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Myotonic dystrophy type 1 (DM1) is a rare neuromuscular dis-
ease caused by expansion of unstable CTG repeats in a non-cod-
ing region of the DMPK gene. CUG expansions in mutant
DMPK transcripts sequester MBNL1 proteins in ribonuclear
foci. Depletion of this protein is a primary contributor to dis-
ease symptoms such as muscle weakness and atrophy and
myotonia, yet upregulation of endogenous MBNL1 levels
may compensate for this sequestration. Having previously
demonstrated that antisense oligonucleotides against miR-
218 boost MBNL1 expression and rescue phenotypes in disease
models, here we provide preclinical characterization of an anta-
gomiR-218 molecule using the HSALR mouse model and pa-
tient-derived myotubes. In HSALR, antagomiR-218 reached
40–60 pM 2 weeks after injection, rescued molecular and func-
tional phenotypes in a dose- and time-dependent manner, and
showed a good toxicity profile after a single subcutaneous
administration. In muscle tissue, antagomiR rescued the
normal subcellular distribution of Mbnl1 and did not alter
the proportion of myonuclei containing CUG foci. In pa-
tient-derived cells, antagomiR-218 improved defective fusion
and differentiation and rescued up to 34% of the gene expres-
sion alterations found in the transcriptome of patient cells.
Importantly, miR-218 was found to be upregulated in DM1
muscle biopsies, pinpointing this microRNA (miRNA) as a
relevant therapeutic target.
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INTRODUCTION
In contrast to most genetic diseases, which stem from lack of a protein
function due to a mutation in the encoding gene, myotonic dystrophy
type 1 (DM1) originates from the depletion of Muscleblind-like 1
(MBNL1) and 2 (MBNL2) proteins due to sequestration by toxic
RNAs forming microscopically visible ribonuclear structures known
as foci.1,2 This is favorable for therapy, since protein depletion can
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be compensated by degradation of toxic RNA3,4 or enhanced expres-
sion of genes encoding the depleted proteins,5,6 which remain
perfectly functional in patients, in an approach termed therapeutic
gene modulation. DM1 is a rare autosomal dominant neuromuscular
disease that is characteristically multisystemic, with highly variable
clinical phenotypes encompassing the central nervous system
(CNS), heart, and skeletal and visceral musculature.7 Skeletal muscle
alterations include myotonia and muscle weakness and atrophy,
which contribute significantly to disease morbidity and mortality
due to respiratory distress, dysphagia, and immobility.8 The mutation
causing DM1 is an expansion in the number of CTG trinucleotide re-
peats in the 30 untranslated region (UTR) of DM1 protein kinase
(DMPK9,10). Above �50 repeats, they become transcribed into
mutant DMPK transcripts; these fold into CUG RNA hairpins that
sequester MBNL1 and 2 proteins. This gives rise to molecular defects
and phenotypes similar to loss of MBNL1 and 2 functions, as demon-
strated in mice by knockout ofMbnl111 orMbnl212 or the compound
loss of both.13 This hypothesis is further supported by experiments in
which phenotypes produced by targeted expression of CUG repeats
expanded in the skeletal muscles driven by human skeletal actin
transgene (HSALR14) are rescued by adeno-associated virus-15 or
transgene-mediated overexpression of Mbnl1,16 and also by candi-
date drugs that rescue disease-like phenotypes through upregulation
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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ofMBNL1 gene expression in human cells and mouse and Drosophila
models.5,6,17,18–20 Mbnl1 loss of function also accounts for >80% of
mis-splicing events and nearly 70% of expression defects in the
HSALR mouse model.21,22 MBNL1 also reverses the proliferation de-
fects of skeletal muscle satellite cells in DM1.23

MBNL proteins are master switches in fetal-to-adult splicing transi-
tion22,24 and polyadenylation25 in the skeletal muscles but are also
known to participate in regulated biogenesis of microRNAs
(miRNAs),26 mRNA stability,27 translation and protein secretion,28

and subcellular localization of transcripts.29 MBNL1 plays a primary
role in controlling alternative splicing in skeletal and cardiac muscle,
and MBNL2 serves a related function in the CNS.12 Genetic redun-
dancy is well illustrated by the fact that deletion of only one paralog
resulted in the upregulation of the other and occupancy of its binding
sites.13 Whereas MBNL proteins promote adult-type alternative
splicing patterns, CUGBP Elav-like family member 1 (CELF1), which
is abnormally activated in skeletal muscle in DM1, promotes the fetal
type,30 as similarly described also for heterogeneous nuclear ribonu-
cleoprotein A1 (hnRNPA1).31 Maintaining a fetal alternative splicing
pattern in muscle transcripts in adults results in unfit proteins that
cause specific symptoms, as demonstrated by chloride voltage-gated
channel 1 (CLCN132) or bridging integrator 1 (BIN133) transcripts.
Genome-wide alterations in the transcriptome of patients have
recently been reported in detail.34

We have previously demonstrated that hsa-miR-218-5p (hereafter
miR-218) is a natural MBNL1 and 2 repressor in human myotubes
and mice and that its inactivation through antisense oligonucleotide
(antagomiR)-mediated blocking leads to miRNA depletion and
MBNL1 and 2 protein upregulation.19 Here we expand on these ob-
servations by addressing the dose response, duration, and toxicity
of antagomiR-218 treatments as well as characterizing their effect at
the transcriptome level and biodistribution. We also report that
miR-218 is significantly overexpressed in DM1 muscle samples and
disease models, thus potentially contributing to disease phenotypes
through MBNL1- and 2-independent pathways. These results under-
line the therapeutic potential of miR-218 blocking oligonucleotides as
potential treatments for DM1.

RESULTS
MBNL1 is a direct target of miR-218

We previously showed that miR-218 directly regulatedMBNL2 stabil-
ity and expression through 30 UTR luciferase sensor constructs, but the
potential regulation of human or mouse MBNL1 was not formally
addressed.19 Specifically, in mice, according to the bioinformatics tools
miRDB,miRanda, and TargetScan, there are four predicted target sites
for miR-218, whereas in humans only two are conserved (Figures S1A
and S1B). When combining miR-218 with mouseMbnl1 30 UTR wild-
type sensor constructs in C2C12 cells, a decrease in luciferase is
observed, but when using the versions with the mutated target sites,
only the one with the mutation in site 3 stops responding. Thus, the
active repressor site for miR-218 is number 3 (Figure 1A). Consis-
tently, perfect-match (PM) constructs for all four candidate sites
confirm a decrease in luciferase and verify that the plasmid is express-
ing miR-218. Finally, in HeLa cells, we confirmed the functional con-
servation of mouse miR-218 site 3 in human MBNL1 30 UTR sensor
constructs, using a synthetic agomiR-218 (Figure S1C).

Using a similar approach, we transfected HeLa cells with a luciferase
30 UTR MBNL1 fusion construct containing the wild-type predicted
binding sites for miR-218 according to miRecords35 (Figure S1C).
A preexisting construct containing a perfect match for miR-218 in
theMBNL2 30 UTR served as a positive control. Co-transfection of re-
porter constructs and a synthetic miR-218 agomiR demonstrated a
robust reduction of Gaussia luciferase expression, whereas a negative
control agomiR with a scramble sequence (SC) failed to repress the
construct (Figure S1C). Thus, these results demonstrate the direct
recognition of at least one miR-218 binding site in the MBNL1 30

UTR.

Similar antagomiR-218 efficacy via subcutaneous and

intravenous administration

To account for potential differential effects depending on the admin-
istration route, we tested the activity of 12.5 mg/kg of antagomiR-218
by subcutaneous and intravenous injection in HSALR model mice,
which we have used previously in similar analyses and are readily
available in our premises. Four days post injection, gastrocnemius
and quadriceps muscles were processed to quantify miR-218, and
Mbnl1 at the RNA and protein levels (Figures S2A–S2E). miR-218
levels were under 50% of normal amounts, and Mbnl1 transcripts
and proteins were upregulated, yet differences between subcutaneous
and intravenous administration were negligible in both muscles
except forMbnl1 transcripts in quadriceps. Both administration types
rescued weight-normalized grip strength, but intravenous delivery
yielded significantly greater rescue than subcutaneous delivery,
whereas myotonia was only rescued when antagomiR-218 was subcu-
taneously provided (Figures S2F and S2G). Taking these results
together, we detected no difference in miRNA and Mbnl1 protein
levels, whereas functional rescues were more consistent with subcu-
taneous delivery. Several parameters were analyzed in total blood
obtained before sacrifice to check whether administration routes
differentially altered blood biochemistry. These parameters showed
more alterations in intravenous administrations than subcutaneous
treatment and normalized to PBS (Table S1, Tab A). Amylase and to-
tal bilirubin were significantly increased compared with mice injected
subcutaneously with antagomiR-218. The scramble (SC) negative
control also showed alterations in lipase after intravenous injection.
However, the levels achieved were reported as not clinically rele-
vant.36 Unaltered weight and visual necropsy confirmed no major
toxic effects in the treated mice. Analysis of the white blood cell dif-
ferential count from mice treated with antagomiR-218 via the two
administration routes found no significant differences, with a similar
conclusion in mice treated with SC (Table S1, Tab B). These results
confirm that both administration routes are effective as therapy.
However, the ability to compare with previous studies together with
the experimental ease of subcutaneous injections prompted us to
use this delivery method in all subsequent experiments.
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Figure 1. Expression levels of direct molecular targets

correlate appropriately with varying antagomiR-218 doses

(A) Gaussia luciferase levels, relative to internal control secreted

alkaline phosphatase (SEAP), are shown for C2C12 cells co-

transfected with mouse Mbnl1 30 UTR reporter constructs (wild-

type [WT], mutated [MUT], and perfect match [PM]) and

pVmiR-218 (abbreviated miR-218). (B) Experimental design of the

dose-response study to test three concentrations (3, 12.5, and

40 mg/kg) by subcutaneous administration. (C–E) Gastrocnemius

and quadriceps muscles were dissected 4 days post injection to

detect miR-218 expression relative to U1 and U6 snRNA endog-

enous controls (C) (levels may be overestimated in the 40 mg/kg

condition because amplification occurred at cycle threshold close

to 35 cycles and amplification actually failed in some samples);

Mbnl1 transcript expression relative to Gapdh endogenous con-

trol (D); and Mbnl1 protein levels (E) by ELISA and normalized to

total protein. N indicates the number of mice used in each

experiment. Statistical comparisons were all performed against

PBS-treated HSALR values (indicated by a black dashed line) with

a Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Subcutaneous antagomiR-218 improved mis-splicing of Mbnl-dependent transcripts, myotonia, and force in a dose-dependent fashion in HSALR

mice

(A) RT-PCR analyses of the splicing ofNfix exon 7 andClcn1 exon 7a in gastrocnemius (gt) and quadriceps (qd) muscles. PBS1 control corresponds to 12.5mg/kg treatment,

and PBS2 corresponds to 3 and 40 mg/kg treatments. Exon inclusion levels of healthy control mice are shown for FVB. Quantification of these representative exon inclusion

results is provided in Figure S4. (B) Heatmap representing the percentage of normal splicing recovery for Nfix and Clcn1 in gt and qd in treated HSALR mice according to the

color scale provided. (C and D) Myotonia grade (C) and percentage of normal grip strength (D) were analyzed before injection (BI) and 4 days after injection (AI). N indicates the

number of mice used for each experiment. Each treatment was statistically compared with its respective PBS control via Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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The effects of antagomiR-218 depend on the dosage

AntagomiR-218 was previously tested at a single dose of 12.5 mg/kg,19

but this failed to confirm that its molecular and in vivo effects de-
pended on the concentration of the oligonucleotide, or whether this
response was linear or otherwise. To this end, we subcutaneously in-
jected antagomiR-218 at a low (3 mg/kg), intermediate (12.5 mg/kg),
or high (40 mg/kg) concentration and recovered quadriceps and
gastrocnemius muscles (Figures 1B–1E). miR-218 levels were not
significantly different from normal at 3 mg/kg, but both intermediate
and high concentrations similarly lowered miR-218 to slightly below
50% of normal levels. Of note, the SC negative control nonspecifically
increased miR-218 levels at the highest concentration. In contrast to
the plateau detected for miR-218 levels at 12.5 and 40 mg/kg, Mbnl1
transcripts and protein amount increased steadily with dose in both
muscles, although the statistical differences were more or less signif-
icant depending on the magnitude of the error. In general, 3 mg/kg
was too low to significantly enhance Mbnl1 expression at the tran-
script or protein level, except in quadriceps, which exhibited the
most robust response in terms of Mbnl1 protein amounts, and both
muscles showed a similar pattern of response to antagomiR-218 ad-
ministrations. Importantly, treatment did not significantly alter
HSA transgene expression (Figure S3A). Thus, two direct molecular
readouts of antagomiR-218 activity (Mbnl1 mRNA and protein
levels) respond to the antagomiR dose in an approximately linear
fashion (Figures S3B–S3E), whereas miR-218 levels seem to plateau
at the highest concentration tested. Nevertheless, miRNA levels get
further reduced if compared to negative control SC, which unspecifi-
cally increases miR-218 levels (Figure S3F).

Enhanced expression of Mbnl1 in HSALR model mice was confirmed
to rescue characteristic exon inclusion events, myotonia, and grip
strength in a dose-dependent manner (Figure 2; Figure S4). Nfix
and Clcn1 transcripts showed abnormally increased inclusion of
exon 7 in HSALR mice, but this recovered to �40%–50% of normal
values at 12.5 mg/kg in muscles. The low dose was unable to signifi-
cantly improve mis-splicing, whereas the high dose only marginally
enhanced exon inclusion rescue compared with the intermediate
dose values. Turning to functional measurements, myotonia grade
was 4 for DM1mice and progressively dropped to almost 2 (myotonic
discharges at only half of the electrode insertions) at the highest dose
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 177
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tested. Weight-normalized grip strength was�70% of normal in con-
trol-treated HSALR mice but significantly improved at all concentra-
tions tested and reached close to normal values at intermediate and
high doses. In summary, antagomiR-218 was shown to rescue the
characteristic mis-splicing defects described in the model mice and
improved myotonia and grip strength in a dose-dependent manner,
but with a trend toward a plateau effect at 40 mg/kg.

Different biochemical parameterswere analyzed in total blood obtained
before sacrifice to check for potential deleterious effects in response to
increasing doses. Neither antagomiR-SC nor antagomiR-218 treat-
ments caused significant alterations in quantified tissue damage bio-
markers compared with PBS (Table S1, Tab C). Mouse weight also
showed no significant changes between the different treatments, and vi-
sual necropsies were normal at all dosages tested. Nevertheless,
ANOVA and Kruskal-Wallis analyses revealed statistically significant
differences in urea levels and body weight between Friend Virus B
(FVB) and HSALR mice treated with PBS, and lipase levels were also
significantly different between FVB and HSALR mice treated with
PBS, SC, and antagomiR-218. Therefore, these alterations seem more
closely associated with disease state than experimental treatment,
consistent with previous reports.37 Analyzing white blood cell differen-
tial count, there were no significant treatment- or dose-related differ-
ences between the groups analyzed (note the lack of clustering among
treated mice in the dendrogram of Table S1, Tab D). Overall, these
data support that even the highest concentration tested causedno signif-
icant modification of blood biochemistry parameters.
One single injection of antagomiR-218 produces weeks-lasting

molecular and phenotypic improvements

Our previous description of antagomiR-218 activity was at 4 days,19

but a similar antagomiR was recently reported to bring about func-
tional recoveries lasting up to 45 days in the HSALR mouse model.37

To test whether the same was true for antagomiR-218, we subcutane-
ously injected 12.5 mg/kg of product and sacrificed animals at 4, 15,
30, and 45 days post injection (Figure 3A), also using this experiment
to test for potential long-term toxic effects. Data analysis revealed dif-
ferential effects depending on the muscle studied (Figures 3B–3D),
with more lasting molecular consequences in quadriceps than
gastrocnemius. In particular, miR-218 reduction and Mbnl1 protein
increase in quadriceps were significant up to 30 and 45 days post in-
jection, respectively, whereas the increase in Mbnl1 transcripts was
only statistically robust for 4 days after administration. In gastrocne-
mius, in contrast, antagomiR-218-induced changes in miRNA and
Mbnl1 transcripts and protein were only clearly significant at day 4,
whereas Mbnl1 protein levels were statistically significant at day 45
but did not differ meaningfully from protein assessment of the
Figure 3. Duration of antagomiR-218 therapeutic effects upon single subcutan

(A) Experimental design after a single subcutaneous injection of 12.5 mg/kg antagomiR

gastrocnemius muscles were dissected, and blood was collected. (B–D) Relative expres

and quadriceps muscles relative to U1 and U6 snRNA,Gapdh, and total protein, respec

determined by ELISA. N indicates the number of mice used for the experiment. All statis

mice (black dashed line) with Student’s t test. *p < 0.05, **p < 0.01.
same muscle at days 15 and 30. Therefore, experimental treatment
duration is muscle dependent, with more lasting effects in the quad-
riceps muscle than in gastrocnemius. At 45 days after a single subcu-
taneous injection of antagomiR-218, Mbnl1 protein levels were still
significantly upregulated in quadriceps muscles compared with SC-
or PBS-treated conditions.

The functional relevance of the molecular rescues triggered by anta-
gomiR-218 over time was also assessed at the alternative splicing level,
in myotonia and grip strength (Figure 4; Figure S5). Aberrant inclu-
sion of exon 7 ofNfix and 7a of Clcn1was assessed as before, but from
gastrocnemius and quadriceps samples of HSALR mice several days
after administration of the experimental treatment or a negative
(SC) or procedural (PBS) control. In short, alternative splicing rescues
were only significant for both Nfix and Clcn1 at 4 and 15 days post
injection in quadriceps, in concordance with the robust upregulation
of Mbnl1 in this muscle, whereas in gastrocnemius only rescue of
Clcn1 splicing was significant at both time points. Force recovery fol-
lowed a similar pattern, and the percentage of normal force was
significantly higher in treated mice up to 15 days post injection,
despite values staying around 100% of normal mouse grip strength
up to experiment completion on day 45. Reduction of myotonia grade
was weak after day 4 but sustained over time. Collectively, these re-
sults indicate that molecular rescues do not extend beyond 4 days
post injection in the gastrocnemius muscle but in quadriceps can
last up to 45 days and correlate with weeks-lasting functional im-
provements in terms of grip strength and myotonia.

The biochemistry parameters from whole blood obtained before sac-
rifice showed that neither antagomiR-SC nor antagomiR-218 treat-
ments caused significant alterations in organ damage biomarkers or
visual necropsy at the different time points compared with PBS treat-
ment (Table S1, Tab E). There was, however, a significant difference
between FVB and PBS in body weight and amylase levels, although
values were similar in comparisons between antagomiR-218-treated
and FVB and between antagomiR-218-treated and PBS-injected
HSALR control mice. As for the white blood differential count, there
were no significant differences between any of the groups, implying
no changes in blood composition associated with treatment or
time, as illustrated by the lack of any significant clustering in the
dendrogram shown in Table S1, Tab F.
AntagomiR-218 reaches themuscles and rescues normal Mbnl1

distribution in vivowith no change in the proportion ofmyonuclei

with microscopically visible foci

An essential parameter to assess the therapeutic potential of antago-
miR-218 is how much oligonucleotide reaches the different tissues
eous injection

-218. Mice were sacrificed 4, 15, 30, and 45 days post injection, quadriceps and

sion of miR-218 (B),Mbnl1 transcripts (C), andMbnl1 protein (D) from gastrocnemius

tively. miR-218 and transcripts were quantified by qRT-PCR, and protein levels were

tical comparisons were performed against the data obtained in PBS-treated HSALR
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Figure 4. Subcutaneous antagomiR-218 improved mis-splicing of Mbnl-dependent transcripts, myotonia, and force in a time-dependent fashion in HSALR

mice

(A) Representative images of RT-PCR gels to quantify Nfix exon 7 and Clcn1 exon 7a inclusion in gastrocnemius (gt) and quadriceps (qd) muscles at the indicated days post

treatment with PBS, SC, or antagomiR-218. Quantification of the individual exon inclusion percentages is provided in Figure S5. (B) Heatmap representing the percentage of

exon inclusion recovery calculated for Nfix and Clcn1 in gt and qd of HSALR mice upon indicated experimental conditions. The percentage of exon inclusion recovery was

calculated as in Figure 2. (C) Percentage of normal grip strength (normalized to weight) were analyzed before injection, at the indicated intermediate time points, and before

the sacrifice and (D) Myotonia. N indicates the number of mice used for each experiment. For statistical analyses, each experimental condition was compared to the

corresponding PBS control with a Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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and organs in vivo upon systemic delivery. To this end, a custom
ELISA method was employed to detect the molecule in tissue homog-
enates of gastrocnemius, quadriceps, brain, heart, kidney, and liver
(Figure 5A) 2 weeks after a single subcutaneous injection. Further-
more, a Cy3-labeled antagomiR-218 was injected subcutaneously
into one mouse, and its accumulation to kidney and liver, as previ-
ously described for other oligonucleotides with similar chemistries,38

was evident by direct visualization under the fluorescence microscope
(Figures S6A and S6B). Besides liver and kidney, the antagomiR-218
was highly detected in the heart (�10 nM), whereas the concentration
in skeletal muscles ranged between 40 and 60 pM and in the brain was
almost indetectable.

Next, we hypothesized that in vivo enhanced amounts of Mbnl1
protein could freely diffuse within muscle fibers or promote addi-
tional protein sequestration by ribonuclear CUG foci. To test these
possibilities, we performed immunofluorescence analysis of Mbnl1
levels and subcellular distribution in quadriceps muscle sections
and quantification of foci in the same muscle (Figure 5). Quantifi-
cation of immunofluorescence signals detected a significant increase
in Mbnl1 levels in the quadriceps of HSALR mice treated with
180 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
12.5 mg/kg of antagomiR-218 compared to negative (SC) or proced-
ure (PBS) controls (Figures 5B and 5D–5G). The signal not only was
higher in antagomiR-218-treated muscles than controls but also
showed a subcellular distribution closely resembling normal mus-
cles, in features such as dispersed signal through the cytoplasm
and the cell nucleus. The proportion of myonuclei with expanded
CUG foci was unchanged by antagomiR-218 in mouse quadriceps
compared to controls and was similar to previous findings,39 which
strongly reinforces previous observations that extra Mbnl1 is not
further sequestered by CUG repeat expansions but rather compen-
sates for preexisting depletion of Mbnl1 proteins.19,37 The impact of
antagomiR-218 in the brain and heart mouse samples was assessed
at the miRNA (miR-218) and transcript and protein levels (Mbnl1;
Figures S6C–S6E). Interestingly, miR-218 lowered to about half
normal levels in antagomiR-treated mice, which correlated with sig-
nificant increases in Mbnl1 at the transcript and protein levels.
Although we do not discard a direct effect by the antagomiR itself,
since it can be detected in brain samples in minute amounts (Fig-
ure 5A), we suggest potential non-autonomous effects mediated
by myokines or energy metabolism regulators, among other possi-
bilities. miR-218 was not detected in the mouse40 and human41



Figure 5. AntagomiR-218-mediated upregulation of Mbnl1 is not additionally sequestered in ribonuclear foci in HSALR mouse muscles

(A) Biodistribution of antagomiR-218 reveals effective delivery to cardiac tissue after subcutaneous systemic injection in DM1mice. Two weeks after subcutaneous systemic

injection in HSALR mice (n = 3), antagomiR-218 concentration was low in the brain (only detectable in one of the mice) and modest in skeletal muscle (25–100 pM), whereas

the concentration in cardiac muscle was more than one order of magnitude higher (1.6 nM). AntagomiR-218 concentration was detected by a custom ELISA assay using

probes labeled with digoxigenin and biotin (error bars, SEM). (B and C) 12.5 mg/kg of antagomiR-218 or negative control (SC) or vehicle-only (PBS) was subcutaneously

administered to HSALR mice. PBS-treated FVB was the healthy control. Four days post injection, quadriceps muscles were processed for immunofluorescence (IF) or

fluorescence in situ hybridization (FISH). (B) Quantitation of Mbnl1 signal from tissue sections processed for IF. (C) Quantitation of the percentage of muscle nuclei with at least

one foci from FISH processed muscle sections. (D–G) Representative confocal images of Mbnl1 (green) staining in healthy mice (FVB) and HSALR mice after subcutaneous

injection with antagomiR-218, antagomiR-SC, and PBS. Nuclei were counterstained with DAPI (blue). In HSALR quadriceps, endogenous Mbnl1 was in nuclear aggregates

(green puncta) and the total amount of protein was reduced compared with FVB muscles (D and E). In contrast, HSALR quadriceps muscle treated with antagomiR-218

showed a robust increase in cytoplasmic and nuclear Mbnl1 levels in the fibers (G) compared with control-treated HSALR (antagomiR-SC) (F) and vehicle only (PBS) (E). (H–K)

Representative FISH images showing (CUG)n RNA foci (red) performed with cryosections from the quadriceps of control FVB (H) and HSALR mice treated with antagomiR-

218 (K), antagomiR-SC (J), and PBS (I). Wheat germ agglutinin staining (green) was used to highlight individual myofibers, and nuclei were counterstained with DAPI (blue).

Arrows point to the nuclei shown in the inset. For Mbnl1 IF and foci quantification, a total of 8 images (at 400�magnification) from eachmousemuscle were analyzed: n = 4 for

FVB, PBS, and antagomiR-218; n = 5 for antagomiR-SC. Scale bars, 50 mm. All cryosections were 10 mm thick, and images were compiled from multiple projections in

Z-plane stacks. All images were acquired under the same settings. *p < 0.05, **p < 0.01, ***p < 0.001.
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liver. Therefore, despite it accumulating in this organ, these obser-
vations argue against the possibility of adverse effects resulting
from the reduction in miR-218 levels. Furthermore, we have
collected available information from public databases to generate
Figure S6F, which summarizes quantitative PCR data from the indi-
cated human tissues and organs reported by miRNAMap.41
miR-218 is overexpressed in DM1 disease models and patient

muscle biopsies

Silencing of miR-218 by therapeutic antisense oligonucleotides has the
potential drawback of generating loss-of-function phenotypes should
miRNAmaintain normal, or reduced, expression levels inDM1muscle.
To specifically test this hypothesis, we determinedmiR-218 amounts by
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 181
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Figure 6. miR-218 is overexpressed in several DM1

disease models and patient muscle biopsies

(A) Quantification by qRT-PCR of the relative expression

of miR-218 in gastrocnemius and quadriceps of HSALR

and FVB mice, in control and immortalized DM1 (iPDM42)

and non-immortalized (PDM) myotubes, derived from

patients with the indicated number of CTG repeats, and

muscle biopsies of patients and controls. V indicates the

cohort from Hospital La Fe (Valencia, Spain), and B in-

dicates a cohort from the Biodonostia Institute (San Se-

bastian, Spain). Quantification is normalized to the mean

expression of the corresponding control groups. The

endogenous reference genes were snRNA U1 and U6, in

addition to miR-103 in the case of both iPDM and PDM

myotubes. Individual data points are indicated. (B) miR-

218 levels positively correlated with the expansion size for

a comparable subset of human biopsies from the deltoid

muscles of the Valencia patient cohort. (C) Representative

confocal images of healthy control (CNT) and DM1 cells

treated for 4 days with the indicated amounts of anta-

gomiR-218 and immunostained for Desmin (green) and

contrasted with DAPI (blue) to mark the nucleus. Scale

bars, 100 mm. *p < 0.05, **p < 0.01, ***p < 0.001.
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quantitative reverse transcriptase PCR (qRT-PCR) in skeletal muscles
(gastrocnemius and quadriceps) from HSALR mice, in two cell models
of disease, and in muscle biopsies from two DM1 patient cohorts (Fig-
ure 6A; Table S2). In these experiments, we found robust upregulation
ofmiR-218 inmuscle tissue from theHSALRmousemodel. Overexpres-
sion was also conspicuous in transdifferentiated (immortalized and
non-transformed) myotubes, except for cells from the patient with
the lowest amount of CTG repeats in blood, and in human adultmuscle
biopsies. Also evident from these results was the greater dispersion of
miR-218 expression values in DM1 samples from disease models and
patients, perhaps reflecting the underlying phenomenon of somatic
instability ofCTG repeat expansions. Indeed,wedetected a positive cor-
relation between the size of CTG repeat expansion (measured in the
blood) and the degree of miR-218 overexpression (Pearson correlation
coefficient r2 = 0.556) in deltoidmuscles (Figure 6B) in the Valencia pa-
tient cohort. Indeed, receiver operating curve (ROC) analysis revealed
an area under the curve (AUC) of 83%, indicating a good predictive ca-
pacity ofmiR-218 levels detected inmuscle samples (Figure S8). Not all
miR-218 expression results could be combined in these analyses because
of the completely differentmethodsused to estimateCTGrepeat expan-
sion in the two cohorts. No significant correlation was found between
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the age or sex of the patient and miR-218 levels
(Figure S7). Thus, therapeutic targeting of miR-
218 is unlikely to generate loss-of-function
phenotypes.

AntagomiR-218 rescues defective cell

fusion and up to 34% of transcriptome

changes in the DM1 cell model

Having characterized the behavior of antago-
miR-218 in HSALR model mice, we next sought
a more thorough understanding of its ability to rescue cell and molec-
ular defects in the context of disease. Patient-derived cells have char-
acteristically low fusion capacity and myogenic differentiation
delay.42 To evaluate whether antagomiR-218 was capable of rescuing
these phenotypes in myotubes, we tested the molecule at concentra-
tions ranging from 1 to 1,000 nM (Figure 6C; Figure S9) and stained
cells with Desmin, a muscle-specific type III intermediate filament
essential for proper muscular structure and function.43 The fusion in-
dex was defined as the percentage of nuclei within myotubes out of
the total number of nuclei in the experimental sample. These exper-
iments revealed significant rescue of the fusion capacity of these cells
at 200 nM (38%) and a robust increase in the percentage of Desmin-
positive cells in a broad range of antagomiR-218 concentrations
(10–500 nM). This indicates that although the amount of cell fusion
was not sufficient for significant rescue at low concentrations, muscle
differentiation was already significantly enhanced by antagomiR-218
even at the lowest concentration tested.

Our next task was a comprehensive description of the transcrip-
tome alterations brought about by the antagomiR-218 in a disease
context (Figure 7). To this end, DM1 cells were transfected with



(legend on next page)
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200 nM antagomiR-218, as the optimal concentration for cell
fusion and mis-splicing rescue.19 DM1 and control cells were
also transfected with SC at the same concentration as control of
the experimental procedure. Total RNA was extracted from the
cells 4 days after treatment and processed to generate the libraries
required for Illumina sequencing. After quality control, data
generated included >30 million reads from each condition, which
allowed transcriptome-wide analysis of gene expression changes
(Table S3). As a first approach, we generated a heatmap (Fig-
ure 7A) representing the differences in transcript abundance
from the median of all gene expression data and grouping the sam-
ples with the lowest differences, as shown with the dendrogram.
Gene expression in the antagomiR-218-treated sample showed a
trend toward overexpression (predominance of red over blue co-
lor), which is consistent with the “de-repressive” effect of
antagomiRs in gene expression. Next, expression of disease-related
genes (those differentially expressed in normal versus DM1 myo-
tubes, totaling 4,433) was analyzed in antagomiR-218-treated
DM1 cells and classified into four categories (Figure 7B): (1) genes
that did not significantly change upon treatment, (2) genes that
partially recovered normal expression, i.e., a percentage of recov-
ery of normal expression between 10% and 50%, (3) genes that
fully recovered normal expression (between 50% and 150%), and
(4) genes that became over-rescued (expression above or below
150% of normal). A functional annotation was performed using
fully recovered genes in Gene Ontology and Reactome databases
(Table S4). By adding up partially and totally recovered genes,
33.67% of genes significantly approached a normal pattern,
although this percentage may underestimate the desirable molecu-
lar effects in this cell model because it excludes MBNL1 and
MBNL2 enhancement and GSK3 reduction, which were classified
as over-rescued because expression changes were higher than
150% over normal values. Next, we focused on the percentage of
miR-218 target transcripts that recovered normal expression
upon antagomiR treatment (Figures 7C and 7D). This revealed
27 genes downregulated in disease condition, which antagomiR-
218 raised to between 50% and 150% of normal expression values,
and 16 upregulated genes that antagomiR rescued to close to
normal levels. The greater representation of downregulated than
upregulated miR-218 target transcripts in DM1 cells was consis-
tent with our observation that miRNA was overexpressed in
DM1 samples. Among the genes recovered was Staufen1 (Stau1),
shown to be an atrophy-associated gene contributing to progres-
sive muscle wasting if overexpressed,44 which remained within
normal limits upon experimental treatment.
Figure 7. Analysis of myotube transcriptome changes brought about by antag

(A) Heat-map of the 16,173 genes found expressed in our dataset of healthy (CNT) or D

biological replicates) compared with the median expression of all genes in all conditio

(red = overexpressed; blue = underexpressed). (B) Percentage of genes differentially exp

significantly approach that in normal cells (unrecovered), partially recovered (rescue betw

of normal expression), or departed >150% from normal values (over recovered). (C an

activate (C) or repress (D). The size of each dot represents the log2 fold change of the exp

DM1 cells (HvsD), SC versus antagomiR-218-treated DM1 cells (DvsD218), SC-treated
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Several critical disease-related genes improve expression in

response to antagomiR-218

In addition to rescuing a significant percentage of transcriptome
changes detected inDM1 cells, we report an improvement in a number
of critical genes in DM1 pathology at the transcript level. We centered
particularly on detailed data analysis of theMBNL1–3 family of genes,
CELF1 and hnRNPA1 as antagonists of MBNL1 function, DMPK
expression, andGSK3beta andPRKCA, encoding for the protein kinase
C alpha, as proposed molecular mechanisms to explain increased
CELF1 levels in skeletal muscles from DM1 patients45–47 (Figure 8).
MBNL1 andMBNL2 transcripts were significantly upregulated by an-
tagomiR-218 in the RNA sequencing (RNA-seq) data, whereas
MBNL3 conversely showed reduced expression (Figures 8A–8C).
Indeed,MBNL3 was overexpressed in DM1 cells compared with con-
trol cells, and antagomiR-218 brought levels back to normal. This is
important because in contrast to MBNL1 and 2, which are generally
considered partially redundant myogenesis activators, MBNL3 has
been reported as a repressor of the myogenic process.48 hnRNPA1
and CELF1 (a direct miR-218 target transcript according to
TargetScan database49) were upregulated and downregulated, respec-
tively, in DM1 compared with healthy control cells (Figures 8D and
8E). However, in both cases their mRNA amounts approached normal
levels, either completely in hnRNPA1 (non-significant differences
compared with normal control) or partially in CELF1, whose levels
were still significantly lower in antagomiR-treated cells. Amounts of
DMPK transcripts, which include CUG repeat expansion, were signif-
icantly downregulated in the DM1 cell model, but, more importantly,
downregulation was even higher in antagomiR-218-treated patient
myotubes (Figure 8F; Figures S10A–S10C). Muscle sodium channel
SCN4A transcripts were reduced in DM1 cells and upon antagomiR-
218 treatment (Figure S10D). GSK3beta, encoding the target of
Tideglusib activity and regulated by miR-218 according to the
miRTarBase database,50 is currently being tested in congenital myoto-
nic dystrophy patients,51 and PKCalpha is reportedly activated inDM1
muscle samples.47,52 In our dataset, GSK3beta transcription was
slightly reduced and no difference was found between healthy and
diseased cells in the amount of PRKCA transcripts, but antagomiR-
218 significantly reduced the amounts of both (Figures 8G and 8H).

DISCUSSION
DM1 can be regarded, at least in part, as an MBNL1 loss-of-function
disease,5,6,13,15,16,19,22 but, unlike in most genetic disorders, the encod-
ing gene remains perfectly normal. This opens up the possibility of us-
ing drugs to enhance its endogenous expression to compensate for
pathogenic alterations caused by its sequestration by toxic DMPK
omiR-218

M1 cells treated with SC negative control or with antagomiR-218 (numbers refer to

ns used as a reference. Differences were assigned a color according to the scale

ressed in CNT versus DM1 cells (disease-related genes), whose expression did not

een 10% and 50%of normal expression), totally recovered (between 50% and 150%

d D) Totally recovered miR-218 target transcripts that antagomiR-218 manages to

ression of the indicated gene for the comparisons shown: SC-treated healthy versus

healthy versus antagomiR-218-treated DM1 cells (HvsD218).



Figure 8. Critical gene expression alterations rescued by antagomiR-218

(A–H) Boxplot representation of log2 of reads per million of the indicated genes in healthy control (CNT) and DM1 cells treated with the scramble antagomiR (SC) or

antagomiR-218 (218). The line marks the mean and the box the upper and lower values of the standard error from the mean. Means were compared with a Student’s t test.

*p < 0.05, **p < 0.01, ***p < 0.001.
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transcripts. Here, we have explored the use of antagomiRs to block
miR-218 activity as a method to enhance MBNL1 expression. Using
HSALRmice, we compared response in intravenous versus subcutane-
ous injection, response to three doses, and activity duration from one
single subcutaneous shot, which all showed behavior similar to
antagomiR-23b in DM1 mice.37 In a DM1 cell model, antagomiR-
218 rescued the cell fusion index and up to 34% of transcriptome
changes occurring in DM1 myotubes. Importantly, endogenous au-
toregulatory feedback loops should prevent any potential deleterious
overexpression effects, since excess MBNL1 has been reported to
induce the skipping of exon 1, leading to a protein unable to bind
to RNA targets because of lacking a first complete pair of zinc
fingers.53 Notably, although MBNL1 is generally accepted to be a
prime therapeutic target for DM1, the precise level of activation
required to achieve a biologically meaningful effect will only be deter-
mined when MBNL1 promoting drugs are tested in patients.
One remarkable finding of the study was that DMPK transcripts were
strongly downregulated by antagomiR-218, thus achieving the goal of
reducing the root cause of DM1 symptoms: toxic RNA. DMPK levels
in treated DM1 cells were�41% of DM1 controls, whereas compared
with healthy myotubes DMPK expression in antagomiR-218 treated
cells was �9.3%. This dramatic reduction in treated DM1 cells was
noteworthy because ISIS 486178, a gapmer specifically targeting hu-
man DMPK sequences, reduced DMPK expression in DM1 cells to
a similar percentage (�40% of normal) but at more than double
the concentration of antagomiR-218 used in our study (555 nM; cf.
Figure 1C in Pandey et al.4). A potential explanation for why
antagomiR-218 reduces DMPK levels is that extra MBNL1 interacts
with additionalDMPK transcripts carrying CUG expansions and pre-
cipitates into extraction-resistant RNA. However, this possibility
seems implausible given that no increase is observed in the number
of foci in human cells19 or in HSALR skeletal muscles (Figure 6).
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Direct interaction between antagomiR-218 and CUG repeats or
DMPK sequences is also unlikely because of a lack of significant
sequence complementarity (the longest stretch identity is 7 nt). As
a more indirect explanation, Tideglusib (a GSK3beta inhibitor) and
sodium channel blockers have been reported to reduce mutant
RNA51 and DMPKmRNA and protein levels,54 respectively, through
unknown mechanisms. Interestingly, muscle sodium channel SCN4A
transcripts were reduced in DM1 cells and antagomiR-218 treated
myotubes compared with healthy controls, thus potentially contrib-
uting to DMPK downregulation (Figure S10D). CDK12 inhibitors
are also capable of lowering DMPK transcript levels, but in HSALR

mice this was shown to reduce the transcription of the transgene
itself,55 which was not detected in our study.

Also striking was that miR-218 was overexpressed in DM1 disease
models and humanmuscle biopsies and that the degree of overexpres-
sion positively correlated with the size of the repeat expansions in a
comparable subset of muscle biopsies. Importantly, our results are
consistent with previous miRNome profiling, which found upregu-
lated miR-218 in primary differentiated muscle cells isolated from
DM1 patients.26 Besides mature muscle, antagomiR-218 could have
activity in satellite cells and therefore also influence muscle regener-
ation processes. In this regard, we note that a recent paper shows
that DM1 skeletal muscle satellite cell (SSC) lines and primary SSCs
showed decreased MBNL1 expression and elevated autophagy levels.
In contrast, after MBNL1 overexpression, the proliferative capability
of DM1 SSCs and phosphorylated mammalian target of rapamycin
(mTOR) levels were enhanced and the autophagy levels decreased.23

Thus, antagomiR-218 mediated upregulation of MBNL1 is antici-
pated to affect DM1 SSC cells positively, but this can not be directly
tested in HSALR mice because CTG expansions are under the control
of the skeletal actin promoter, which is not expected to be active in
murine SSCs.

Oligonucleotide concentration was quantified in six tissues of HSALR

mice by a custom ELISA (Figure 5A). Two weeks after systemic
administration of antagomiR-218, concentrations in the brain were
in the low picomolar range, confirming the low penetration of this
compound across the blood-brain barrier. However, concentration
was higher in muscle and in cardiac tissue, where it is especially rele-
vant in DM1, as cardiac-conduction defects are the most common
cause of death in patients. miR-218 is expressed in motor neurons,56

which raises the possibility that a reduction in miR-218 levels might
be deleterious. However, even at the highest dose of 40 mg/kg, we did
not detect overt motor dysfunction in in vivo experiments, indicating
that motor neurons were not grossly impacted by the antagomiR, at
least in the conditions tested. Furthermore, motor neuron soma are
located within the CNS and oligonucleotides do not readily cross
the blood-brain barrier38, although we detect minute amounts of an-
tagomiR-218 in the brain by ELISA (Figure 5A). To explain the in-
crease in MBNL1 levels in brain tissue in the absence of significant
amounts of antagomiR, we suggest potential non-autonomous effects
mediated by myokines or energy metabolism regulators, among other
possibilities. For example, improvements in peripheral SMN provide
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long-term rescue of a severe spinal muscular atrophy mouse model at
the CNS level, thus illustrating non-autonomous effects at the
brain level.57,58

As miR-218 is characteristically overexpressed in DM1, strategies
aiming at blocking miR-218 to boost MBNL1 are unlikely to
encounter the potential drawback of lowering the miRNA to levels
that might generate loss-of-function phenotypes. This is important
because miR-218 has been described as a tumor suppressor miRNA;
strongly and chronically reduced miR-218 levels therefore have the
intrinsic danger of inducing tumorigenesis.59,60 In cardiac myxoma,
the most common type of human heart tumor, miR-218 was down-
regulated and tumorigenesis was found to depend on overexpression
of myocyte enhancer factor 2D (MEF2D), which is a direct target of
miR-218 repressive activity.59 From a more general perspective, miR-
218 was found to mediate tumorigenesis and metastasis, acting as a
tumor suppressor gene by targeting many oncogenes related to pro-
liferation, apoptosis, and invasion.60 Additionally, miR-218 has
been implicated as an inhibitor of osteoclast differentiation, which
plays a role in osteoporosis development.61

Overall, the data presented here support both upregulation of endog-
enous levels of MBNL1 as a general therapeutic approach to treat
DM1 and the use of oligonucleotide molecules to block specific
repressive miRNAs. AntagomiR-218, or its chemical modifications,
should now progress to pharmacokinetics and pharmacodynamic
studies in its path toward early human trials.
MATERIALS AND METHODS
DM1 patients and skeletal muscle biopsies

All muscle biopsies were taken after informed consent from patients.
Muscle biopsies used for miR-218 level assessment were fromDonos-
tia University Hospital (San Sebastian, Spain; previously reported in
Fernandez-Costa et al.62) and La Fe University Hospital (Valencia,
Spain; research ethics committee authorization 2014/0799). Methods
for measuring the size of the CTG repeat expansion were as reported
in Fernandez-Costa et al.62
Oligonucleotides

AntagomiR-218, agomiR-218, and the respective scramble controls
were synthesized by Creative Biogene (Shirley, NY, USA) and
Biomers (Germany), respectively. Sequences were as follows (m rep-
resents 20-O-methyl-modified phosphoramidites, * represents phos-
phorothioate linkages, and chol represents cholesterol groups).

AntagomiR-218

50-mA*mC*mAmUmGmGmUmUmAmGmAmUmCmAmAmGm
CmA*mC*mA*mA*-30-chol

Scramble control (SC)

50-mC*mA*mGmUmAmCmUmUmUmUmGmUmGmUmA*mC*
mA*mA*-30-chol
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Creative Biogene also synthesized the same version of AntagomiR-
218 labeled with Cy3.

AgomiR-218

50-UUGUGCUUGAUCUAACCAUGU-30 (sense strand)

50-mA*mC*mAmUmGmGmUmUmAmGmAmUmCmAmAmGm
CmA*mC*mA*mA*-30-chol (antisense strand)

AgomiR-Scramble

50-UUCUCCGAACGUGUCACGUUU-30 (sense strand)

50-mA*mC*mGmUmGmAmCmAmCmGmUmUmCmGmGmAm
GmA*mA*mU*mU*-30-chol (antisense strand)

DM1 model mice and antagomiR administration

Experimental procedures on laboratory animals were in accor-
dance with European law (2003/65/CE) and were approved
by Consejeria de Agricultura of the Generalidad Valenciana
(reference numbers 2016/VSC/PEA/0015, A1529567788818, and
A1458832800370). Male transgenic HSALR mice (line 20b; homo-
zygous)14 were used as DM1 disease models and were compared to
mice with the same genetic background (FVB) as controls. Se-
quences of antagomiR-218 and the Scramble control and subcu-
taneous injection procedures were as previously described.19

Intravenous injections were as described in Cerro-Herreros
et al.37 PBS-injected HSALR control mice for the 12.5 mg/kg treat-
ment were the same as reported in Cerro-Herreros et al.,19 and
PBS controls for the 3 mg/kg and 40 mg/kg treatment concentra-
tions were also reported in Cerro-Herreros et al.37 The last set of
PBS-injected HSALR control mice were included because the ani-
mals used for this part of the study were 1 month older than those
injected at 12.5 mg/kg. The overall age of mice used thus ranged
from 4.5 to 5.5 months. The oligonucleotide drugs were provided
by Creative Biogene (Shirley, NY, USA). Cy3-labeled antagomiR
was administered in a single subcutaneous injection of 10 mg/kg
in one mouse.

Cell culture conditions and cell fusion determination

Immortalized MyoD-inducible (doxycycline) DM1 and control fi-
broblasts are reported in Arandel et al.,42 and additional non-
transformed DM1 and control fibroblasts containing a lentivirus
construct that expresses MyoD are described in Bargiela et al.18

Cell culture conditions and handling were as reported in Cerro-
Herreros et al.19 Transdifferentiation into myotubes was
induced at day 0, and test compounds were added to the cell me-
dium at the appropriate concentration by lipofection with X-trem-
eGENE HP (Roche); these were replaced with fresh differentiation
medium 4 h afterward. Differentiated cells were collected on day 4
and processed for RNA extraction and qRT-PCR as described
below. Cell fusion quantification was as described in Sabater-Arcis
et al.63 Cells were fixed and stained with Desmin on day 4 after in-
duction of differentiation while antagomiR treatment was as
above.
RNA extraction, semiquantitative reverse transcriptase PCR

(RT-PCR), and qRT-PCR

These methods were recently described in detail.37 Briefly, total RNA
from muscle samples was isolated with the miRNeasy Mini Kit (-
QIAGEN; Valencia, CA, USA). 1 mg of RNAwas digested with DNase
I (Invitrogen) and was reverse-transcribed with SuperScript II (Invi-
trogen). 2 mL of cDNA was used for subsequent PCR reactions with
GoTaq Polymerase (Promega) and specific primer pairs to detect
alternative splicing of Nfix and Clcn1 in mouse samples. Gapdh was
amplified from 1 mL of cDNA and used as the endogenous control.
PCR amplicons were quantified with ImageJ software (NIH). The
percentage splice recovery (PSR) was defined as %EI minus X

̄
%DEI

divided by X
̄
%DEI minus X

̄
%HEI (where EI is exon inclusion of

each sample, DEI is disease exon inclusion, and HEI is healthy
exon inclusion).37 The primer sequences and exons analyzed are
available in Cerro-Herreros et al.19 In the case of RNA isolated with
Hot TRIzol from cells, the protocol carried out was as described in
Gagnon et al.64 4 mL of mouse tissue or cells cDNA at a dilution of
1/50 was used as a template for multiplex qRT-PCR with the HOT
FIREPol Probe Universal qPCR Mix. The commercial TaqMan
mouse probes (QIAGEN) employed were Mbnl1 (FAM-labeled
probes) and reference Gapdh (MAX-labeled probes). The primers
and probe (IDT) for DMPK analysis were forward primer 50-AGCC
TGAGCCGGGAGATG-30, reverse primer 50-GCGTAGTTGACTG
GCGAAGTT-30, and probe 50- AGGCCATCCGCACGGACAA
CC-30 (FAM-labeled probe). Levels of HSA transgene expression
were determined by qRT-PCR according to Wheeler et al.65 miRNA
expression was quantified with specific miRCURY-locked nucleic
acid miRNA PCR primers (Exiqon) according to the manufacturer.
miRNA expression was normalized to endogenous U1 and U6 small
nuclear RNAs (snRNAs). RNA level was assessed with an Applied
Biosystems QuantStudio 5 Real-Time PCR System, and expressions
relative to the endogenous references and control groups were calcu-
lated with the delta-delta Ct method (2�DDCt) method.66

ELISA determinations and western blotting

Quantification of Mbnl1 protein levels by ELISA and western blotting
was as described in Cerro-Herreros et al.37 Briefly, western blotting
used pooled protein extracts from samples from the same experi-
mental conditions. 20 mg of the sample was heat-denatured and elec-
trophoresed on 12% SDS-PAGE gels. After transfer and blocking,
nitrocellulose membranes were incubated with primary mouse anti-
MB1a antibody (1:200, 4A8, Developmental Studies Hybridoma
Bank67). The blot was detected with horseradish peroxidase (HRP)-
conjugated anti-mouse IgG secondary antibody (1:3,500, Sigma-Al-
drich) and revealed with an enhanced chemiluminescence Western
Blotting Substrate (Pierce). As loading control for the cytoplasmic
protein fraction in mouse samples, we used an anti-GAPDH antibody
(1:3500, clone G-9, Santa Cruz) followed by an HRP-conjugated anti-
mouse IgG secondary antibody (1:5,000, Sigma-Aldrich). Loading
control for the nuclear protein fraction was rabbit anti-histone H3
(O/N, Millipore, 05-928, 1:1,000) followed by incubation with a sec-
ondary HRP-conjugated anti-rabbit IgG antibody (1 h, 1:3,500,
Sigma-Aldrich). Images were acquired with ImageQuant LAS 4000
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(GE Healthcare). Quantification was performed with ImageJ software
(NIH).

Custom ELISA-based measurements of oligonucleotide concentra-
tions in tissues were performed as described previously68 with phos-
phorothioate probes (Sequence (50/ 30) [DIG]T*T*G*T*G*C*T*TG
ATCTA*A*C*C*A*T*G*T[BIO]) double-labeled with digoxigenin
and biotin. This probe was used to detect the oligonucleotide used
in this study (antagomiR-218) in six different tissues (brain, kidney,
liver, heart, gastrocnemius, and quadriceps) from treatedHSALRmice.

Histology methods

In situ detection of CUG repeats and Mbnl1 immunofluorescence
were performedwith 10-mm frozen sections of the quadricepsmuscles
as described previously.39 For in situ hybridization, the Cy3-(CAG)7-
Cy3-labeled probe was diluted 1:200 in the hybridization buffer. After
posthybridization washes, muscle sections were incubated with fluo-
rescein isothiocyanate (FITC)-labeled wheat germ agglutinin diluted
1:600 to stain cell membranes andmounted with DAPImountingme-
dia (Vector). Nuclei containing at least one foci and the total number
of nuclei were scored to obtain the percentage of myonuclei with foci.
For Mbnl1 immunodetection, sections were incubated with mouse
anti-MBNL1 antibody (1:200 clone MB1a, Wolfson Centre for In-
herited Neuromuscular Disease) and detected with a FITC-labeled
goat anti-mouse IgG at 1:200, and sections were mounted with
DAPI mounting media (Vector). For fluorescence in situ hybridiza-
tion (FISH) and immunofluorescence results, at least eight images
per mouse were taken at 400� magnification with an LSM 800
confocal microscope (Zeiss, Jena, Germany). The Mbnl1 fluorescent
signal was quantified in the confocal images by dividing the green
channel intensity by the muscle area with the ImageJ software.

Cy3 moiety was synthetically attached to the 50 end of the oligonucle-
otide to allow visualization of compound distribution. Cy3-labeled
antagomiR was directly detectable under the fluorescence microscope
in liver and kidney tissues in 10-mm frozen sections. Images from
mouse tissues with Cy3-antagomiR were obtained with a Leica
DM4000 B LED fluorescence microscope. In all cases, images were
taken at 400� magnification.

Myotonia grade determination

Electromyographic determination of myotonia was performed with
animals identified by a code to eliminate experimental bias. Animals
under general anesthesia underwent a previously described proced-
ure.15 In brief, five electrode insertions were performed in each quad-
riceps muscle of both hindlimbs, and myotonic discharges were
graded on a five-point scale as follows: 0, no myotonia; 1, occasional
myotonic discharge in %50% of the needle insertions; 2, myotonic
discharge in >50% of the insertions; 3, myotonic discharge in nearly
all insertions; and 4, myotonic discharge in all insertions.

Forelimb grip strength test

Grip strength of forelimbs was measured with a Grip Strength Meter
(BIO-GS3; BIOSEB, USA), following the procedures described in
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Cerro-Herreros et al.37 Three consecutive measurements were per-
formed at 30-s intervals. Body weight was acquired in parallel, and
the experiment was performed blindly to eliminate bias. Raw strength
data were normalized to weight and transformed to the percentage of
normal force (PNF, i.e., the proximity between weight-normalized
strength values of treated HSALR mice and FVB controls) as previ-
ously described.37

Blood assays

At 4, 15, 30, and 45 days post injection, animals were sacrificed and
blood was collected with K3-EDTA (Sarstedt) by cardiac puncture
exsanguination. The samples were processed by Laboratorios Mon-
toro Botella (Valencia, Spain). White blood cell differential count
(monocytes, stab cells, segmented cells, basophils, eosinophils, and
lymphocytes) was measured with the Hematology Cell Counter
ADVIA 120 (Siemens). The biochemistry profile of the different
mouse sera (creatinine, urea, amylase, alkaline phosphatase, alanine
aminotransferase [ALT], bilirubin, lipase, and bile acids) was
analyzed with the cobas 600 CCE modular analyzer (Roche).

miRNA target gene luciferase reporter constructs

Procedures were as described in Cerro-Herreros et al.19 C2C12 cells
were seeded in 24-well plates. Luciferase sensor constructs containing
the Mbnl1 30 UTR were cloned in pEZX-MT05-Gluc vectors
(GeneCopoeia). The constructs contained either wild-type, deletion,
or PM Mbnl1 30 UTRs (information contained in Method S1). Dele-
tions lacked the seed region of miR-218, whereas PM was mutated to
be an exact match of miR-218. Cells were transfected with 500 ng of
miR-218 vector and 500 ng of wild-type, deletion, or PM reporter
constructs. A no-miRNA control pVmiR was also transfected, con-
taining an empty vector. 48 h after transfection, Gaussia luciferase
(Gluc) and secreted alkaline phosphatase (SEAP) signals were read
from the supernatant. Predicted miR-218 binding sites on the
Mbnl1 30 UTR were found through miRDB, Target Scan, and
microRNA.org. The statistical differences were estimated by a Stu-
dent’s t test (p < 0.05) on normalized data.

The HeLa cells were seeded in 24-well plates at�80% confluence and
transfected with luciferase sensor constructs containing the MBNL1
30 UTR cloned in the pEZX-MT05-Gluc vector (GeneCopoeia).
HeLa cells were transfected with 200 nM of the agomiR-218 or
agomiR-SC and 500 ng of the reporter construct. As a positive con-
trol, we cotransfected the agomiR-218 with a preexisting luciferase
sensor construct containing theMBNL2 30 UTR with a miR-218 per-
fect-match modification (PM-MBNL219). 72 h after transfection, the
supernatant was collected, and a reporter activity assay was per-
formed. Predictions of miRNA binding to MBNL1 30 UTR were ob-
tained from the miRecords database.35 The statistical differences
were estimated by a Student’s t test (p < 0.05) on normalized data.

RNA-seq and data analysis

Libraries were prepared with the TruSeq Stranded mRNA Library
preparation kit following Illumina protocols and were sequenced
with paired-end NextSeq 550. Around 30 million reads were obtained
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from each sample. A quality check eliminated any read with a q
value <30, using TrimGalore! (version 0.6.4_dev) (Trim Galore,
RRID:SCR_011847) software. All accepted reads were aligned
to genome version GRCh38.p12 with STAR software (version
2.7.3a).69 Next, BAM results were analyzed with RSEM
(version v1.3.2)70 software to obtain gene counts. R package edgeR
(version 3.28.1)71 was used to perform a differential gene expression
(DGE) test. The threshold for DGE call was an adjusted p value < 0.05.

Gene expression recovery (i.e., genes that approached a normal
expression pattern) was performed for all disease-related genes
(DRGs) with the following formula:

%Recovery =
mean treated gene counts - mean disease gene counts
mean control gene counts - mean disease gene counts

Functional annotations

R package clusterProfiler (version 3.14.3)72 was used to perform the
functional annotation for the different gene groups described. For
each group, we considered the parameters of q value < 0.05 and the
parameters described as necessary for each test in the package. The
miRWalk (updated Mar 202073) database was used to select all
possible gene targets for each miRNA. Each entry with a validated
interaction in miRTarBase,50, miRDB,74 and TargetScan was filtered.
All comparisons were performed with in-house custom-made R
scripts. RNA-seq data are publicly available with accession number
GSE158216 in the Gene Expression Omnibus (GEO) repository.

Statistical analyses

For comparisons, mean values of molecular and functional quantita-
tive parameters were assumed to follow normal distribution so sam-
ples could be compared with two-tailed Student t test (a = 0.05) and
Welch’s correction when necessary. Statistical significance was set to
p < 0.05. GraphPad Prism 6 software was used for statistical analyses
and graphical output of data. The sample size (n) is provided in each
figure. Table S5 includes the raw data of individual qRT-PCR, ELISA,
myotonia grade, force, alternative exon inclusion, biodistribution of
the oligonucleotide, Mbnl1 immunofluorescence intensities, and per-
centage of foci measurements from the indicated mouse muscles.
Statistical analyses of the average values of complete blood counts
and serum biochemistry profiles were performed as previously
described.37
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