 TDMs yielded a
significant downregulation of IL-IP in a dose-dependent manner.
In contrast, antagomiR-7 transfection in CNT increased the IL-1j
expression at two of the three tested concentrations, thus mimicking
a DMI-like phenotype (Figure 7G). Taken together, these results
support the ability of miR-7 to modulate several pathways that
contribute to muscle atrophy, including ubiquitin-proteasome
system.

miR-7 Modulation Affects Primary HSA'R Myoblast Fusion
DM1 model mice that express 250 CTG repeat units in the context of
a human skeletal actin gene (HSAMRy#-©

toms of the disease, such as myotonia and splicing defects, but fail
27,28,45

reproduce several symp-

to show overt muscle atrophy, according to several reports.
To test the hypothesis that it is lack of miR-7 under-expression in
the model that prevents atrophy, we decided to modulate levels of
miR-7 by agomiR and antagomiR administration in primary myo-
blasts isolated from diaphragm and gastrocnemius muscles of control
(wild-type [WT]) and DM1 (HSA™) mice. First, we quantified miR-7
levels and detected no significant differences in expression between
WT and HSA'® myoblasts derived from either of the analyzed mus-
cles (Figure 8A). Of note, however, was the strong variability of miR-7
levels among samples. Thus, we confirmed these data in diaphragm
and gastrocnemius muscle samples from WT and HSA™® mice, and
we concluded that miR-7 levels were normal in HSA™ mice (Fig-
ure 8B). Then we treated WT myoblasts with antagomiR-7 and
HSAM™® cells with agomiR-7, both at 50 nM. Cells were also treated
with their corresponding scramble versions. miR-7 levels dramatically
increased when HSA™ myoblasts were treated with agomiR-7 (Fig-
ure 8C), while blocking of miR-7 with the antagomiR showed no effect
on expression levels of the miRNA, as could be expected considering
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Figure 8. miR-7 Levels Affect the Fusion Capacity of Primary Myoblasts

Quantification by gRT-PCR of relative expression of miR-7 in (A) WT and HSA-® myoblasts from the indicated tissues and in (B) gastrocnemius and diaphragm from WT and
HSA-R model mice. U7 and U6 were used as endogenous controls. Data were obtained using the 242 method (n = 3). (C) Quantification by qRT-PCR of relative expression
of miR-7in WT and HSA"F myoblasts isolated from the indicated tissues after treatment with antagomiR-7 (purple bars) or agomiR-7 (blue bars), respectively. U7 and U6 were
used as endogenous controls. Comparisons are relative to cells treated with their corresponding scramble, indicated with the black dotted line (1.194 + 0.663 and 1.014 +
0.112 for HSA and WT diaphragm, respectively, and 1.053 + 0.222 and 1.124 + 0.366 for HSA and WT gastrocnemius, respectively). Data were obtained using the 2 AACt
method (n = 3). (D) Analysis of the myogenic fusion index of HSA-? mouse myoblasts from the indicated tissues transfected with agomiR-7, antagomiR-7, or their respective
scrambles (n = 7-10 images in each condition). Green dashed lines represent the mean fusion index from WT myoblasts treated with scramble versions (see Figure S8). The
statistical analysis was performed comparing values from treated cells with their respective scramble. The bar graphs show mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001
according to Student’s t test. (E-L) Representative confocal images of Desmin-immunostained (green) in HSA-R myoblasts from Diaphragm and Gastrocnemius treated with
agomiR-7 and their scramble (F and E for Diaphragm and H and G for Gastrocnemius) or antagomiR-7 and their scramble (J and | for Diaphragm and L and K for
Gastrocnemius) . Nuclei were counterstained with DAPI (blue). Scale bar, 100 pm.

the fact that the antagomiR binds to the natural miRNA blocking its
activity but not necessarily promoting its degradation. The fusion in-
dex of the myoblasts was analyzed by Desmin immunostaining. We
observed that this parameter was significantly reduced in gastrocne-
mius and diaphragm (p = 0.0030 and p < 0.0001) HSA™® myoblasts
compared to WT myoblasts (Figure S8). We also found that
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treatment with antagomiR-7 in WT myoblasts was sufficient to signif-
icantly reduce the fusion index in both myoblast lines (Figure S8). In
contrast, recovery of the phenotype was detected upon replenishing
miR-7 with the agomiR in HSA™® cells from diaphragm and gastroc-
nemius (Figures 8D-8H). To test the possibility that it is high levels of
miR-7 in HSA'™® myoblasts that prevent them from stronger fusion
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index phenotypes, we measured this parameter after treating HSA™®
cells with antagomiR-7. These experiments revealed a robust reduc-
tion in the fusion index when miR-7 activity was inhibited by the anti-
sense oligonucleotide (Figures 8D and 8I-8L). In this case, we de-
tected around 60% reduction in the fusion index of HSA™
myoblasts treated with antagomiR-7 when compared to WT cells,
similarly to values obtained in CNT and DMI human myoblasts.
Thus, like human myoblasts, primary mouse myoblasts respond to
miR-7 levels so that downregulation enhances differentiation defects
and replenishment in CUG-expressing cells rescues them.

DISCUSSION

Muscle atrophy is the most debilitating symptom in DM1,” but the
triggering molecular mechanisms are poorly understood. In the pre-
sent study, we first correlated levels of miR-7 target mRNAs with
ankle dorsiflexion weakness in DM1 patients. We then used a DM1
myoblast cell model to demonstrate that miR-7 was downregulated
and the autophagic flux was impaired in these cells, which was consis-
tent with previous reports.'">'>'®?>** Importantly, we restored the
levels of miR-7 in human DMI1 myoblasts by transfection of a miR-
7 mimic and found that it was sufficient to drastically ameliorate
myoblast fusion capacity in a dose-dependent manner, to restore
normal autophagic flux, and to prevent overexpression of muscle-at-
rophy-related genes. Conversely, transfection of CNT cells with a
miRNA inhibitor (antagomiR-7) generated DM1-like molecular phe-
notypes, including lower fusion potential of myoblasts, activation of
the autophagy process, and increased expression of atrophy-related
genes. These effects were MBNL1 independent, suggesting that
miR-7 acts downstream or in parallel of MBNLI1 in this pathogenic
pathway.

We analyzed the fusion index and diameter of DM1 myotubes af-
ter agomiR-7 transfection and, while we detected a mild improve-
ment in the diameter, the rescue of DM1 myoblast fusion index
was dramatic. Conversely, CNT treated with the miR-7 inhibitor
showed a significant deterioration in both parameters, which
further supports a role for miR-7 in the atrophic process. In line
with these observations, normal levels of miR-7 in HSA'™® cells
might explain both the mild fusion defects detected and weak
rescue of fusion index by agomiR-7. Indeed, a miR-7 blocker
strongly enhanced cell fusion defects. Our data suggest that
miR-7 is necessary and sufficient to sustain myoblast fusion, but,
while it is required for myotube growth, additional molecular de-
fects may remain in DM1 myotubes because replenishing of miR-7
levels was only capable of a mild improvement of this phenotype.
Importantly, independent evidence supports that fine-tuning of
autophagy is critical to normal muscle differentiation. Fortini
et al.¥’
autophagy is required, as a part of the metabolic reprogramming,
to achieve appropriate myotube fusion. By contrast, they demon-
strated that hyperactivated autophagy, by rapamycin induction,
markedly inhibited myoblasts fusion. Hence, in our case, we
propose that the abnormal activation of autophagy may directly
contribute to the myoblast fusion defect, and thus, dampening

observed that during myogenesis, a given amount of basal

the autophagy flux by agomiR-7 treatment explains the recovery
in myoblast fusion capacity.

Notably, we disfavor the possibility that miR-7 acts through MBNL1
regulation, as we did not observe any changes in MBNLI protein
levels, nor in several MBNL1-dependent splicing events, in DM1
and CNT muscle cells after transfection with agomiR-7 and antago-
miR-7, respectively. Specifically, changes in DMD exon 78 regulation
were monitorized. The study of this splicing event was of particular
interest, as it was demonstrated to be involved in muscle atrophy
and muscle weakness in DM1.° However, these results do not exclude
a role of MBNLLI in the atrophic process, since in DM1 model
flies, overexpression of mblC managed to rescue cross-sectional
muscle area.'” Instead, we hypothesize that miR-7 acts downstream
of MBNLI, or in parallel, in the CTG-mediated muscle disease
pathways (Figure S5).

In the skeletal muscle, the ubiquitin-proteasomal system and auto-
phagy constitute the major catabolic processes for protein break-
down. Interestingly, previous reports found a significant increase in
trypsin-like proteasome activity and Fbxo32 (Atrogin-1) expression
in the muscles of mice expressing 45 kb of mutant human DMPK,
thus indicating that the UPS may contribute to progressive muscle
wasting and weakness.'* Overactivation of the UPS was also
confirmed in the DMSXL DM1 mouse model.** Consistently, our
data suggest that the pathological activation of the UPS and auto-
phagy play an important role in muscle wasting since we report
increased expression of MuRFI and FBX0O32 in DM1 TDMs. More-
over, transcription factor FoxO3, which is induced in atrophic skeletal
muscle when AKT-P levels are reduced, is known to control the tran-
scription of FBX032, MuRFI, and other autophagy-related genes.*®
Consequently, the upregulated expression of FoxOI and FoxO3 in
DM1 TDMs, and reduced AKT-P, could explain the abnormal over-
expression of the atrophy-/autophagy-related genes. Importantly,
transfection with the miR-7 mimic in DM1 TDMs was enough
to rescue the expression of MuRFI, FBX0O32, FoxOl, and FoxO3 to
levels close to CNT TDMs. Moreover, analyses of AMPK phosphor-
ylation status demonstrated no alteration in DM1 TDMs, and miR-7
modulation did not show any effect on AMPK levels. AMPK is
involved in the regulation of several metabolic pathways that regulate
muscle size, such as autophagy and UPS activation or inhibition of
protein synthesis via mTOR blockade.*” However, our data suggest
that this pathway remains unaltered in DM1 and that, in conse-
quence, the activation of autophagy and UPS system are AKT depen-
dent and that miR-7 exerts a specific effect on the AKT signaling
pathway. We also report the recovery of IL-1B expression by ago-
miR-7, showing a significant downregulation of the cytokine expres-
sion. These results provide more evidence for the beneficial effect of
miR-7 upregulation in DM1 atrophy and suggest a dual negative
modulation of miR-7 on both catabolic processes (UPS and auto-
phagy; Figure S5). Although we cannot rule out the possibility of a
direct inhibition of miR-7 on atrophy-related genes, as described in
the case of autophagy,”' only marginal predictions were found be-
tween miR-7 and these genes (data not shown). Considering the

Molecular Therapy: Nucleic Acids Vol. 19 March 2020 287


http://www.moleculartherapy.org

crosstalk between autophagy and UPS,*® it is possible that miR-7
directly inhibits autophagic flux and, thus, autophagy restoration
prevents UPS activation (MURFI and FBX032). Another possibility
is that the miR-7 effect is upstream of MuRFI and FBXO032, since
these genes are downstream of several atrophy-related pathways.”®

In conclusion, although the mechanisms by which mutant DMPK
transcripts trigger miR-7 downregulation remain unclear, by modu-
lating miR-7 levels we discovered that this miRNA plays a crucial
role in tuning the autophagy process and other atrophy-related
pathways, such as the UPS, in DMI1. Consequently, we propose
that miR-7 dysregulation is the cause, at least in part, of the auto-
phagy overactivation, which is regarded as one of the most impor-

11,13
Furthermore, we

tant contributors to muscle atrophy in DM1.
report the implication of miR-7 in myoblast fusion capacity both
in human-derived myoblasts and primary myoblasts from DM1
model mice. Importantly, several authors have reported that young
HSA™ mice (6 months) do not reproduce muscle wasting and
degeneration.””***> Our results suggest that lack of miR-7 downre-
gulation in DM1 model mice prevents muscle-wasting phenotypes
observed in human myoblasts and biopsies, in which miR-7 is
clearly under-expressed.

In this work, we demonstrate that miR-7 is strongly downregulated in
DMI cells. Our results suggest that modulation of miR-7 levels in vivo
in murine models of the disease improves on muscle homeostasis
and serve as proof of concept in the development of a therapeutic
strategy against DM1 based on agomiR-7-mediated restoration of
miR-7 levels as therapeutic approach for DM1 atrophy treatment.
When considering miR-7 modulation as a therapeutic option, our
proposal is to re-establish miR-7 to control levels, not to induce over-
expression of the miRNA. This is relevant because miR-7 is involved
in normal brain development.”® Additionally, several studies high-
light the importance of miR-7 expression in the developing pancreas
for normal pancreatic development and function, which may be
distinct from that in the mature pancreas.”">> Considering the adult
nature of the disease, in a treatment based in miR-7 modulation we do
not expect to interfere with the development-related functions of
the miRNA.

MATERIALS AND METHODS

Chemically Modified Oligonucleotides

Cy3-labeled and non-labeled hsa-miR-7 agomiR (agomiR-7), antago-
miR (antagomiR-7), and their respective scramble controls were syn-
thesized by Creative Biogene (NY, USA) according to the following
sequences:

5'-UGGAAGACUAGUGAUUUUGUUGU-3'" (agomiR-7 sense
strand),

5 -mA*mC*mGmUmGmAMCmAMCmGmUmUmCmGmGmA
mGmA*mA*mT*mT*-3'-chol (agomiR-7 antisense strand),

5'-UUCUCCGAACGUGUCACGUTT-3’ (scramble agomiR-7
control, sense strand),
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5-mA*mC*mGmUmGmMAMCmMAMCmGmMUmUmCmGmGmA
mGmA*mA*mT*mT*-3'-chol (scramble agomiR-7 control, anti-
sense strand),

5-mU*mG*mGmAMAMGMAMCmUmMAMGmUmMGmAmMmUmU
mUmUmGmU*mU*mG*mU*-3 (antagomiR-7), and

5 -mC*mA* mGmUmAMCmUmUmUmUmGmUmGmU-
mA*mC*mA*mA*-3'-chol (scramble antagomiR-7 control),

where m denotes 2'-O-methyl-modified phosphoramidites, * denotes
phosphorothioate linkages, and “chol” denotes cholesterol groups.
Cy3-labeled oligonucleotides were used to visualize the distribution
of the compounds in cells.

Transgenic Mice

Homozygous transgenic HSA™® (line 20 b) mice were provided by
Prof. C. Thornton® (University of Rochester Medical Center, Ro-
chester, NY, USA) and mice with the same genetic background
(Friend Virus B; FVB) were used as controls and obtained from
The Jackson Laboratory. Gastrocnemius and diaphragm muscles
were isolated from control mice (FVB) and DM1 model mice
(HSA™) expressing 250 CUG repeats. Tissues were divided in two
parts. One part was snap-frozen for RNA extraction, and the other
part was used to isolate mouse primary myoblasts, as described
previously.*

Cell Culture and Transfection Conditions

A cell model of the disease’®consisted of normal (CNT) and DM1
(1300 CTG repeats) immortalized (hTERT) skin fibroblasts condi-
tionally expressing MyoD. Fibroblasts were grown in DMEM with
4.5 g/L of glucose, 1% of penicillin and streptomycin (P/S), and
10% fetal bovine serum (FBS) (Gibco-BRL, Grand Island, NY,
USA) Fibroblasts were transdifferentiated into myoblasts by inducing
the expression of MyoD.* Cells were plated in muscle differentiation
medium (MDM) made of DMEM 4.5 g/L glucose with 1% P/S,
2% horse serum, 1% apo-transferrin (10 mg/mL), 0.1% insulin
(10 mg/mL), and 0.02% doxycycline (10 mg/mL). In all cases, the cells
were grown at 37°C in a humidified atmosphere containing 5% CO.,.

Fibroblasts were transfected with agomiR-7 and antagomiR-7 using
X-tremeGENE HP (Roche Life Sciences; Indianapolis, IN, USA) to
final concentrations ranging from 1 to 100 nM. After 4 h, transfection
reagent was replaced by MDM. Fibroblasts were in MDM for 7 days,
and the medium was replaced thrice.

Myoblasts from gastrocnemius, quadriceps, and diaphragm of FVB
control mice and DM1 model mice, HSA™Y, expressing 250 CUG re-
peats, were isolated as previously described.”> Myoblasts were grown
F-10/DMEM medium containing 50% Ham’s F-10 medium (Gibco)
and 50% DMEM (4.5% glucose and L-glutamine, Gibco), 1% P/S
(Gibco), and 20% FBS (Gibco). Just before use, basic fibroblast growth
factor was added to the medium (10 ng/pL, Peprotech). Myoblast
differentiation to myotubes was induced by replacing F-10/DMEM
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medium by other containing DMEM, 5% horse serum (Gibco), and
1% P/S. Myoblasts were transfected with modified oligonucleotides
using Lipofectamine RNAIMAX transfection reagent (Invitrogen)
following the manufacturer’s recommendations. Oligonucleotides
were at a final concentration of 50 nM. Myoblasts were differentiated
for 5 days.

Immunofluorescence Staining and Fusion Index Determination
Fibroblasts were seeded in 24-well plates with 2.5 x 10* cells/well.
After transfection of agomiR-7 or antagomiR-7, cells were fixed
with 4% paraformaldehyde (PFA) for 15 min at room temperature
followed by three washes in PBS 1x. Cells were then permeabilized
with PBS-T (0.3% X-Triton in PBS), blocked (PBS-T, 0.5% BSA,
1% donkey serum) for 30 min at RT, and incubated with mouse
anti-Desmin (1:50, Abcam; Cambridge, MA, USA) overnight
at 4°C. After three washes with PBS-T, cells were incubated for
1 h with biotin-conjugated anti-mouse-immunoglobulin G (IgG)
(1:200, Sigma-Aldrich). Signal was amplified with an Elite ABC kit
(VECTASTAIN Vector Laboratories; Burlingame, CA, USA) for
30 min at RT, followed by PBS-T washes and incubation with strep-
tavidin-fluorescein isothiocyanate (FITC) (1:200, Vector) for 45 min.
Samples were counterstain mounted with VECTASHIELD mounting
medium containing DAPI (Vector Laboratories) to detect the nuclei.
Images were taken in a confocal microscope (FV1000, Olympus Life
Science Europe; Hamburg, Germany) using a 200x magnification.
In the case of chloroquine and metformin, fibroblasts were transdif-
ferentiated for 7 days. The last 48 h, cells were treated with 10 uM
chloroquine or 30 mM Metformin (Sigma-Aldrich).

The fusion index was defined as the percentage of nuclei within my-
otubes (>2 myonuclei) regarding the total number of nuclei in each
condition. The average number of total nuclei per myotube was deter-
mined by counting over 250 nuclei from randomly chosen Desmin-
positive cells (5-7 micrographs). Myotube diameters were measured
at five points along the entire tube. A total of 50 myotubes were exam-
ined for each experimental condition. Three independent transfection
experiments were carried out. Quantification was performed using
Image] software (NIH).

Foci Detection

Fibroblasts were seeded into 96-well plates (1.0 x 10* cells per well).
After agomiR-7 or antagomiR-7 treatment, cells were fixed in 4% PFA
for 10 min at room temperature followed by washes in 1x PBS. Fixed
cells were incubated in pre-hybridization buffer (2x saline sodium
citrate [SSC], 30% deionized formamide) for 10 min at room temper-
ature and hybridized with Cy3-(CAG)7-Cy3-labeled probe diluted
1:500 in hybridization buffer (40% formamide, 2x SSC, 0.2% BSA,
10% dextran sulfate, 2 mM ribonucleoside-vanadyl complex, 10%
tRNA [10 mg/mL], and 10% herring sperm) for 2 h at 37°C. After hy-
bridization, cells were washed twice with pre-hybridization buffer for
15 min at 45°C, twice with 0.5x SSC for 5 min at 37°C, and once with
1x PBS for 15 min at room temperature. Cells were then incubated
with Hoechst 33342 (5 mg/mL) diluted 1:2,000 in 1x PBS for
20 min at room temperature and mounted with 20% Mowiol. Images

were taken and analyzed using an IN cell analyzer 2200 imaging
system.

LysoTracker Staining

2.5 x 10* cells were seeded in a 24-well plate. After treatment with
oligonucleotides, cells were incubated for 30 min at 37°C with
100 nM LysoTracker Green DND-26 (Invitrogen, Life Technologies,
Grand Island, NY) and 5 pg/mL Hoechst 33342 (Sigma-Aldrich).
Then, cells were washed twice with warmed 1x PBS and mounted
using fluorescence-mounting medium (Dako; Glostrup, Denmark).
Images were immediately taken on a DM4000 Leica fluorescence
microscope (Leica; Wetzlar, Germany) at 400 x magnification.

Toxicity Assay

CNT cells were aliquoted in 96-well plates with 1.0 x 10° cells per
well. After 24 h, cells were transfected with different agomiR-7 and
antagomiR-7 concentrations (from 1 nM to 1 pM) and were transdif-
ferentiated into myoblasts for 7 days. To measure cell viability, 20 pl
of MTS/PMS ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt and phenazine
methosulfate respectively) was added to each well, that contains 100
ul of medium, and was incubated for 2 h at 37°C in a humidified
chamber with 5% CO,. The conversion of MTS into soluble formazan
(accomplished by dehydrogenase enzymes from metabolically active
cells) was measured by absorbance at 490 nm (CellTiter 96 aqueous
non-radioactive cell proliferation assay, Promega; Madison, WI,
USA). Absorbance was measured using an Infinite 200 PRO plate
reader (Tecan Life Sciences; Minnedorf, Switzerland). Data were
transformed to percentage of survival relative to cells not exposed
to oligonucleotides, which was considered 100% viability.

RNA Extraction, Semiquantitative PCR, and Real-Time PCR

For each biological replicate, total RNA from 1 x 10° cells was ex-
tracted using the miRNeasy mini kit (QIAGEN; Hilden, Germany)
according to the manufacturer’s instructions. One microgram of
RNA was digested with DNase I (Invitrogen) and reverse-transcribed
with SuperScript II (Invitrogen) using random hexanucleotides. To
analyze alternative splicing events, 20 ng of cDNA was used in a stan-
dard PCR reaction with GoTaq polymerase (Promega). Specific
primers were used to analyze the alternative splicing of SPTANI,
BIN1, ATP2A1, INSR, DMD, ¢TNT, and DLGI in CNT and DM1
muscle cells (Table S2). qRT-PCR was performed using 2 ng of
cDNA template with 5x HOT FIREPol EvaGreen qPCR mix
plus (ROX) (Solis BioDyne) and QuantiFast probe PCR kit reagent
(QIAGEN; Vedbaek, Denmark) and specific primers and probes
(Table S3). In all cases, GAPDH was detected as endogenous control
using 0.2 ng of cDNA. miRNA expression in cells was quantified
using specific miRCURY locked nucleic acid miRNA PCR primers
(Exiqon) according to the manufacturer’s instructions. Relative
gene expression was normalized to UI or U6 small nuclear RNA
(snRNA). qRT-PCRs were carried out in a Step One Plus real-time
PCR system (Applied Biosystems; Foster City CA, USA). Three bio-
logical replicates and three technical replicates per biological sample
were performed. Relative expression to endogenous gene and the
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control group were obtained by the 27*4<" method. Pairs of samples

were compared using a two-tailed Student’s t test (o < 0.05), applying
Welch’s correction when necessary.

Western Blotting

For total protein extraction, 1 X 10° cells were sonicated in radioim-
munoprecipitation assay (RIPA) buffer (150 mM NaCl, 1.0% IGE-
PAL (octylphenoxypolyethoxyethanol), 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris-HCI [pH 8.0]) plus protease and phosphatase
inhibitor cocktails (Roche Applied Science). Total protein concen-
tration was measured at 562 nm using a BCA protein assay kit
(Thermo Scientific Pierce, Grand Island, NY, USA) and BSA as pro-
tein standard. 20 pg of protein were denatured for 5 min at 100°C,
electrophoresed on 12% SDS-PAGE gels, and transferred onto
0.45 pum nitrocellulose membranes (GE Healthcare). Membranes
were blocked with 5% non-fat dried milk in PBS-T (0.05% Tween
20 [pH 7.4]) for 1 h, then incubated overnight at 4°C in 5% blocking
solution with primary antibodies at the appropriate dilution. Pri-
mary antibodies used for blotting were rabbit anti-ATG4A
(1:1,000, Cell Signaling Technology), mouse anti-SQSTM1
(1:1,000, Abcam), rabbit anti-LC3B (1:3,000, Abcam), rabbit anti-
AKT (1:1000, Cell Signaling Technology; Danvers, MA, USA),
mouse anti-MBNL1 (1:200, clone MB1a, The Wolfson Centre for In-
herited Neuromuscular Disease, UK), rabbit anti-AMPKoa (1:1,000,
Cell Signaling Technology), rabbit anti-phospho-Akt (Ser473)
(1:1,000, Cell Signaling Technology), rabbit anti-ATG7 (1:1,000,
Cell Signaling Technology), and rabbit anti-phospho-AMPKa.
(Thr172) (1:1,000, Cell Signaling Technology) membranes were
blocked and incubated with the primary and secondary antibodies
with BSA 5% in PBS-T. Goat horseradish peroxidase (HRP)-conju-
gated anti-mouse-IgG (1:5,000, Sigma-Aldrich) and goat HRP-con-
jugated anti-rabbit-IgG (1:5,000, Sigma-Aldrich) were used as sec-
ondary antibodies and were incubated for 1 h RT. Loading control
was detected with a primary mouse anti-B-Actin antibody (1 h,
1:5,000, Sigma-Aldrich) followed by HRP-conjugated anti-mouse-
IgG antibody (1 h, 1:5,000, Sigma-Aldrich). Immunoreactive bands
were detected using enhanced chemiluminescence (ECL) western
blotting substrate (Pierce), and images were taken in an ImageQuant
LAS 4000 (GE Healthcare, Pittsburgh, PA, USA). Quantification was
performed using Image] software (NIH).

Tandem mCherry-EGFP Reporter Fluorescence Assay

3.5 x 10* immortalized fibroblasts per well were seeded in 24-well
plates. The next day, cells were transfected with 100 nM of the ago-
miR-7 (DM1) or antagomiR-7 (CNT) and their respective scramble
using Lipofectamine RNAIMAX transfection reagent (Invitrogen)
following the manufacturer’s recommendations. After 24 h, modified
oligonucleotides in MDM were removed and replaced with fresh
MDM. At day 2 of differentiation, myoblasts were transiently trans-
fected with 1 upg of pDest-mCherry-eGFP-LC3B or pDest-
mCherry-eGFP-P62 (kindly provided by Prof. Fuentes, University
of Extremadura, Spain) using X-tremeGENE HP DNA transfection
reagent (Roche Life Science) following the manufacturer’s recom-
mendations in Opti-MEM (Gibco) for 6 h. Then, medium was re-
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placed with MDM. 72 h post-transfections, 5-day-differentiated myo-
blasts were visualized in vivo using LSM800 confocal microscope
(Zeiss, Jena, Germany) at 400 x magnification. In the case of chloro-
quine control, myoblasts were incubated with chloroquine 10 uM
(chloroquine diphosphate salt solid, > 98%, C6628 Sigma Aldrich)
16 h before visualizing the cells.
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