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Myotonic dystrophy involves two types of chronically debilitating rare neuromuscular diseases: type 1 (DM1) and type 2
(DM2). It is well documented that key clinical symptoms in DM are associated with a strong mis-regulation of RNA
metabolism observed in patient's cells. This mis-regulation is triggered by two leading DM-linked events: the sequestration
of Muscleblind-like proteins (MBNL) and the mis-regulation of the CUGBP RNA-Binding Protein Elav-Like Family Member
1 (CELF1) that cause significant alterations to their important functions in RNA processing. Recently, it has been identified
that specific microRNA (miRNA) molecules display roles in endogenous modulation of the expression of MBNL and
CELF1 proteins pointing to them as useful targets for the development of innovating therapeutic disease approaches by
restoring normal MBNL or CELF1 function. Additional miRNAs have also been identified with potential use as therapeutic
tools, through miRNA-based and miRNA-targeting drug development strategies, or as promising biomarker targets in DM.
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The successful achievement of a valid miRNA-based therapeutic approach for DM patients, still in very premature phases,
will need further research and progression from two different avenues. One is in connection with typical challenges faced
in every drug development process. The second will require new and innovative approaches to combat the disease. In
this case, we define them in more depth.

| 1. MiRNA-Based and miRNA-Targeting Drug Development Challenges

Despite its potential, development of miRNA-based and miRNA-targeting drugs still needs time and technical
breakthroughs, especially with regard to stability and delivery issues that complicate the development of miRNA
therapeutics and arrival of validated drugs in the market. For this reason, most of the technologies are still in preclinical
phases, with only a few molecules undergoing clinical evaluation in fields like cancer or hepatitis with a strong knowledge
about the diseaselll. Regarding DM, miRNA-based and miRNA-targeting drug development is even farther behind when
compared with these other diseases. This situation may be linked to DM’s rare disease status, where the development of
therapeutics was neglected for a long time, as well as other issues such as the high level of disease complexity, with no
clear endpoints for drug evaluation. Another issue is the recent understanding of the genetic causes of the disease as well
as the identification of a highly novel pathogenic mechanism with potential disease targets linked to sequestration by a
toxic RNA. First proof-of-concept results achieved in the field of DM are the real starting point for achieving a safe and
effective treatment for DM patientsi&. Even so, the final use of miRNA-based drugs will pass through the challenge of
identifying the most efficacious therapeutic candidates and the evaluation of new antisense oligonucleotide technologies
with different chemistry and delivery options.

Currently, examples of the most developed approaches in other disease fields include antagomiRs B! and miRNA
mimics [, for which there is also proof-of-concept in DM [21 [21 (6] [7] (8] [9] [10] [11] ' However, the use of blockmiRs (or miRNA
masking approach) may be a very interesting alternative therapeutic option for target upregulation. Since each miRNA is
able to regulate hundreds of genes, the action of antagomiRs is recognized as “sequence-specific,” which is a feature that
causes off-target side effects and unwanted toxicity. However, a blockmiR is a “gene-specific” option to achieve specific
mMRNA target upregulation with exquisite specificity and low undesirable off-target effects.

The initial in vivo studies with miRNA-targeting products frequently resulted in little success, which displays weak
therapeutic outcomes 2 | These studies require repeated administration to achieve persistent miRNA inhibition, have
high production costs, and/or show low efficiency in some tissues and cell types. These effects may be a consequence of
high levels of molecule degradation in the bloodstream and/or poor delivery to the final target site. Therefore, the correct
delivery of the oligonucleotide product to the targeted organs in order to maintain adequate treatment specificity can
require passive or active strategies. Targeting of organs like the liver, spleen, and lymph nodes take advantage of their
tendency to internalize accumulated particles (nanoparticles or liposome-like particles) that incorporate the oligonucleotide
molecule. However, different organs or systems, such as skeletal muscle heavily affected in DM, will need the use of
specific binding molecules to activate the endocytosis in the cells of interest. One of the major issues for all RNA-based



therapeutics is that these molecules are very unstable and prone to degradation by RNases because of their 2"-OH
chemical group. Recent strategies for increasing stability of antimiRs, as well as improving cell intake and tissue
distribution, have introduced different types of chemical modifications previously developed for ASOs, such as 2'-O-
methoxyethyl (2'-MOE), 2'-fluoro, phosphorothioate (PS), or locked nucleic acid (LNA), among others. Modified antimiRs
currently under evaluation display, in some cases, improved target modulation compared with unmodified antimiRs with
promising results in in vivo models of cancer, cardiac disease, and diabetes, and in non-human primates (12, Similarly,
different chemical modifications could provide interesting improvement opportunities for the already promising miRNA-
based and miRNA-targeting anti-DM molecules identified for the therapeutic intervention of miR-1, miR-206, miR-23b, or
miR-218 levels & [ B Otherwise, beyond the practice of basic in vitro transfection methodology options for the
development of “miRNA-gain-of function,” in vivo treatments include the use of viral transduction of pri-, pre-, or mature
miRNAs. Different studies have demonstrated the in vivo validity of this strategy by reintroducing specific miRNAs that
achieve a fine-tune miRNA product expression to block lung and liver cancer processes 13 [14] [151 pepending on the viral
vector type and the proliferation status of the target cells, DNA-encoded approaches may be continuously expressed,
facilitating a prolonged miRNA increase, as well as a suppressive response. However, safety issues still need to be
resolved for this technology 5. This last limitation has led to the development of encapsulating hanoparticle approaches
following the knowledge gained from the development of siRNA delivery methods (very similar in structure and functions)
to increase the efficacy of in vivo delivery of miRNA-based drugs 22, Thus, the use of poly(lactide-co-glycolide) (PLGA),
TargomiRs, N-acetyl-D-galactosamine (GalNac), or synthetic polyethyleneimine polymer particles, some already in clinical
trial evaluation for cancer or diabetes disease, is also suggested for anti-DM miRNA-based and miRNA-targeting drug
developments.

2. DM Drug Development Opportunities for miRNA-Based and miRNA-
Targeting Products

The different attempts for developing a treatment in DM have shown how intricate it can be due to the high complexity of
the disease. This is why the incorporation of additional and innovative strategies is desired. Only recently have proof-of-
concept miRNA-based therapeutic strategies been tested, like blocking endogenous miRNAs & or delivering exogenous
miRNAs by mimetic or miRNA-encoding expression vectors & [ However, they were usually presented as short
experiments in the context of larger basic DM-linked research approaches. Tangible advances in rational drug
developments are a prerequisite for further therapeutic success, which is already ongoing in diseases like cancer or
diabetes with miRNA-based and miRNA—targeting products already in clinical evaluation. Based on this, the consistent
identification of myomiRs as mis-regulated in DM 18 17118] [19] 5 gffering an exciting starting point for miRNA intervention
approaches, be they individually modulated or in combination. After muscle injury, the treatment of mice with a
combination of three myomiRs, but also with other miRNAs, led to enhanced muscle regeneration and prevented fibrosis
of regenerating muscle (22,

Basic but innovative DM research strategies involving miRNAs are promising. One example is the transfection with one
artificial mirtron. Mirtrons are introns that form pre-miRNA hairpins after splicing to produce RNA interference effectors
distinct from Drosha-dependent intronic miRNAs. After transfection, the mirtron causes a successful functional knockdown
of the mutated DMPK gene in a murine myoblast line containing a pathogenic copy of the gene with more than 500 CUG
repeats. Correction of Serca-1 mRNA DMl-associated splicing abnormality was detected, which demonstrated the
therapeutic potential of this RNAi strategy 2. Roles for miR-15b, miR-16, and miR-214 are also described when
proposing that the CUGexp may serve as a target for concerted regulation by miRNAs and may also act as molecular
sponges for natural miRNAs with CAG repeats in their seed regions, which affects their physiological functions .

Until recently, the use of small molecules for the direct targeting and modulation of specific miRNAs was not possible.
However, this avenue has been opened by first identifying azobenzene as a specific and efficient inhibitor of the
biogenesis of miR-21 22 that have mechanism of action linked to the direct binding of the pre-mir-21 hairpin and
interference with further Dicer processing. One interesting subject would be to study if some of the several small
molecules in development are able to modulate miRNA profiles implicated in DM. This could identify unique tools for
investigating miRNA roles in DM as well as promising reagents to further boost patient response to ongoing treatment
developments.

In addition, given that DM1 and DM2 are multisystemic disorders, investigating tissues other than skeletal muscles or
heart would also be interesting to elucidate miRNAs’ contributions to other DM clinical symptoms. Some pieces of data
have recently become available from DM-linked cancer and cataracts. Ferndndez-Torron et al. (2016) described that miR-
200/141 downregulation was linked to higher cancer risk observed in DM1 patients as the first route of explanation for this
unexpected feature 23 | Likewise, a study regarding cataracts, frequently found in DM patients, was published presenting



a prediction of miRNA networks in DM1 and DM2 for the genes differentially expressed in lens epithelial samples from
patients 24 | Notably, only the predicted miRNAs miR-197 and miR-29¢c were shared between both pathologies at this
level. Furthermore, miR-29 and miR-133, predicted in the eye in this study, were previously found as mis-regulated in
other DM tissues, which makes these miRNAs very promising for overall disease observation and intervention. In addition,
being that the majority of (therapeutic) studies in DM currently focus on type 1, it would be advantageous to give more
attention to type 2. Because they are so similar in nature, some of the miRNA-based approaches could be of common
benefit to both types of DM. This rationale could also be applied to other rare diseases with the same mutation starting
point (a CTG expansion) and/or with similar MBNL loss of function such as in spinocerebellar ataxia type 8
(SCA8) 231 and Fuch's dystrophy 28 . There is recent evidence that miRNA dysregulation can potentially contribute to
disease pathogenesis in other repeat expansions disorders (in addition to CTG sequence) like Huntington’s disease (HD),
Fragile-X syndrome (FXS), and spinocerebellar ataxias (SCAs) (reviewed in [27). These diseases also lack conventional
therapies. It is still too early to tell if mMiIRNA dysregulation is common for repeat expansion diseases. Therefore, a better
understanding of miRNA function and biogenesis may lead, as expected in DM, to the development of new therapeutic
strategies for preventing or delaying the disease.

Since MBNL1 and 2 and CELF1 are the first line of therapeutic targets in DM disease through fine-tuning regulatory
mMiRNA expression levels, renewed efforts are needed to identify additional miRNA candidates and further develop those
already identified.
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