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AntimiR treatment corrects myotonic dystrophy
primary cell defects across several CTG repeat
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This study evaluated therapeutic antimiRs in primary myoblasts from patients with myotonic dystrophy type 1
(DM1). DM1 results from unstable CTG repeat expansions in the DMPK gene, leading to variable clinical manifesta-
tions by depleting muscleblind-like splicing regulator protein MBNL1. AntimiRs targeting natural repressors miR-
23b and miR-218 boost MBNL1 expression but must be optimized for a better pharmacological profile in humans.
In untreated cells, miR-23b and miR-218 were up-regulated, which correlated with CTG repeat size, supporting
that active MBNL1 protein repression synergizes with the sequestration by CUG expansions in DMPK. AntimiR
treatment improved RNA toxicity readouts and corrected regulated exon inclusions and myoblast defects such as
fusion index and myotube area across CTG expansions. Unexpectedly, the treatment also reduced DMPK tran-
scripts and ribonuclear foci. A leading antimiR reversed 68% of dysregulated genes. This study highlights the po-
tential of antimiRs to treat various DM1 forms across a range of repeat sizes and genetic backgrounds by mitigating

MBNL1 sequestration and enhancing protein synthesis.

INTRODUCTION

Myotonic dystrophy type 1 (DM1) is a rare neuromuscular disease
caused by an expansion of a CTG microsatellite repeat in the 3’ un-
translated region of the DM1 protein kinase (DMPK) gene (I). The
expansion size may reach thousands of CTG triplets in patients with
DM1, compared to 5 to 37 in the general unaffected population. The
disease has a prevalence of 1 of 3000 to 1 of 8000 individuals world-
wide (2), making it the most common muscular dystrophy in adults.
The length of the CTG tract in peripheral blood roughly correlates
with disease severity, survival, and age of onset (3). According to
this, several clinical forms are described: congenital, infantile, juve-
nile, adult, and late-onset DM1 (4). A variable multisystem array of
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symptoms characterizes the disease due to the widespread ubiqui-
tous expression of the DMPK gene, particularly cardiac conduction
problems, skeletal muscle atrophy, and myotonia. Patient’s sex is
also a modifying factor influencing DM1 phenotype (5).

DMPK transcripts containing expanded CUG triplets accumulate
in the nucleus and induce toxicity by affecting RNA processing
mechanisms and disturbing key cell signaling pathways (2, 6). A
chief molecular event contributing to DM1 pathogenesis involves the
expansion size-dependent sequestration of muscleblind-like (MBNL)
splicing regulator proteins in mutant DMPK transcripts, mainly
MBNLI in skeletal muscles, forming nuclear aggregates called foci
(7). MBNLI sequestration affects the functional steady-state levels of
the protein, depleting it from the nucleus and impairing its functions
as a regulator of pre-mRNA alternative splicing and polyadenylation
(8-10). Stress responses triggered by the accumulation of toxic
DMPK RNA in the cell nucleus also cause the activation of MBNL1
antagonists, such as CELF1 (11), Staufenl (12), and hnRNPA1 (13).
Together, these proteins function as developmental regulators, and
their imbalance in DM1 causes abnormal persistence of fetal patterns
of alternative splicing and other pre-mRNA processing defects in
adult tissues. This pathological mechanism affects hundreds of genes
in several tissues and organs, many of which have been directly con-
nected to some pathological manifestations in DM1. For example,
abnormal splicing of cTNT, CLCN1, and INSR have been respective-
ly linked to cardiac conduction problems (14), myotonia (15), and
insulin resistance (16).

The length of the CTG repeats changes over time in different cells
and tissues (17), with a strong tendency toward generating expand-
ed alleles (18). In tissues relevant to DM1 pathology, much larger
expansions are found in skeletal muscles and the heart, compared to
peripheral blood (19). This phenomenon largely explains the age-
dependent and variable nature of DM1 symptoms and has crucial
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implications for clinical management because the mutation size in a
blood sample does not adequately predict the pathogenic load in
other tissues (20), particularly muscle (21). In addition, individual
genetic background and non-CTG repeat interruptions are also
known to impinge on the clinical presentation of the disease (22).
Thus, muscle cells directly isolated from a diverse cohort of patients
constitute a valuable tool to validate novel DM1 therapies in the
natural genetic context of the mutation (23).

Several therapeutical strategies are under development for DM1
(24), including antisense oligonucleotides (AONs) designed to re-
lease sequestered MBNLs by either targeting DMPK transcripts for
degradation or blocking the binding between both (25). An alter-
native approach is using AONs to rescue the normal free levels of
MBNL proteins because essential DM1 molecular alterations stem
from the depletion of these proteins alone (25), which remain en-
coded in functional genes. From the three human MBNL paralogs,
MBNL1 is mainly expressed in skeletal muscles and MBNL?2 in the
central nervous system, while MBNL3 performs functions associated
with regeneration and aging (26-29). MBNLI1 overexpression is well
tolerated and prevents typical DM1 alterations (30, 31). From a thera-
peutic perspective, this is a particularly favorable situation because
MBNLI protein depletion (and antagonist activity) can be compen-
sated with enhanced endogenous expression (30, 32, 33), which is
naturally repressed by miR-23b and miR-218 microRNAs (miRNAs)
(34). Recently, miRNA-targeting AONSs, so-called antimiRs, have
been developed to block miR-23b and miR-218, increasing MBNL1
expression and correcting functional and histopathological DM1
alterations (34-36). These AONs (antimiR-23b-V1 and antimiR-
218-V1) were fully modified with 2’-O-methyl (2’-OMe) chemistry,
including several phosphorothioate (PS) linkages at each end, and
were conjugated to cholesterol at the 3" end.

In the current study, we used eight DM1 primary myoblast cell
lines and nine unaffected controls to test the effect of antimiR-23b-V1
and antimiR-218-V1, reported previously (34), together with a new
generation of chemically modified antimiRs named antimiR-23b-V2
and antimiR-218-V2. V2 molecules incorporate a combination of 2'-
OMe, 2’-O-methoxyethyl (MOE), and locked nucleic acid (LNA) resi-
dues throughout their sequence, and, furthermore, antimiR-23b-V2
and antimiR-218-V2 are conjugated with fatty acid to enhance their
biodistribution (37). The cells were transfected at two differentiation
times to study multiple RNA toxicity readouts, finding that antimiRs
enhance MBNLI1 protein expression and reduce DMPK transcript
levels. The results demonstrate that lead antimiR drugs rescue DM1
defects across multiple genetic backgrounds in vitro through a dual
mechanism of action.

RESULTS

Characterization of myoblast cell lines from patients with
adult- and juvenile-onset DM1

Seven patients with adult-onset DM1 (five females and two males)
and one with juvenile-onset DM1 (female) served as donors to
derive the myoblast cell lines used in our study (Table 1). The
length of the CTG repeat was determined in all cases using DNA
from the cells, ranging from 117 to 1054 triplets. Information
about repeat length from muscle tissue was available in two cases
and closely matched the size observed in vitro: 726/736 and
835/788 (myoblasts/muscle). We also determined the CTG repeat
length in blood at the time of biopsy collection. As expected, the
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number of triplets was lower compared to muscle tissue in all cell
lines except MP-10-31.

Variability in the patient’s muscle function and disability were
clearly shown by the battery of functional tests performed (Table 1),
which included the 6-min walking test (6MWT) (38), the muscle
impairment rating scale (MIRS) (39), the modified Rankin scale
(mRS) (40), and the biceps Medical Research Council (MRC) (41).
Despite limited data availability and the qualitative nature of the
variables (except 6MWT), we observed moderate positive correla-
tions (R between 0.5 and 0.7; P values <0.2) between CTG repeat
length in muscle cells and scales of muscle impairment and patient
disability (MIRS and mRS, respectively). In contrast, a negative
correlation (R = —0.86) was observed between CTG repeat length
and muscle strength, measured as the MRC score of the biceps
(fig. S1). Primary myoblasts from these patients were treated with
antimiRs, differentiated, and evaluated for miR-23b and miR-218
levels, MBNLI expression and subcellular distribution and nuclear
foci, RNA foci, DMPK mRNA expression, myotube area, and fusion
index (fig. S2).

Reduction of miR-23b and miR-218 overexpression during
DM1 myotube differentiation by antimiR treatment
We analyzed miR-23b and miR-218 levels in all primary myoblast
cell lines as an indication of the expression of these miRNAs before
antimiR treatment (Fig. 1, A and B). At 10 days of differentiation,
the expression of miR-23b and miR-218 was ~2.5-fold and 5-fold
higher in DM1 cells compared to control myoblasts, respectively
(P < 0.05), a difference that was still not conspicuous by 5 days of
differentiation. At both time points, we observed a marked variabil-
ity in DM1 cells compared to controls. We wondered whether this
higher dispersion could be attributed to phenotypic differences
caused by the variability in CTG repeat length. In support of this
possibility, we observed a significant correlation of CTG repeat
length of DM1 myoblasts with miR-23b and miR-218 expressions
(fig. S3). On the other hand, receptor operating curve analysis re-
vealed an area under the curve of 82% for miR-23b and 89% for
miR-218, indicating that levels of these miRNAs have the potential
to predict CTG repeat size in patients accurately (fig. S3).

Upon antimiR-23b-V1 treatment of DM 1 myoblasts, we observed
a significant 65 to 75% reduction in the detection of miR-23b at day
10 of differentiation for both concentrations (34 and 54 nM). The
detection on day 5 was already significantly lower using the 54 nM
concentration, but not with the 34 nM dose (Fig. 1C). The miRNA
antagonistic activity of antimiR-23b-V2 seems to be considerably
stronger since 85 to 95% reduction of miRNA detection was ob-
served at both time points, and it was significantly lower using the
34 nM dose. Regarding miR-218 AONSs, antimiR-218-V1 and -V2
performed similarly across both differentiation time points (Fig. 1D).
We observed reductions in the detection of miR-218 in the 30 to 75%
range, with trends of higher activities at 220 nM compared to
138 nM. Together, these results confirm robust reductions in the de-
tected levels of target miRNAs in all cell lines. In addition, we ob-
served a trend of increased efficacy of antimiR-23b-V2.

Reduction of MBNL1 levels during differentiation of DM1
myotubes and their increase upon antimiR treatment
Alternative splicing of MBNLI transcripts helps tailor protein func-
tion to actual cell necessities. The inclusion of exon 5 completes a bi-
partite nuclear localization signal. Consequently, abnormal inclusion

20f17



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. Characterization of DM1 and control cell donors that participated in this study. Muscle performance parameters, mutation size of DM1 patient
donors used in the study, and muscle origin and age at sampling for both DM1 samples and controls.

ID

Sample
type

Sex

Biopsy
muscle

Age at
sampling
(y)

Age of
onset

(y)

Estimated
number of
CTG triplets
in myoblast/
muscle”

Estimated 6MWT'

number
of CTG
triplets in
Blood

(m)

MIRS*

mRs®

Biceps
MRC"

Cohort

SP3

p—
e
p—
p—

MP-09-57

MP-09-73

MP-10-31

DM1
(juvenile
onset)

DM1 (adult |

onset)

DM1 (adult |

onset)

DM1 (adult

onset)

DM1 (adult

onset)

DM1 (adult

onset)

DM1 (adult

onset)

DM1 (adult |

onset)

Control

Control

Control

Control

Control

Control

Control

Control

Female

Ma|e R

Male

Female

Male

ontrol

Female
Female
‘Male
Female

Female

Male

Female

Female

Female

Biceps
brachialis

B|ceps S
brachialis

Biceps

Biceps

brachialis
Deltoid

Intrinsic

muscles of
the hand or

Intrinsic
muscles of
the hand or

Biceps

Intrinsic
muscles of
the hand or

Intrinsic
muscles of
the hand or

ntrinsic
muscles of
the hand or

ntrinsic
muscles of
the hand or

ntrinsic
muscles of
the hand or

ntrinsic
muscles of
the hand or

Vastus
lateralis

Vastus
lateralis

39
brachialis
41

forearm
49

forearm

brachialis
67

forearm

35

41

47

35

726/736"

117

835/788°
i

704

445

P
o

1400

348

o —
—
o —

ND.

ND.

ND.

ND.

ND.

ND.

1The 6-min walking test (6MWT) is an index of aerobic endurance capacity, distance in meters walked by a patient during 6 min (38).
rating scale (MIRS), assesses the degree of distal to proximal muscle involvement (39).

$Muscle impairment

§Modified Rankin scale (mRS), an indicator of disability in patients (40).

9Biceps Medical Research Council (MRC), scale indicative of muscle strength (47). N.D., not determined; A, Germans Trias i Pujol Hospital, Barcelona, Catalonia
(Spain); B, La Fe University and Polytechnic Hospital, Valencia, Valencian Community (Spain); C, Donostia University Hospital, San Sebastian, Bask Country (Spain).
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Fig. 1. Expression of target miRNAs in DM1 cells and treatment modulation.
The upper graphs show the quantification of (A) miR-23b and (B) miR-218 expres-
sion in control versus DM1 cells during differentiation. Unpaired t test with Welch'’s cor-
rection. The bottom graphs show the quantification of (C) miR-23b and (D) miR-218
expression upon antimiR treatment. Kruskal-Wallis test *P < 0.05; **P < 0.01;
4P < 0,001; =P < 0,0001 (Dunn's posttest). Each dot of a different color de-
notes a different DM1 myoblast line. The asterisks above the bars denote DM1 com-
parisons, while those above the boxes denote dose comparisons. The names of the
lines are shown in the legend. Error bars represent the SEM. ns, not significant.
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of this exon is expected to enhance the potential of MBNLI to be
sequestered with nuclear CUG expansions, so it can be used as an
indicator of the pathogenic status of the cell. As a result of its regula-
tory splicing activity, MBNLI promotes the exclusion of its own
exon 5 (42, 43).

MBNLI1 protein levels were significantly lower in DM1 myo-
tubes after 10 days of differentiation compared to controls, with a
trend already noticeable by day 5 (Fig. 2). This pattern was ob-
served for total MBNL1 protein levels (Fig. 2A), MBNLI1 42/43 kDa
(+ex5 + ex7) and MBNL1 40/41 kDa (—ex5 =+ ex7) isoforms (Fig. 2,
B and C). Total and isoform-specific MBNLI levels were somewhat
variable in both the control and DM1 cell cohorts. This was expected
because of the combination of several factors such as muscle of ori-
gin, sex and age of donors, repeat expansion size, number of in vitro
cell passages, and genetic background effects, in addition to the in-
trinsic experimental variability in all these determinations. Despite
all these sources of variability, the average expression levels of total
MBNLL1 and isoforms 42/43 and 40/41 reached statistical signifi-
cance. The biological relevance of these changes is reinforced by fo-
cusing on total MBNL1 levels, which reached statistical significance
not because of lower dispersion of data (SD is actually higher than at
5 days) but because of lower average amounts.

We observed a significant negative correlation between CTG re-
peat length of DM1 myoblasts and MBNLLI levels, both for total
protein and each MBNLL1 protein isoform individually (borderline
for isoform 40/41 kDa; Fig. 2, D to F). This coincides with the posi-
tive correlation between repeat length and miR-23b and miR-218
levels (fig. S3). The ratio between these isoforms changed during the
differentiation of DM1 cells (fig. S4). At day 5 of differentiation, we
observed a ~60/40 ratio between high/low MW isoforms. By day 10,
the ratio changed to ~70/30 in DM1 myotubes but remained ~60/40
in control cells, which is a difference consistent with observations
reported by others (44).

Upon antimiR treatment, we observed a significant increase in total
MBNILI levels in both differentiation time points using the higher doses
of 54 and 220 nM for antimiRs against miR-23b and miR-218, respec-
tively (Fig. 2G). We observed a fourfold increase in total MBNL levels
using antimiR-23b-V2. In all cases, the derepression at these doses was
significantly higher than at the lower doses of 34 and 138 nM, respec-
tively. Both MBNLLI isoforms contributed to the total increase in protein
levels (fig. S5, A and B). AntimiRs brought about a solid dose-dependent
up-regulation of total MBNLL levels, also detectable at the isoform level,
in patient-derived primary myoblasts. Significantly, antimiR treatment
had a similar effect on the isoform ratio at days 5 and 10 of differentia-
tion in DM1 cells, maintaining about 50 to 55% the percentage of
MBNL1 42/43, but because untreated disease controls increased the per-
centage of this isoform from approximately 60 to 70% at days 5 and 10,
respectively, the overall therapeutic activity of antimiRs (measured as
skipping of ex5 in MBNLI, which is a splicing activity regulated by the
protein itself), increased with differentiation time (fig. S5C).

Reduction in the number of RNA and MBNL1 nuclear foci
and DMPK transcripts upon antimiR treatment

DM1 myotubes presented an average of five to six foci per nucle-
us, and, as expected (45), control cells did not show any (Fig. 3A).
AntimiR treatment at higher doses than in our previous reports (34)
reduced the average number of foci in DM1 cells (Fig. 3B). These
reductions were significant for both versions of antimiR-23b and
differentiation time points. AntimiR-218-V1 and -V2 also reduced
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Fig. 2. Expression of MBNL1 proteins in DM1 cells and modulation by antimiR treatments. (A to C) Quantification of MBNL1 protein levels in control versus DM1 cells
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Fig. 3. Effect on foci number and cellular distribution of MBNL1. Number of (A) RNA nuclear foci per cell, (C) MBNL1 nuclear foci, and (E) MBNL1 free form in the nucleus
in control versus DM1 cells during differentiation. Mann-Whitney test and unpaired t test with Welch’s correction. In addition, the figure shows their responses to the indi-
cated antimiR treatments (B, D, and F). Kruskal-Wallis test and two-way analysis of variance (ANOVA) *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (Dunn’s posttest
and Dunnett’s posttest). Each dot of a different color denotes an individual DM1 myoblast line (shown in the legend). Error bars represent the SEM.

the number of foci in both time points, but a statistically significant
difference was reached only after 10 days of differentiation. DM1
cells also presented an average of 1.7 to 2.0 MBNLI nuclear foci
(Fig. 3C) and a reduced presence of the protein as a diffused free-
form in the nucleus (Fig. 3E), both indicative of functional seques-
tration of the protein. Both parameters were partially corrected
upon antimiR treatment (Fig. 3, D and F), especially at the 10-day
differentiation time point. As previously reported by others (46), we
also detect more DMPK than MBNLI1 nuclear foci in our primary
myoblast cohort. While several technical issues could impinge on
this result, particularly, higher sensitivity of RNA than protein de-
tection because of lower background in the first than in the second
case, it is also possible that expanded CUG transcripts go through
several transient molecular stages inside the nucleus and show dif-
ferent protein binding capabilities. Representative images used for
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foci and MBNLL1 quantification for all cell lines are shown in fig. S6,
which also includes the use of an anti-human MBNLI1 antibody to
discard potential issues with the specific anti-mouse Mbnl1 epitope
detected by MBla (4A8).

At this point, we wondered about the reason behind the antimiR-
mediated reduction of RNA and MBNLI protein nuclear foci num-
ber. We analyzed DMPK expression in control and DM1 myoblasts
to answer this question. We observed around 50% of normal DMPK
expression in DM1 versus control cells after 5 days of differentiation,
which went further down to 30% at the 10 days’ time point (Fig. 4A).
Our observation is in line with previous studies showing lower ex-
pression of DMPK expanded alleles (47, 48), but DMPK relative ex-
pression only showed a trend toward correlating with CTG repeat
size (Fig. 4B). AntimiR treatment induced a further reduction of
DMPK levels in DM1 cells, particularly at the 10 days’ time point, of
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up to ~25% (Fig. 4C). These results were reproduced with antimiR-
23b-V1 and antimiR-23-V2 in immortalized DM1 muscle cells using
a hot TRIzol protocol to ensure complete extractability of mutant
DMPK transcripts (fig. S7A) and are consistent with previously pub-
lished observations with the antimiR-218-V 1 using the same cell line
(36). Notably, cell lines that first reduced DMPK expression (at 5 days
of differentiation) were those with a larger number of repeats, such as
B55, MP-09-57, and MP-09-73, while lines showing a delayed re-
sponse (at 10 days of differentiation) were those with smaller repeat
sizes, such as MP-10-31 or SP-12. This suggests that the kinetics of
DMPK degradation in response to antimiRs may depend on cellular
cues, particularly repeat expansion size, but does not rule out that
differences in basal DMPK gene expression or cellular compensation
mechanisms among the cell lines used may also contribute to some
cell lines responding earlier than others. Together, these data indicate
that antimiR treatment successfully contributed to increasing the
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functional free-form levels of MBNLI by increasing the protein ex-
pression and reducing the number of DMPK transcripts contributing
to its sequestration.

When we analyzed these parameters’ relationship with each cell
line’s disease load, we did not observe a significant correlation be-
tween the number of RNA or MBNLI nuclear foci with CTG repeat
length (fig. S7, B and C), which is consistent with the lack of relation-
ship already observed between DMPK levels and repeat size (Fig. 4B).
While to the extent of our knowledge, a correlation between foci
number and disease severity has not been reported in the literature,
we do detect a significant negative correlation between total MBNL1
protein and repeat expansion size (Fig. 2D). Last, we did observe a
modest significant correlation between MBNLI protein levels and the
MBNLL free into the nucleus, indicating a direct relationship between
the increase of the protein and its availability as free form (fig. S7D).
In sum, antimiRs rescue characteristic DM1 cellular alterations.
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Correction of aberrant splicing in DM1 myoblasts

Next, we evaluated antimiRs on DM1 splicing defects at day 10 of
differentiation because they generally show higher anti-DM1 dis-
ease activity than on day 5, and phenotypes are more clearly shown.
With this purpose, we selected for validation by semiquantitative
reverse transcription polymerase chain reaction (RT-PCR) experi-
ments a panel of five genes whose splicing has been previously re-
ported to be altered in DM1 skeletal muscle (49): MBNLI exon 5,
KIF13A exon 26, BINI exon 11, SOS1 exon 21, and PPFIBPI exon 19
(fig. S8A). The quantification of exon inclusion from these genes re-
vealed an ample window and significant difference between DM1
and control cells (Fig. 5A).

The splicing of MBNLI exon 5, KIF13A exon 26, BINI exon 11,
and SOSI exon 21 has been directly linked with a lack of MBNLI
activity in previous studies (11, 43, 50, 51). In addition, they corre-
late with force dorsiflexion in patients with DM1 (50). Notably, ab-
errant splicing of BIN1, a gene with crucial roles for muscle function
(52), positively correlated with the patients’ MIRS scale (fig. S8B;
P value = 0.0815). In contrast, PPFIBPI exon 19 is not MBNLI de-
pendent (53), but it is also implicated in DM1 pathology, and its
aberrant splicing can be rescued by the biguanide metformin, a drug
that promotes corrective effects on several splicing defects associated
with DM1 (54). We included this exon to verify whether antimiR
treatment could contribute to its rescue independently of MBNL1
(e.g., through the down-regulation of DMPK).

Upon antimiR treatment, we observed an improved percentage of
exon spliced-in (APSI = PSlgisease — PSIireated), Which was statistically
significant for most alternative exons (Fig. 5B). In the case of BINI
exon 11, a significant correction was only reached with the higher
doses of the antimiRs. For the rest of the alternative exons, both dos-
es were effective. When looking at the overall APSI that combined all
exons analyzed (Fig. 5C), we observed a significant ~50% shift from
the DM1 splicing pattern toward the control pattern for all antimiRs
and doses used. APSI values for each exon and treatment and gel im-
ages used for the quantification are depicted in fig. S9. We observed a
moderate correlation of global APSI scores with total MBNLI pro-
tein levels (Fig. 5D, P = 0.0005, R = 0.59) and a low-to-moderate
correlation for free MBNLI form (Fig. 5E, P = 0.0411, R = 0.37), sup-
porting a relationship between splicing correction and increased
expression of total MBNLI in cells treated with the antimiRs.

The correlation between overall APSR scores and total MBNL1
protein levels was analyzed separately for miR-23b and miR-218 in-
hibition. The study found that samples using antimiR-23b-V1 and anti-
miR-23b-V2 showed a higher correlation compared to those using
antimiR-218-V1 and antimiR-218-V2 (fig. S9, F and G).

We observed ~50% overall APSI correction, with better rescues at
the higher doses in MBNL1-dependent exons, consistent with the
increased MBNLI levels observed. Although all cell lines generally
responded to treatment, 10-31 and SP-3 yielded somewhat lower
splicing correction. Together, these results are consistent with the no-
tion that only a moderate increase in MBNL1 is sufficient to achieve
a therapeutic benefit and that antimiR treatment efficiently corrects
downstream molecular DM1 alterations.

Functional rescue of myotubes area and fusion index

In previous studies, DM1 myoblasts have been shown to display de-
fective differentiation compared to control cells, as determined by
lower myotube area and fusion index (55, 56) . We analyzed both
parameters in our DM1 primary myotubes and observed a strong
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reduction at days 5 and 10 of differentiation (Fig. 6, A and B). CTG
repeat length only roughly correlated with decreased myotube area
and fusion index (fig. S10, A and B). Representative images used for
these quantifications are depicted in fig. S11A. We observed a nega-
tive correlation trend between the MIRS scale and myotube area
(fig. S10C) but no correlation with the fusion index (fig. S10D). We
had previously shown that miR-218 blockage alleviates fusion index
upon differentiation of immortalized myoblasts (36) and miR-23b
inhibition improved myotube area in a bioengineered in vitro three-
dimensional (3D) model of DM1 (57). AntimiR treatment improved
both parameters in primary DM1 cells (Fig. 6, C and D). AntimiR-
23b-V2 managed to increase myotube area already at day 5 of dif-
ferentiation and further improved this parameter by day 10 (Fig. 6C).
Both antimiR-23b versions rescued the fusion index at the day 10
differentiation time point (Fig. 6D). In 2D cultures, the fusion index
showed a significant correlation with myotube area (P < 0.0001;
fig. S10E) in treated cells. Representative images of DM1 cells used
for myotube area and fusion index quantification upon antimiR
treatment are depicted in fig. S11B. These data support an improved
ability for treated DM 1 myoblasts with different genetic backgrounds
and CTG expansions to differentiate into myotubes.

Integrated evaluation of the antimiR’s therapeutic potential
To rank the preclinical potential of the antimiRs tested in this study,
we evaluated the overall performance of the tested antimiRs. The
four candidates were plotted in a spider graph comparing the degree
of change (compared to control cells) in the five most important
parameters previously evaluated: MBNL1 protein increase, RNA
foci reduction, MBNLI nuclear foci reduction, splicing recovery,
and myotube differentiation recovery (Fig. 7A). This analysis sug-
gested the selection of antimiR-23b-V?2 as the lead candidate for fur-
ther evaluation since it most consistently ranked at the top of these
parameters, giving the largest area in the spider plot.

Focusing on antimiR-23b-V2, Fig. 7C shows not only the mean
of DM1-derived myoblast lines more than doubled total MBNL1
levels compared to untreated but, importantly, that every single cell
line responded to the antimiR despite unrelated genetic back-
grounds and expansion sizes, which is indicative of a highly reliable
in vitro effect. However, antimiR-23b-V2 potential to increase
MBNL1 protein levels did not correlate significantly with CTG re-
peat size (Fig. 7B). Reduction of DMPK transcript levels followed a
different behavior (Fig. 7, D and E) since three lines slightly in-
creased DMPK mRNA levels with antimiR-23b-V2, while five re-
duced it, and lines with shorter expansions responded stronger,
reducing DMPK. AntimiR-23b-V2 effect on overall splicing rescue
was also remarkable since all lines responded to the treatment de-
spite the fact that the antimiR activity in this parameter did not cor-
relate with repeat size (Fig. 7, F and G). Last, the myotube area
showed a significant repeat size-dependent rescue, and all individu-
al lines improved (Fig. 7, H and I). Other parameters, such as
MBNLI quantification scale or fusion index, also revealed a general
response by individual cell lines but did not seem to depend on CTG
repeat number except for the fusion index response that was higher
the lower the repeat size (fig. S12).

A notable controversy in the DMI field involves the possibility
that delayed differentiation issues could explain gene expression
changes compared with control cells. While some studies describe
normal myogenesis and increased apoptosis in primary DM1 mus-
cle cells (58), others have reported myogenic defects in DM1 cell
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Fig. 5. Correction of DM1 splicing alterations. (A) Characterization of the percentage of spliced-in (PSI) in control versus DM1 cells for a selection of transcript exons.
Unpaired t test and Mann-Whitney test. (B) Heatmap of the effect of antimiR treatment on the delta percentage of spliced-in (APSI) of the indicated genes/exons. The
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ence condition. (C) Overall correction of the APSI per cell line. Kruskal-Wallis test *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (Dunn’s posttest). Each dot of a dif-
ferent color denotes an individual DM1 myoblast line (shown in the legend). Error bars represent the SEM. Pearson correlation between overall APSI and total MBNL1
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denotes an individual DM1 myoblast line (shown in the legend).

models (59). To address this possibility, we have quantified miR-23b,
MBNLI1, and DMPK in healthy and DM1 cell lines before and at dif-
ferentiation days 5 and 10, finding that compared to health controls,
none of the gene expression changes can be explained as a delayed
differentiation issue (fig. 13, A to C). Reduced MBNL1 levels during
myogenesis in the presence of the expanded DM1 repeats were also
consistent with previous reports (44). Also of interest is whether the
repressive activity of miR-23b is active in a normal background or
requires higher-than-normal miRNA levels. Figure S13 (D and E)
shows that antimiR-23b-V2 can robustly antagonize miR-23b in a
normal background, likely because of lower starting levels compared
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to DM1 and that this translates into up-regulated levels of MBNL1
protein as similarly observed in DM1 cells.

RNA-seq analysis of primary cells treated

with antimiR-23b-V2

Next, we performed RNA sequencing (RNA-seq) experiments to test
the effect on the transcriptome of our leading antimiR molecule. The
depth of RNA-seq datasets was insufficient for a transcriptome-wide
assessment, but this was already partially addressed by directly mea-
suring five MBNLI-regulated alternative exons. We first analyzed the
RNA samples of control versus DM 1 myotubes at day 10 of differentiation
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to identify disease-related genes (DRGs). This analysis revealed a total of
109 genes commonly dysregulated in all cell lines, 44 of which were
down-regulated and 65 up-regulated (Fig. 8A). TAF11L12, PRAMEFI1,
THBS4, MYH14, and AOCI were the five most down-regulated genes,
while PRAME, THSD7B, SEMA3D, SNAP25, and CDH6 displayed the
highest overexpression. To validate the clinical relevance of the detected
DRGs, we crossed the list of 109 genes with publicly available RNA-seq
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data comparing tibialis muscle samples of patients with DM1 with con-
trols (Fig. 8B). We observed a significant overlap of 29 genes (P = 0.01),
proving that more than 25% of the DRGs detected in vitro are also de-
regulated in patient muscle biopsies. Then, we analyzed the change
in the transcriptome of DM1 cells upon antimiR-23b-V2 treatment
(Fig. 8C), detecting 42 and 44 genes significantly down-regulated and
up-regulated, respectively. The log, fold change (log,FC) magnitude of
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down-regulated genes (mean log,FC of ~ —0.55) was low (i.e., close to
untreated cells levels), while that of up-regulated genes was much more
apparent (mean log,FC of ~3.8), where HOXC12, THBS4, ZFP57,
MYH14,and RPL29 pseudogene ranked among the top five. AntagomiR-
23b-v2 was capable of increasing the expression of the MYHI14 gene,
which had previously been reported to be decreased in DM1 (60). From
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the list of genes with expression changes upon antimiR-23b-V2 treat-
ment, we calculated how many shifted toward the expression observed
in control cells (Fig. 8D). We observed that the expression of 69% of the
DRGs was partially or completely corrected by antimiR treatment. Last,
we estimated the overall expression change of the DRGs upon antimiR-
23b-V2 treatment for each cell line, finding that all primary myotubes
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improved gene expression upon treatment (Fig. 8E), thus reinforcing
the reliability of the therapeutic effect in genetically diverse DM1
cells. The largest changes in DRGs expression between untreated and
antimiR-23 V-2-treated cells were found at the transcriptome level in
cell lines with longer CTG repeats, like B55, showing a moderate corre-
lation (Fig. 8F).

DISCUSSION

Our study in DM1 human-derived mature myotubes revealed that
the most critical disease-associated molecular alterations could be
reversed by blocking miR-23b and miR-218, two miRNAs that are
natural repressors of MBNLI1 (34). Transfection with antimiRs up-
regulated this protein, alleviating main DM1 hallmarks such as foci
number and DMPK expression, alternative missplicing, myotube
area, and fusion index. Furthermore, as determined by RNA-seq,
antimiR-23b-V2 reversed a substantial percentage of the common
abnormal expression patterns observed in primary DMI cells. All
these molecular and cellular phenotypes have been previously con-
firmed in cell models of disease by independent studies (55, 61-67).
Notably, total MBNLI levels moderately correlated with splicing
correction upon antimiR treatment (Fig. 5, D and E), consistent
with a causal relationship.

Since DM1 is a highly heterogeneous disease, with variable de-
grees of clinical manifestations depending on CTG repeat size, our
study using a diverse range of primary cells proves that antimiR
treatment may successfully treat a broad spectrum of patients with
DMLI. In addition, on the basis of these results, we selected antimiR-
23b-V2 for future preclinical development.

Previously, we reported that miR-218 was up-regulated in HSA™®
mice, DM1 cells, and muscle biopsies (36). In the present study, we
extended these observations to primary mature myotubes. By 10 days
in the differentiation medium, we found both miR-23b and miR-
218 significantly up-regulated, consistent with the observed
lowered amounts of total MBNLI detected in untreated cells. Fur-
thermore, estimated CTG repeat length in the cell lines signifi-
cantly correlated with both miRNA levels, suggesting a shared
pathological activation mechanism. From a therapeutic perspective,
the fact that miR-218 and miR-23b are overexpressed in DM1 allows
for a wider reduction window before reaching possible unwanted
effects due to their complete inhibition. In this regard, loss of the
miR-23b/27b/24-1 cluster impairs glucose tolerance in mice, notice-
able after a high-fat diet induction (68). Thus, the combination of a
higher-than-normal expression level of the therapeutic target miR-
23b and lack of severe phenotypes, even with the complete removal
of the miRNA in mice, makes it unlikely that a human antimiR-23b
treatment may lead to significant detrimental effects as a DM1
therapy.

Prompted by the observation that antimiRs noticeably reduced
ribonuclear foci in treated cells (Fig. 3B), we also quantified DMPK
mRNA levels and found significant reductions (Fig. 4C). Compared
to reports from actual clinical trials (69), this approximately 30%
reduction in DMPK transcript levels in treated primary myoblasts is
expected to have a clinically meaningful impact since smaller per-
centages of reduction from baseline (25%) already achieved a mean
splicing correction of 13% across a panel of 22 genes and patients
experienced a mean benefit of 3.8 s in myotonia after 6 months of
administration. On top of this, antimiRs are expected to directly
affect MBNLI and 2 protein synthesis because of lowered amounts
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of repressive miR-23b and miR-218. Although our RT-qPCR assay
cannot distinguish between normal and mutant DMPK transcripts,
the fact that both the number of RNA and MBNLI nuclear foci
were strongly reduced suggests that at least a significant portion of
expanded transcripts were reduced by antimiR treatment. In sup-
port of this hypothesis, non-expanded DMPK mRNAs are naturally
exported to the cytoplasm and do not colocalize in the foci with
MBNLI proteins (7). Notably, independent studies reported the
same phenomenon upon treatment with molecules not directly tar-
geting DMPK (70, 71) but failed to explain it mechanistically. Cor-
recting abnormal MBNLI exon 5 inclusion by antimiR treatment is
expected to promote cytoplasmic MBNL1 levels [MBNLI 40/41;
(42, 72, 73)], which is consistent with the confirmed change in the
ratio between MBNL1 40/41 and MBNL1 42/43 in treated cells
(fig. S5C). Since it has been previously shown that MBNLLI is the
primary determinant of focus formation (62), by lowering the rela-
tive amount of MBNLI in the nucleus, we hypothesize that foci may
destabilize and originate the observed reduction of DMPK mRNA
levels. In conclusion, because a direct interaction by the antimiRs
with the DMPK RNA is unlikely due to minimal complementarity
and MBNLI has been shown to promote foci formation (62) and
stability of nuclear DMPK (74), we hypothesize that the subcellular
distribution of MBNLL1 protein isoforms contributes to the desta-
bilization of mutant DMPK mRNA, ultimately leading to the re-
duction of ribonuclear foci. Several other potential mechanisms,
however, are also possible, such as an indirect effect through other
RNA binding proteins involved in nuclear RNA stability and/or
transport or DMPK-binding miRNAs, such as those proposed in
(75) as potential binders to CUG repeat expansions. In addition,
DMPK transcript reduction may explain why we observed correc-
tion of PPFIBPI exon 19 inclusion because this missplicing was re-
portedly altered in DM1 but independently of MBNLI function (53,
54). Thus, any reduction in disease-causing DMPK levels is expected
to rescue PPFIBP] splicing regardless of MBNLI expression.

How antimiR molecules may reduce miRNA levels is a contro-
versial issue as high-affinity antimiR chemistry has been shown
to sequester the targeted miRNA in a heteroduplex, while lower-
affinity oligonucleotides seem to promote miRNA degradation (76).
However, the reduction in the levels may also be affected by compe-
tence between primer and antimiR annealing to the miRNA to be
detected. Thus, reduction in the miRNA levels may be real or appar-
ent, but in all cases, it is functionally relevant because the inability to
amplify also confirms functional blockade. When comparing the
ability of antimiRs against miR-23b or miR-218 to increase MBNL1
and reverse DM1-associated features, we obtained different results
depending on the target. On the basis of previous experiments (34),
we estimated that targeting miR-23b requires lower doses than those
used for miR-218 to achieve comparable levels of MBNL1 up-
regulation. In this study, we confirmed that lower doses (34 and 54 nM
versus 138 and 220 nM) are sufficient to achieve therapeutic benefit
in vitro using miR-23b-versus miR-218-targeting antimiRs, re-
spectively. Compared to the previous versions (V1), our second-
generation antimiRs (V2) incorporated PS backbone in the entire
sequence, with a combination of 2’-OMe, MOE, and LNA residues,
and were conjugated to a fatty acid instead of cholesterol. In addition,
a side-by-side graphical comparison of desirable molecular and
cellular rescues in DM1 reveals that V2 versions of antimiR-23b
and -218 were superior to their V1 counterparts (Fig. 7A), used at the
same concentration, in terms of the degree of MBNLI up-regulation,
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correction of alternative splicing, reduction of RNA and MBNLI1
nuclear foci, and muscle differentiation markers (myotube area and
fusion index). Overall, the improvement of antimiR-23b-V2 over
antimiR-23b-V1 was greater than for the antimiR-218 counterparts.

The molecular response to antimiR-23b-V2 depended on CTG repeat
sizes, and cell lines with small expansions showed significantly more pro-
nounced DMPK mRNA reduction than those with longer repeats, while
an inverse correlation was also significant for myotube area recovery. The
reason why cell lines bearing small expansions reduced DMPK levels bet-
ter than others may stem from the fact that they show higher basal
MBNILI levels compared to other DM1 lines (non-treated condition in
Fig. 7B). Hence, as expected, cell lines with long repeats may require a
higher increase in MBNLI levels to get rid of DMPK, whereas cell lines
with shorter repeats seem already closer to normal amounts, seemingly
protective of DMPK accumulation. AntimiR-23b-V2’s ability to enhance
total MBNLLI levels and rescue splicing moderately (R = 0.51, and 0.59,
respectively) correlated with CTG repeat size (Fig. 7, B and F).

Transcriptomics data analyses confirmed that treatment with
antimiR-23b-V2 reversed the characteristic expression signature of
DRGs that were dysregulated in primary DM1 myoblasts. These
DM 1-associated in vitro changes were representative (25%, P = 0.01)
of gene expression alterations already reported in muscle biopsies
(tibialis) of patients with DM1 (49), which is indicative of their ther-
apeutic predictive power. Notably, individual analyses confirmed
that all cell lines reduced the amount of dysregulated DRG upon
antimiR-23b-V2 treatment, even with moderate increases in MBNL1
levels (~2 to 3-fold increases for all lines, Fig. 2G).

We propose a new model for the mechanism of action of antimiRs
(fig. S14) in which the combined effect of blocking up-regulated miR-
23b or miR-218 will derepress MBNL1 and other direct targets of
these miRNAs and reduce DMPK transcript levels, leading to a syner-
gistic correction of DM1 spliceopathy and related functional altera-
tions. This poses a significant step forward in the preclinical validation
of antimiRs together with previously demonstrated efficacy in vivo
(34-36). To conclude, our study with antimiRs in a cohort of primary
DM1 cell lines revealed that these molecules have therapeutic poten-
tial across unrelated genetic backgrounds. The approach works in
cells with a wide range of repeats (range 117 to 1054), so it could be
beneficial for treating multiple clinical forms of the disease.

MATERIALS AND METHODS

Study design

This study aimed to evaluate the therapeutic potential of candidate drugs
antimiR-23b-V1, antimiR-218-V1, antimiR-23b-V2, and antimiR-
218-V2 in human DM1 primary myoblasts of Table 1, which includes
diverse ages, repeat sizes, and both sexes. The investigation involved ana-
lyzing DM1-related phenotypes such as fusion index, target miRNA lev-
els, DMPK expression, ribonuclear foci number, MBNLI nuclear foci
and protein levels, and alternative splicing defects. Two differentiation
time points (5 and 10 days) were evaluated. The concentrations used for
antimiR-23b were 90 nM for immunocytochemistry (ICC) and fluores-
cent in situ hybridization (FISH) and 54 and 34 nM for protein and RNA
analyses. The concentrations used for antimiR-218 were 366.7 nM for
ICC and FISH studies and 220 and 138 nM for protein and RNA analy-
ses. Myotubes for DNA, RNA, and protein analyses were collected as
pellets, and coverslips were used for ICC and FISH assays at 5 and 10 days
after differentiation and treatment (fig. S2). In addition, we conducted a
thorough assessment of the therapeutic potential of the antimiRs and
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examined the individual responses of each cell line to antimiR-23b-V2.
Furthermore, an RNA-seq experiment was carried out to investigate the
impact of antimiR-23b-V2 on the transcriptome.

The sample sizes (1) are indicated in each figure, where each data
point represents an individual cell line. Correlation analyses were
performed to assess the degree of association between variables.

Sample donor characterization

A total of eight genetically confirmed patients with DM1 and nine
controls with no personal or family history of neuromuscular dis-
eases were included in the study. The essential clinical characteriza-
tion of healthy and DMI1 primary myoblast line donors is shown in
Table 1 and was compiled from preexisting medical records from the
indicated hospitals. Human samples used were collected following
ethical guidelines and with appropriate study approval. The research
was conducted following the ethical standards by the Comiteé ética del
Hospital Germans Trias i Pujol (cohort A), the Experimentation Eth-
ics Committee of the University Hospital La Fe Valencia (cohort B),
and Donostia University Hospital Ethical Board (cohort C), and the
studies were approved under protocol numbers PI-15-009,2014/0799,
and 15-57, respectively. Informed consent was obtained from all par-
ticipants or their legal guardians before sample collection. All proce-
dures involving human samples adhered to the principles of the
Declaration of Helsinki and relevant national regulations regarding
the use of human subjects in research.

Primary myoblast isolation from muscle biopsy

Muscle biopsies were cleaned in a Ca**/Mg**—containing Hanks’ bal-
anced salt solution (Thermo Fisher Scientific) supplemented with 1% of
penicillin-streptomycin and fungizone (amphotericin B; Thermo Fish-
er Scientific). Primary human myoblasts were isolated from the biop-
sied tissue by muscle explants and then purified by CD56 magnetic
separation using CD56-coated microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) following the manufacturer’s instructions.

CTG expansion sizing

DNA samples were extracted using the QIAamp DNA mini kit (Qiagen,
Hilden, Germany). To determine CTG expansion size, an EcoRI di-
gestion, followed by a long PCR and subsequent electrophoresis and
Southern blot, was performed as described (77). The modal allele of
each patient, which corresponds to the densest CTG bands, was esti-
mated through comparison against the molecular weight ladder
(GeneRuler 1-kb Plus Ladder, Thermo Fisher Scientific, Waltham,
USA) using GelAnalyzer 19.1 software.

DMPK expression quantification by RT-qPCR

Total RNA was extracted using the miRNeasy Mini kit (Qiagen,
#217004 and 79254), and 400 ng of RNA was converted to cDNA
by random hexamer priming with SuperScript II (Invitrogen,
#18064022), following the manufacturer’s instructions. Subse-
quently, 0.2 ng cDNA was used with 5% HOT FIREPol Probe
qPCR Mix Plus (Solis BioDyne, #08-01-00001) and PrimeTime
qPCR (IDT, sequences shown table S1) probe assays for multiplex
RT-qPCR on the QuantStudio 5 (Applied Biosystems; Foster City
CA, USA). In the case of RNA isolated with Hot TRIzol from im-
mortalized MyoD-inducible (doxycycline) DM1 fibroblasts (55),
the protocol carried out was as described in Gagnon et al. (78).
Relative expression of DMPK was measured and normalized to
glyceraldehyde-3-phosphate dehydrogenase endogenous control,
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relative to transfection reagent control samples, using the 24

methodology.

Protein extraction and Jess Simple Western

For total protein extraction, primary DM1 and control myotubes were
disrupted by mechanical homogenization with an insulin syringe in
Pierce radioimmunoprecipitation assay buffer (Thermo Fisher Scientif-
ic, #89901) supplemented with protease and phosphatase inhibitor cock-
tails (Roche Applied Science, #11836153001 and #4906837001) and
subsequently sonicated. Total protein concentration was measured using
a bicinchoninic acid protein assay kit (Thermo Fisher Scientific Pierce, #
23225) and bovine serum albumin as the protein standard.

The Jess Simple Western system was used to quantify MBNL1 protein
from human primary myotubes, and measurements were normalized to
total protein levels. Briefly, 1 pg of total protein from an individual ex-
perimental replicate (0.2 mg/ml) was separated in the Protein Normal-
ization Assay module (ProteinSimple, Bio-Techne, # AM_PNO01) and
used to detect MBNL1 using a mouse anti-Mbnll primary antibody
[MBla (4A8), 1:10, MDA Monoclonal Antibody Resource (7)] and a
goat horseradish peroxidase-conjugated anti-mouse immunoglobulin G
secondary antibody (ProteinSimple, Bio-Techne, # DM-002). Chemilu-
minescent detection was performed using luminol-S and peroxide, fol-
lowing the manufacturer’s instructions (ProteinSimple, Bio-Techne, #
DM-002). Normalization was done through total protein chemilumines-
cence analysis (ProteinSimple, Bio-Techne, # RP-001) using the Total
Protein Detection module (ProteinSimple, Bio-Techne, # DM-TPO01).
Total MBNLLI levels were defined as the sum of the previously described
MBNLI1 42/43 (+ex5 + ex7) and MBNL1 40/41 (—ex5 =+ ex7) variants
(44), normalized to total loaded protein. For the individual expression
of each isoform, each form was separately analyzed as MBNLI 42/43/
loaded protein and MBNL1 42/43/loaded protein.

Statistical analyses

All statistical analyses were performed with Prism 8.2.1 (GraphPad). Re-
sults are presented as means + SEM. An unpaired, two-tailed Student’s ¢
test was used for comparisons between two groups. A two-way analysis
of variance (ANOVA) test was performed to compare various groups
and conditions, followed by Dunnett’s posttest. Where data did not fol-
low normality, Kruskal-Walliss test was applied followed by Dunn’s post-
test. Differences were considered significant at P < 0.05. Details about
the statistical analysis used for each quantification are described in the
corresponding figure legend. Sample sizes (1) are included in each fig-
ure, where each data point represents an individual cell line. Correlation
analyses were carried out to measure the degree of association between
two variables. In each case, the most appropriate correlation type, Pearson's
or Spermanss, was used and is indicated in the figure legends. Correlation
values were interpreted as very high (0.9 to 1), high (0.7 to 0.9), moderate
(0.5 t0 0.7), or low (0.3 to 0.5).

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Tables S1.and S2

Figs.S1to S14
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