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Abstract: miRNAs are small noncoding RNAs that control gene expression at the posttranscriptional
level. It has been recognised that miRNA dysregulation reflects the state and function of cells and
tissues, contributing to their dysfunction. The identification of hundreds of extracellular miRNAs in
biological fluids has underscored their potential in the field of biomarker research. In addition, the
therapeutic potential of miRNAs is receiving increasing attention in numerous conditions. On the
other hand, many operative problems including stability, delivery systems, and bioavailability, still
need to be solved. In this dynamic field, biopharmaceutical companies are increasingly engaged, and
ongoing clinical trials point to anti-miR and miR-mimic molecules as an innovative class of molecules
for upcoming therapeutic applications. This article aims to provide a comprehensive overview of
current knowledge on several pending issues and new opportunities offered by miRNAs in the
treatment of diseases and as early diagnostic tools in next-generation medicine.

Keywords: miRNA; circulating miRNA; theranostic biomarkers; RNA-based therapeutic; personal-
ized medicine; translational medicine

1. General Concepts

Recent improvements in omics research have accelerated advances in personalized
medicine with a driving impact on epigenetic research. The term epigenetics refers to
chemical changes in chromatin, inherited during cell division, that do not affect DNA
sequence and that include hundreds of posttranslational changes in chromatin chemical
composition, such as acetylation, phosphorylation, methylation, and ubiquitination [1,2].

Gene expression is an outstandingly controlled process, and the discovery of small
noncoding RNAs (sncRNAs) has provided outstanding contributors to its well-specialized
supervisory systems. Most synthesized RNAs are ribosomal ribonucleic acid (rRNA),
transfer ribonucleic acid (tRNA), and noncoding RNAs, such as long noncoding RNAs
(lncRNAs), circular RNAs (circRNAs), and sncRNAs [3]. sncRNAs are classified as small
interfering RNAs, PIWI-interacting RNAs, endogenous small interfering RNAs, promoter-
associated RNAs, small nucleolar RNAs, and microRNAs (miRNAs), based on their struc-
ture, assembly, and operational modes [4]. The latter have prospects as new therapeutics,
with the RNA itself acting as a target or drug.

miRNAs are sncRNAs with a length of 20–24 nucleotides that control gene expression
posttranscriptionally [5]. A distinct miRNA species acts by regulating one or multiple
transcripts at the same time (up to hundreds), and a single mRNA species often exhibits
multiple interaction sites for various miRNAs, thus generating complex regulatory circuits.
As a result, even while single miRNAs commonly have a restrained effect on a particular
target, their action produces cumulative effects by negatively influencing different tran-
scripts in a signalling network. Accordingly, metazoan miRNAs have been dubbed the
sculptors of the cell transcriptome [6].

These short molecules work as gene silencers by way of base-pairing to a target mRNA
in the 3′ untranslated sequence even though they have been observed to bind anywhere
alongside the mRNA sequence. Interestingly, miRNAs can act either by influencing the
stability and degradation of the target mRNA or by suppressing its translation. Because

Genes 2023, 14, 314. https://doi.org/10.3390/genes14020314 https://www.mdpi.com/journal/genes

https://doi.org/10.3390/genes14020314
https://doi.org/10.3390/genes14020314
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0001-5231-2231
https://doi.org/10.3390/genes14020314
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes14020314?type=check_update&version=1


Genes 2023, 14, 314 2 of 14

they are essential for base pairing with a target mRNA, the nucleotides at positions 2–8 of a
mature miRNA have been termed a "seed sequence"; however, a fraction of miRNA-target
recognition is also mediated through noncanonical seed-like consensus sequences. In
addition, seed-region identity has also been used to classify miRNAs into families that
have a common capacity to recognize sets of target mRNAs [7].

Currently, 3012 unique human miRNAs have been recognized and stored in the
miRTarBase repository, with a huge, estimated capacity of 4,475,477 potential miRNA–
target interactions [8]. Furthermore, several issues have been reported regarding the quality
of miRNA annotations in publicly available databases, as well as the reproducibility of
microRNA studies [9]. Comprehensively, endogenous miRNAs have been reported to
regulate most, if not all, protein-coding genes in mammals. However, with hundreds of
conceivably miRNA–mRNA interactions, the human miRNA targetome is far from being
determined [10].

The miRNA biogenesis pathway is accountable for the handling of a pre-miRNA to a
mature miRNA and has been widely reported [11–13]. Of note, miRNAs are themselves
sensitive to transcriptional and posttranscriptional control, and emerging approaches for the
direct mapping of RNA modifications in sncRNAs have been proposed, with an emphasis
on mass spectrometry and nanopore technologies [14]. As an example, the terminal
nucleotidyltransferases (rNTrs) can modulate miRNA sequences by adding nontemplated
nucleotides to the 3’-end (tailing). Accordingly, miRNA isoforms with diverse 3′-ends (and
possibly functions), known as 3′ isomiRs, have been thoroughly detected by NGS [15]. The
editing by adenosine deaminase acting on RNA (ADAR) is a relevant regulatory mechanism
acting at the posttranscriptional level and is increasingly found in metazoans [16]. The
enzyme induces A-to-I RNA editing modification of double-stranded RNA. Editing leads
to changes in miRNA processing, as well as the editing of a target mRNA, thus upsetting
the mutual complementarity and driving a microRNA–mRNA interactional redirection,
distressing diverse cellular processes. Of note, the editing activity of ADAR is increasingly
reported to be enhanced in cancer, but its influence on deriving RNA modifications is still
unknown [16].

Excitingly, several endogenous cellular RNAs, such as circular RNAs, long noncoding
RNAs, transcribed pseudogenes, and mRNAs, act as natural miRNA sponges, able to firmly
interact with and disrupt target miRNAs, thus distressing their controlled networks [17].

Although a small number of miRNAs have a tissue-specific distribution, most reveal a
broad tissue localization. Given the pervasive presence of nucleases, it is assumed that RNA
molecules are prone to rapid degradation in the extracellular environment. Nevertheless,
miRNA molecules have been found to retain unexpected stability in plasma and other
physiological fluids since they can be packaged from cells in the form of microvesicles
and exosomes or protein complexes, such as Argonaute 2 (AGO-2) (taking part in the
RNA silencing complex), nucleophosmin-1 (NPM-1) (an RNA-binding protein involved in
ribosome nuclear export), or high-density lipoproteins. These forms are able to be actively
released into the extracellular space and reach recipient cells, where they can influence the
translation of target genes, thus defining an explicit role of miRNAs in cell–cell communi-
cation [18]. Accordingly, the discovery of about 300 circulating miRNAs (c-miRNAs) has
highlighted miRNAs’ potential as intercellular signalling molecules and disease biomark-
ers [19] since a dysregulated expression of miRNA can unsettle tightly controlled RNA
networks in tissues and organs, potentially contributing to abnormalities [20]. Nevertheless,
most of the functional significance of c-miRNAs remains unknown to date, and the gap
between discovery and function has yet to be bridged.

Many studies have found correlations between altered levels of miRNA and the
physiopathology of numerous processes including mitochondrial [21], cardiovascular [22],
neurodegenerative [23], immune disease [24], inflammatory [25], rare genetic disorders,
and more; most of these studies have focused on miRNAs as biomarkers of cancer [26–30],
emphasizing their relevance as personalized theranostic factors. Interestingly, miRNAs are
not only prospective markers of the onset and progression of neoplastic disease, but also
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indicators of responses to cancer therapy, as well as their relationship to drug resistance
and the modulation of responses to cancer treatment [31].

By controlling crucial metabolic processes, miRNAs have also been found to play a role
in energy balance and the oversight of metabolic pathways in living organisms [20,32–38].
Furthermore, the treatment of infectious diseases has been linked to several miRNAs [39].
Yet, it has been discovered that miRNA expression changes in response to dietary and
lifestyle factors [40]; consequently, the recent nutrimiRomics research focuses on the impact
of diet on miRNA levels in the human body, as well as their downstream impact on gene
expression and subsequent health outcomes. Finally, there is growing evidence that dietary
miRNAs may survive digestion [41]. However, the roles and capabilities of food-related
miRNAs in modulating interspecies RNA are still an enigma.

2. Technological Advances Offer New Opportunities for miRNAs
in Translational Medicine

Since the first report of a noncoding RNA identified in C. elegans in 1993 [42], the bulk of
the 153,210 papers on miRNA research listed in PubMed (January 2023) reveals their critical
impact on human diseases. The substantial translational interest is confirmed by searching
Google’s patent database; a search for the keywords “microRNA” and “biomarker” yielded
56,021 results (as of January 2023). The quantity and diversity of studies are evocative
of the astonishing complexity and limitations of miRNA research that is increasingly
projected toward next-generation medicine. According to the unusual levels of miRNAs
found in some unhealthy conditions, novel molecular diagnostic strategies are expected,
deeply encouraging researchers and producers to focus on miRNAs as relevant noninvasive
disease biomarkers. However, so far, there is no agreement on specific miRNAs suitable
for early disease detection, even in crucial topic areas such as in vivo cancer research [43].
Current limitations in this discovery field are related to c-miRNA recognition methods,
which must be extremely specific and able to recognize small quantities of target molecules,
while also taking into account the presence of unwanted contaminants and inhibitors that
could interfere with downstream analytical methodologies. Differences in all the critical
steps used for miRNA extraction, detection, data normalization, validation, target gene
identification, and experimental design are responsible for at least some of the discrepancies
between the different studies [44]. Overall, these constraints require the timely development
of standard procedures and well-recognized guidelines to accurately decipher the power
and versatility of miRNAs in molecular diagnostics [45,46].

Furthermore, the prompt increase of RNA drugs in recent research and clinical de-
velopment, driven in part by the success of messenger RNA vaccines in the fight against
the SARS-CoV-2 pandemic, has spurred the pursuit of mRNA-based drugs for treating
other conditions.

Therapeutic agents are classically based on synthetic small molecules, monoclonal
antibodies, or large proteins. Traditional drugs may fail to hit intended therapeutic targets
due to the inaccessibility of active sites in the target’s three-dimensional structure. RNA-
based therapies can offer an exceptional opportunity to potentially reach any relevant target
with therapeutic purposes. Additionally, techniques based on nucleic acid technologies
can avoid the need for laborious synthesis procedures. Yet, the recognition sequence can
be quickly revised and adapted to the target. Nevertheless, RNA-based therapies have
specificity problems that carry the risk of side effects [47,48]; in addition, RNA-based drugs’
susceptibility to degradation may determine poor pharmacodynamics [47,48]. A number of
these issues can be mitigated by chemical changes in the structure of the synthetic polymer
(RNA or DNA). Of note, RNA-based drugs are usually larger in size than small-molecule
therapies and carry electrical charges, which makes their intracellular delivery in their
native form difficult.

In this context, the therapeutic potential of miRNA treatments is receiving attention
in clinical trials of almost all human diseases [43,49]. Given the ability of miRNAs to
target specific mRNAs, inhibitors based on the sequence of overexpressed miRNAs can
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be used prospectively in the form of anti-miRs to lower elevated levels of miRNAs and,
in turn, restore their downregulated transcripts [50]. This opportunity for medically-
based interventions is closely linked to the pioneering use of antisense molecules, the first
molecular drugs inspired by the target sequence [51]. These synthetic tools have a sequence
complementary to a specific mRNA whose levels they can modulate [52]. Anti-miRs are
typically based on first-generation antisense single-stranded oligonucleotides (ASOs), or
their chemically modified forms as blocked nucleic acids (LNAs), which are opportunely
designed to recognize target mRNAs. Yet, anti-miRs with a 2′-O-methoxyethyl substitution
are classified as antagomiRs [53]. Furthermore, miRNA mimics are chemically synthesized,
double-stranded small RNA molecules which mimic mature endogenous miRNAs (miRNA
replacement therapy) after transfection into cells, the action of which is aimed at replacing
downregulated or missing miRNA expression [54].

The delivery of virus-mediated miRNA-based therapies has shown great success in
animal models, where adenoviruses have been successful in delivering both anti-miR and
miRNA mimics. However, despite the high efficiency of virus-based miRNA delivery
systems, several concerns continue, including toxicity, immunogenicity, and insert-size
constraints [55]. To overcome these difficulties, over the years, nonviral approaches for the
production and delivery of miRNA-based drugs have emerged. Substantial improvements
in designing, synthesis, binding affinity, stability, and target modulation effects of both
miRNA mimics and anti-miRs have been accomplished through chemical changes to
the nucleotide backbone since a major challenge for RNA-based therapeutic strategies is
the possible degradation of oligonucleotides by RNases in extracellular and endocellular
compartments. Accordingly, the oligonucleotide chemistry has been widely altered by
modifying the nucleotides, introducing base modifications, modifications on ribose moiety,
and modifications to the phosphate group in the sugar−phosphate backbone (Figure 1). As
an example, by introducing methylation (2′-O-methoxyethyl), locked nucleic acids (LNAs),
a nucleic acid analogue that contains a 2′-O-methoxyethyl, 2′-fluoro and 2′,4′-methylene
bridge, peptide nucleic acid (PNA) a synthetic polymer, an analogue to DNA and RNA, in
which the sugar–phosphate backbone has been substituted by a unit of N-(2-aminoethyl)
glycine, adding phosphorothioate (PS)-like groups (by replacing the nonbridging oxygen in
the phosphate group with sulphur) [51], and others [56]. Overall, these changes have been
shown to increase the stability of oligonucleotides by making internucleotide linkages more
resistant to the degradation of nucleases, and preserving both the ability to activate RNase
H (the enzyme responsible for mRNA target cleavage) and their function in suppressing the
target gene. In this research field, the diverse anti-miRNA oligonucleotide chemistries were
also directly compared, and the in vitro results showed that the combination of 2′-O-methyl
and LNA with phosphorothioate ends was about 10 times more active than modification
alone, and 2 times as effective as the 2′-O-methyl with LNA changes [57]. Overall, up to
now, most efforts to develop therapies based on chemically modified miRNAs have been
directed toward the development of anti-miRs using LNA chemistry, whereas currently
commercially available miRNA mimics are often modified by methylation [58,59].

Another strategic approach facilitating RNA-based therapeutics in clinical application
consists of encapsulating miRNA mimics or anti-miRs in carrying vehicles to confer to
them protection from nuclease.
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Therapeutic miRNAs include negatively charged polymers that cannot directly cross
cell membranes. To get to their intended targets, they need appropriate formulations,
including carriers as well as chemical modifications. Accordingly, delivery systems must
shield the therapeutic RNAs from serum nucleases, avoid immune-system interference,
escape unintended interactions with serum proteins, and prevent renal clearance when
given systemically. Previous studies have shown that therapeutic RNAs administered
locally or topically can circumvent complications associated with systemic administration,
have higher bioavailability, and have a reduced clearance as compared to those adminis-
tered systemically; nevertheless, this delivery opportunity is restricted to tumours, mucous
membranes, eyes, and skin [60]. In this context, the subcutaneous administration of naked
mRNA, as compared with mRNA-loaded nanoparticles, leads to a more effective translation
of the protein [61].

The nanocarrier encapsulation strategy can both protect and deliver the drug to
recipient cells, while biological obstacles, such as immunogenicity and nuclease, are often
approached by chemically modifying the nucleotide structure [62]. Various transport
methods are increasingly being used to improve bioavailability, including liposomes and
biodegradable polymers. In this context, liposomes, long used as immunological adjuvants
in vaccination, adequately fulfil this role [63].

Lipid nanoparticles are the most commonly used nonviral delivery technology for
nucleic-acid-based drugs and vaccines [64]. They are composed of complexes of anionic nu-
cleic acids and synthetic cationic lipids. The cationic lipids characteristically include amine
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derivatives, such as primary, secondary, and tertiary amines, in addition to quaternary am-
monium, amidinium salts, and various amine combinations [65]. Furthermore, guanidine,
imidazole groups (pyridinium, piperazine), and amino acids, including tryptophan, lysine,
arginine, and ornithine, have also been employed [66]. A comprehensive list of commonly
used cationic lipids in drug formulations was recently reviewed [66]. The advantages of
lipid-based transfer systems consist of ease of assembly, biodegradability, the ability to
shield nucleic acids entrapped by nucleases, the protection of renal clearance, the ability
to promote cellular uptake, and the avoidance of endosomes. Additional carriers with
biodegradability, biocompatibility, and low toxicity are employed. Polymeric nanoparticles
are among the most-studied carriers and include synthetic and natural cationic polymers,
as well as polyethylenimine (PEI), cyclodextrin, chitosan, and poly (lactic-co-glycolic acid)
(PLGA) [67]. Furthermore, dendrimers, carbon nanotubes, peptides, gold nanoparticles,
silica-derived nanoparticles, iron-oxide-based magnetic nanoparticles, and other nanoparti-
cles are increasingly being studied for medical interventions (Figure 2) [62].
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3. RNA Therapeutics

The great expectation in the field of miRNA therapeutics is fully evidenced by the
number of studies discovered by querying the keyword "microRNA" in the Clinical Trials
Database (U.S. National Library of Medicine; http://www.ClinicalTrials.gov, accessed on
20 January 2023, a search of which yielded 1213 results, a result that includes 368 studies in
the recruitment or not-yet-recruited phase, 91 ongoing studies, and 414 completed studies.

http://www.ClinicalTrials.gov
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In this dynamic field, biopharmaceutical companies are increasingly engaged, and ongoing
clinical trials point to anti-miR and miR-mimic molecules as an innovative class of drugs
for upcoming therapeutic applications in the coming years [68]. As an example, in 2020,
the North American market accounted for more than 45% of the comprehensive miRNA
market, given the presence of key players with research and development abilities and
recognized research infrastructure in terms of genomics, proteomics, oncology, and in silico
tools. Interestingly, this market, estimated at USD 225.5 million in the year 2020, is projected
to increase at a compound annual growth rate of 13.8% from 2020 to 2027, to reach a revised
value of USD 556.1 million [69].

The Lesson of Antisense Technology

The road to development and regulatory approval of emerging miRNA-based thera-
peutics could be faster than conventional drugs. However, such therapy, as with miRNAs in
the biomarker field, is still in the early stages of development, and many aspects, including
synthesis, purification, chemical stability, immunogenicity, bioavailability, distribution,
metabolism, and body-elimination capacity, need to be further confirmed in preclinical
studies [70]. Yet, attention must be paid to the accurate delivery of these novel drugs to
target tissues and organs. Furthermore, miRNA-based drug formulations are largely based
on the knowledge of antisense drugs previously approved by the U.S. Food and Drug
Administration (US FDA) for the treatment of several diseases, some relevant examples of
which are given below.

Eteplirsen (Exondys 51®)
It is a drug used to treat some types of Duchenne muscular dystrophy (DMD),

caused by specific mutations in the dystrophin gene. The gene deletion determines a
reading frameshift causing an early stop codon that prevents translation to functional
dystrophin protein by nonsense-mediated RNA decay [71]. Exon skipping may be induced
by Eteplirsen, a phosphorodiamidate morpholino oligomer (PMO), that, by selectively
binding to exon 51 of the dystrophin pre-mRNA transcript, restores the reading frame
phase and allows the assembly of a modified functional protein. The drug only targets
specific mutations and can be used to treat about 14% of DMD cases [71].

Fomivirsen (Vitravene)
It was the first antisense drug to be approved by the FDA (in 1998) and by the European

Agency for the Evaluation of Medicinal Products (in 1999), and it is used to treat the
symptoms of retinitis, the most frequent manifestation of cytomegalovirus (CMV) disease
in patients with HIV infection [72]. Fomivirsen is a phosphorothioate oligonucleotide (PS)
with potent antiviral properties developed by Ionis Pharmaceuticals and marketed by
Novartis CIBA Vision. When injected into a human eye, hybridization of this antisense
ODN to CMV mRNA avoids RNA transcription from the immediate-early region-2 gene,
thereby limiting viral replication [72]. Furthermore, this agent prevents the adsorption of
CMV into host cells via a sequence-independent mechanism.

Givosiran (Givlaari®)
It is a drug used to treat acute hepatic porphyria (AHP) in both adults and adolescents.

AHP is an uncommon genetic disorder caused by inborn defects in metabolism, in which
the enzyme delta-aminolevulinate synthase 1 (ALAS1), involved in the synthesis of the
heme group, is produced in excess. This condition results in a harmful accumulation of
porphyrins in the liver and bone marrow that triggers a wide range of highly debilitating
symptoms [73]. Givosiran, developed by Alnylam Pharmaceuticals, is a siRNA drug
conjugated to GalNAc to accomplish liver-specific distribution, where it leads to a decrease
in the ALAS1 enzyme and downstream metabolites [73].

Golodirsen (Vyondys 53TM)
It is an antisense PMO oligomer from Sarepta. The drug is used in DMD patients

with a definite mutation in the dystrophin gene that can be treated by skipping exon 53.
The objective of exon skipping is to allow the muscle tissue to make a shorter form of
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the modular dystrophin protein. In subjects treated with Golodirsen, levels of dystrophin
increased by more than 15 fold [74].

Inotersen (Tegsedi®)
It was originally developed by Ionis Pharmaceuticals in 2018 and marketed globally

by Akcea Therapeutics. Inotersen consists of an ASO with PS modifications along the
sequence and five 2’-O-MOE nucleotides at the 5’ and 3’ ends, designed to inhibit TTR
production [75]. hATTR amyloidosis is an inherited, progressive, and fatal disease for which
there are limited treatment options. The mutated protein forms amyloid deposits, which
accumulate in tissues and organs throughout the body, including nerves, interfering with
their functions. Inotersen reduces transthyretin production, thereby decreasing amyloid
formation and alleviating the symptoms of hATTR amyloidosis. Inotersen is effective in
treating stage 1 or stage 2 neuropathy in patients with this condition.

Milasen
It is a personalized drug that was explicitly designed for the treatment of a 6-year-

old child suffering from neuronal ceroid lipofuscinosis 7 (CLN7) [76]. Neuronal ceroid-
lipofuscinosis (NCL) includes a group of genetic, lysosomal storage disorders charac-
terised by progressive intellectual and motor deterioration, vision loss, seizures, and early
death [77]. The genomic analysis of the patient recognized the insertion of SVA (SINE-
VNTR-Alu) retrotransposon into the MFSD8 gene. The 22-mer ASO contains 2’-O-MOE-
and PS-based modifications and targets cryptic splice sites in the MFSD8 pre-mRNA, restor-
ing normal splicing (exons 6–7). Of note, Milasen treatments significantly improved the
patient’s quality of life.

Nusinersen (Spinraza®)
Spinal muscular atrophy (SMA) represents one of the most common genetic diseases

responsible for infantile death due to mutations in the SMN1 gene and the consequent
injury of motor neurons. The intronic splicing silencer N1 represents a relevant pharma-
cological target, and several ASOs are being developed to include exon 7 in the mature
mRNA transcript of the SMN2 gene to increase the synthesis of spinal motor neuron pro-
teins. Nusinersen was developed by Biogen and contains both 2’-O-MOE- and PS-based
changes [78]. The drug was approved by the FDA in 2016 and shown to be effective in
improving motor function and survival in infant- and childhood-onset SMA.

Patisiran (Onpattro®)
It is sold under the brand name Onpattro and was developed by Alnylam. It is

the first siRNA-based drug used for the treatment of polyneuropathy in people with
hereditary transthyretin (TTR)-mediated amyloidosis, a rare and fatal condition [79]. TTR
is a protein involved in the carriage of thyroxin and retinol-binding protein vitamin A
complex. Mutations in the TTR gene produce proteins more prone to misfolding and
collapse as TTR amyloid fibrils in the extracellular spaces of several organs, finally leading
to their dysfunction. In a phase III study, patients treated with Patisiran displayed an 80%
reduction of TTR levels in serum.

4. miRNA-Based Therapeutics

The development and commercialization of new diagnostics and therapeutics is a long
process. Since the association of miRNAs with human disorders was discovered in 2002,
their great potential as next-generation drugs has prompted fields at the interface of biology,
chemistry, and medical science to invest heavily in the development and exploitation
of miRNA-based therapies. However, despite the considerable number of preclinical
studies, the development of both miRNA diagnostic and therapeutic applications is still
in its infancy, and only a minor number of miRNA-based therapies have moved on to
clinical development. In this scenario, several biotech and pharmaceutical companies
have included miRNAs in their line of development to rapidly bring noncoding RNAs
from the bench to the patient’s bedside, working on two types of drugs: antagomiRs and
miRNA mimics. The list of miRNA-based drugs in clinical trials is expanding daily, with
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several candidates directed against genetic, metabolic, and oncological diseases reaching
the clinical-trials stage [56,80].

Miravirsen
It is the first antisense miRNA that passed in clinical trials as a targeted therapy for

the treatment of hepatitis C virus (HCV) infection. The drug consists of a 15-mer LNA-PS-
modified ASO able to target miR-122, which controls HCV replication in the liver [81]. The
long-term efficacy and safety of Miravirsen in patients with chronic HCV infection were
evaluated in a phase II study. The drug was supplied to the patient through subcutaneous
injection during the study. Treatment with Miravirsen has been established to determine a
dose-dependent reduction in viral cargo in chronic HCV subjects. However, severe side
effects halted the trial.

RG-012
Regulus Therapeutics has developed an anti-miR-21 for the management of Alport

syndrome, an inherited disease caused by mutations in the COL4A3, COL4A4, and COL4A5
genes that result in eye abnormalities, hearing loss, and kidney disease. In this context,
glomeruli become less able to function as the disease progresses, resulting in end-stage
renal failure. The disease has no approved therapy [82]. miR-21 is a noncoding RNA
that negatively controls genes/networks and has been described as being up-regulated in
fibrotic kidney disease. Preclinical studies have shown that treatment with an anti-miR-21
significantly attenuates kidney failure by reducing the rate of progression of renal fibrosis.
RG-012 has been granted orphan drug status in the United States and Europe.

Cobomarsen (MRG-106)
miR-155 is up-regulated in several lymphoma subtypes, as well as in diffuse large

B-cell lymphoma [83]. Cobomarsen is an LNA-based antagomiR targeting miR-155. The
molecule developed by miRagen Therapeutics (Viridian Therapeutics Inc) is currently
in phase II trials for the treatment of cutaneous T-cell lymphoma, T-cell lymphoma,
and leukaemia.

MRG-107
MRG-107 is also being developed by miRagen Therapeutics and, similar to MRG-

106, it targets miR-155. The miRNA plays relevant functions in the immune mechanisms
and inflammation processes in amyotrophic lateral sclerosis (ALS). In the spinal cords of
ALS patients, levels of miR-155 are increased. The inhibition of miR-155 has alleviated
symptoms and extended survival in preclinical models of the disease.

MRX34
miR-34a is a natural tumour-suppressor expressed at reduced levels in many tumour

types. Clinical studies have reported a negative correlation between reduced miR-34
expression and survival in several tumour types. MRX34 is a liposomal formulation of
miR-34a. It is considered to be a first-in-class miRNA mimic for the treatment of a wide
range of cancers, including ovarian cancer, colon cancer, cervical cancer, hepatocellular
carcinoma, non-small cell lung cancer, and others. The formulation is currently in a phase I
clinical trial [84].

RG-101
miR-122 is a liver-specific micro-RNA with relevant functions in this organ’s

metabolism [20]. This miR is also an essential host factor for HCV. Clinical manage-
ment with RG-101, an anti-miR-122 ODN conjugated with N-acetylgalactosamine (GalNAc)
developed by Regulus Therapeutics, resulted in a significant reduction in viral loads in
chronic HCV subjects. The drug is currently in a phase I clinical trial [85].

RGLS4326
Polycystic kidney disease (ADPKD) is an autosomal dominant disease caused by

mutations in the PKD1 or PKD2 gene. (Autosomal recessive polycystic kidney disease is
less common.) ADPKD represents one of the most frequent monogenetic disorders, and it
is the primary genetic cause of end-stage renal disease [86]. Therapeutic opportunities for
ADPKD treatment are limited. RGLS4326 is a single-stranded, chemically modified, 9-mer
ASO with full complementarity to the seed sequence of miR-17. ASO potentially inhibits
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the pathologic functions of the miR-17 family in ADPKD [87]. This molecule is in a phase I
clinical trial.

MRG-110
It is an antagomiR developed by MiRagen Therapeutics in collaboration with Servier.

The drug targets miR-92 to treat ischemic conditions such as heart failure [88]. The phase I
clinical trial is currently in the recruitment phase.

Remlarsen (MRG-201)
The drug is intended to mimic the activity of miR-29, a miRNA which downregulates

the levels of collagen and other proteins involved in scar formation. Levels of miR-29
family members are typically downregulated in fibrotic diseases [89]. Remlarsen, an LNA
RNA mimic, is being investigated to determine if it can limit the formation of fibrous scar
tissue when administered by intradermal injection at the site of an excisional wound [90].
The phase II clinical trial is currently underway.

MesomiR
As in other cancer types, miRNA expression in malignant pleural mesothelioma

(MPM) exhibits characteristic variations. The MesomiR 1 study is an ongoing phase I
study testing the treatment of miR-15/16 (microRNAs implicated as tumour suppressors
in MPM) packed in EDV TM nanocells (a 400 nm particle of bacterial origin able to carry a
drug cargo) and targeted with EGFR antibodies (TargomiRs) in patients with MPM and
refractory lung cancer (NSCLC) [91].

MGN-1374
miRagen Therapeutics is a company developing several miRNA-based drugs, among

which ASO MGN-1374 targets the miR-15-family seed region. The 8-mer LNA oligonu-
cleotide is in the preclinical stage for the control of postmyocardial infarction remodelling.

Of note, several other therapeutic miRNAs are under investigation.

5. Conclusions

Advances in understanding the role of miRNAs in pathophysiology, along with opti-
mizing the efficacy and safety of anti-miRs/miRNA-mimic-based strategies, are contribut-
ing to the translation of miRNA research into clinical practice. RNA-based therapies have
the remarkable potential to theoretically reach any relevant target, offering the opportunity
to modulate specific miRNA levels. Currently, several RNA-based drugs have been ap-
proved for medical application, and the therapeutic potential of miRNA-based treatments
is receiving increasing attention in relation to almost all human diseases, with the list of
miRNA-based therapeutics in clinical trials expanding daily. Nevertheless, despite these
exciting advancements, miRNA-based drugs have not yet passed phase III clinical trials
and received approval from the US FDA for clinical use. In fact, several bottlenecks, such
as best target selection, development of more effective modified ASOs, off-target binding,
toxicity, immunogenicity, bioavailability, the efficiency of delivery systems to target organs,
and vector encapsulation, still limit the possibility of translating miRNA-based approaches
into therapeutic realities. Against this backdrop, numerous biotech and pharmaceutical
companies are increasingly engaged in including miRNAs in their development pipeline to
rapidly bring miRNA-based technology from the bench to the patient’s bedside.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Iacomino, G.; Medici, M.C.; Napoli, D.; Russo, G.L. Effects of histone deacetylase inhibitors on p55CDC/Cdc20 expression in

HT29 cell line. J. Cell. Biochem. 2006, 99, 1122–1131. [CrossRef]
2. Cavalieri, V. The Expanding Constellation of Histone Post-Translational Modifications in the Epigenetic Landscape. Genes 2021,

12, 1596. [CrossRef]

http://doi.org/10.1002/jcb.21014
http://doi.org/10.3390/genes12101596


Genes 2023, 14, 314 11 of 14

3. Nieselt, K.; Herbig, A. Non-Coding RNA, Classification. In Encyclopedia of Systems Biology; Dubitzky, W., Wolkenhauer, O., Cho,
K.-H., Yokota, H., Eds.; Springer: New York, NY, USA, 2013; pp. 1532–1534. [CrossRef]

4. Hombach, S.; Kretz, M. Non-Coding RNAs: Classification, Biology and Functioning. Adv. Exp. Med. Biol. 2016, 937, 3–17.
[CrossRef]

5. Lauria, F.; Iacomino, G. The Landscape of Circulating miRNAs in the Post-Genomic Era. Genes 2022, 13, 94. [CrossRef]
6. Bartel, D.P. Metazoan MicroRNAs. Cell 2018, 173, 20–51. [CrossRef] [PubMed]
7. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
8. Huang, H.Y.; Lin, Y.C.; Li, J.; Huang, K.Y.; Shrestha, S.; Hong, H.C.; Tang, Y.; Chen, Y.G.; Jin, C.N.; Yu, Y.; et al. miRTarBase

2020: Updates to the experimentally validated microRNA-target interaction database. Nucleic Acids Res. 2020, 48, D148–D154.
[CrossRef] [PubMed]

9. Fromm, B.; Domanska, D.; Hoye, E.; Ovchinnikov, V.; Kang, W.; Aparicio-Puerta, E.; Johansen, M.; Flatmark, K.; Mathelier, A.;
Hovig, E.; et al. MirGeneDB 2.0: The metazoan microRNA complement. Nucleic Acids Res. 2020, 48, D132–D141. [CrossRef]

10. Kern, F.; Krammes, L.; Danz, K.; Diener, C.; Kehl, T.; Kuchler, O.; Fehlmann, T.; Kahraman, M.; Rheinheimer, S.; Aparicio-Puerta,
E.; et al. Validation of human microRNA target pathways enables evaluation of target prediction tools. Nucleic Acids Res. 2021, 49,
127–144. [CrossRef] [PubMed]

11. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [CrossRef] [PubMed]
12. Lauria, F.; Venezia, A.; Iacomino, G. Circulating MicroRNA (miRNA)s as Biological Markers and Links with Obesity and

Obesity-Related Morbid Conditions. In Biomarkers in Nutrition; Patel, V.B., Preedy, V.R., Eds.; Springer International Publishing:
Cham, Switzerland, 2022; pp. 1–22. [CrossRef]

13. Iacomino, G.; Lauria, F.; Venezia, A.; Iannaccone, N.; Russo, P.; Siani, A. Chapter 6, microRNAs in Obesity and Metabolic Diseases.
In Obesity and Diabetes: Scientific Advances and Best Practice; Springer Nature: Berlin, Germany, 2020.

14. Decoding noncoding RNAs. Nat Methods 2022, 19, 1147–1148. [CrossRef]
15. Yang, A.; Bofill-De Ros, X.; Stanton, R.; Shao, T.-J.; Villanueva, P.; Gu, S. TENT2, TUT4, and TUT7 selectively regulate miRNA

sequence and abundance. Nat. Commun. 2022, 13, 5260. [CrossRef] [PubMed]
16. Roberts, J.T.; Patterson, D.G.; King, V.M.; Amin, S.V.; Polska, C.J.; Houserova, D.; Crucello, A.; Barnhill, E.C.; Miller, M.M.;

Sherman, T.D.; et al. ADAR Mediated RNA Editing Modulates MicroRNA Targeting in Human Breast Cancer. Processes 2018, 6,
42. [CrossRef] [PubMed]

17. Alkan, A.H.; Akgül, B. Endogenous miRNA Sponges. In Methods in Molecular Biology; Humana: New York, NY, USA, 2022;
Volume 2257, pp. 91–104. [CrossRef]

18. Thomou, T.; Mori, M.A.; Dreyfuss, J.M.; Konishi, M.; Sakaguchi, M.; Wolfrum, C.; Rao, T.N.; Winnay, J.N.; Garcia-Martin, R.;
Grinspoon, S.K.; et al. Adipose-derived circulating miRNAs regulate gene expression in other tissues. Nature 2017, 542, 450–455.
[CrossRef] [PubMed]

19. Witwer, K.W. Circulating microRNA biomarker studies: Pitfalls and potential solutions. Clin. Chem. 2015, 61, 56–63. [CrossRef]
20. Iacomino, G.; Siani, A. Role of microRNAs in obesity and obesity-related diseases. Genes Nutr. 2017, 12, 23. [CrossRef]
21. Catanesi, M.; d’Angelo, M.; Tupone, M.G.; Benedetti, E.; Giordano, A.; Castelli, V.; Cimini, A. MicroRNAs Dysregulation and

Mitochondrial Dysfunction in Neurodegenerative Diseases. Int. J. Mol. Sci. 2020, 21, 5986. [CrossRef]
22. Zhou, S.-S.; Jin, J.-P.; Wang, J.-Q.; Zhang, Z.-G.; Freedman, J.H.; Zheng, Y.; Cai, L. miRNAS in cardiovascular diseases: Potential

biomarkers, therapeutic targets and challenges. Acta Pharmacol. Sin. 2018, 39, 1073–1084. [CrossRef]
23. Swarbrick, S.; Wragg, N.; Ghosh, S.; Stolzing, A. Systematic Review of miRNA as Biomarkers in Alzheimer’s Disease. Mol.

Neurobiol. 2019, 56, 6156–6167. [CrossRef]
24. Pauley, K.M.; Cha, S.; Chan, E.K. MicroRNA in autoimmunity and autoimmune diseases. J. Autoimmun. 2009, 32, 189–194.

[CrossRef] [PubMed]
25. Nejad, C.; Stunden, H.J.; Gantier, M.P. A guide to miRNAs in inflammation and innate immune responses. FEBS. J. 2018, 285,

3695–3716. [CrossRef] [PubMed]
26. Calin, G.A.; Croce, C.M. MicroRNA signatures in human cancers. Nat. Rev. Cancer 2006, 6, 857–866. [CrossRef]
27. Matsuzaki, J.; Ochiya, T. Circulating microRNAs and extracellular vesicles as potential cancer biomarkers: A systematic review.

Int. J. Clin. Oncol. 2017, 22, 413–420. [CrossRef] [PubMed]
28. Torres, R.; Lang, U.E.; Hejna, M.; Shelton, S.J.; Joseph, N.M.; Shain, A.H.; Yeh, I.; Wei, M.L.; Oldham, M.C.; Bastian, B.C.; et al.

MicroRNA ratios distinguish melanomas from nevi. J. Investig. Dermatol. 2019, 140, 164–173. [CrossRef] [PubMed]
29. Parashar, D.; Singh, A.; Gupta, S.; Sharma, A.; Sharma, M.K.; Roy, K.K.; Chauhan, S.C.; Kashyap, V.K. Emerging Roles and

Potential Applications of Non-Coding RNAs in Cervical Cancer. Genes 2022, 13, 1254. [CrossRef] [PubMed]
30. Vischioni, C.; Bove, F.; De Chiara, M.; Mandreoli, F.; Martoglia, R.; Pisi, V.; Liti, G.; Taccioli, C. miRNAs Copy Number Variations

Repertoire as Hallmark Indicator of Cancer Species Predisposition. Genes 2022, 13, 1046. [CrossRef] [PubMed]
31. Szczepanek, J.; Skorupa, M.; Tretyn, A. MicroRNA as a Potential Therapeutic Molecule in Cancer. Cells 2022, 11, 1008. [CrossRef]
32. Deiuliis, J.A. MicroRNAs as regulators of metabolic disease: Pathophysiologic significance and emerging role as biomarkers and

therapeutics. Int. J. Obes. 2016, 40, 88–101. [CrossRef]
33. Iacomino, G.; Lauria, F.; Russo, P.; Marena, P.; Venezia, A.; Iannaccone, N.; De Henauw, S.; Foraita, R.; Heidinger-Felso, R.;

Hunsberger, M.; et al. Circulating miRNAs are associated with sleep duration in children/adolescents: Results of the I. Family
Study. Exp. Physiol. 2020, 105, 105–347. [CrossRef]

http://doi.org/10.1007/978-1-4419-9863-7_1118
http://doi.org/10.1007/978-3-319-42059-2_1
http://doi.org/10.3390/genes13010094
http://doi.org/10.1016/j.cell.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29570994
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.1093/nar/gkz896
http://www.ncbi.nlm.nih.gov/pubmed/31647101
http://doi.org/10.1093/nar/gkz885
http://doi.org/10.1093/nar/gkaa1161
http://www.ncbi.nlm.nih.gov/pubmed/33305319
http://doi.org/10.1038/nrm3838
http://www.ncbi.nlm.nih.gov/pubmed/25027649
http://doi.org/10.1007/978-3-030-81304-8_29-1
http://doi.org/10.1038/s41592-022-01654-5
http://doi.org/10.1038/s41467-022-32969-8
http://www.ncbi.nlm.nih.gov/pubmed/36071058
http://doi.org/10.3390/pr6050042
http://www.ncbi.nlm.nih.gov/pubmed/30197877
http://doi.org/10.1007/978-1-0716-1170-8_5
http://doi.org/10.1038/nature21365
http://www.ncbi.nlm.nih.gov/pubmed/28199304
http://doi.org/10.1373/clinchem.2014.221341
http://doi.org/10.1186/s12263-017-0577-z
http://doi.org/10.3390/ijms21175986
http://doi.org/10.1038/aps.2018.30
http://doi.org/10.1007/s12035-019-1500-y
http://doi.org/10.1016/j.jaut.2009.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19303254
http://doi.org/10.1111/febs.14482
http://www.ncbi.nlm.nih.gov/pubmed/29688631
http://doi.org/10.1038/nrc1997
http://doi.org/10.1007/s10147-017-1104-3
http://www.ncbi.nlm.nih.gov/pubmed/28243946
http://doi.org/10.1016/j.jid.2019.06.126
http://www.ncbi.nlm.nih.gov/pubmed/31580842
http://doi.org/10.3390/genes13071254
http://www.ncbi.nlm.nih.gov/pubmed/35886037
http://doi.org/10.3390/genes13061046
http://www.ncbi.nlm.nih.gov/pubmed/35741808
http://doi.org/10.3390/cells11061008
http://doi.org/10.1038/ijo.2015.170
http://doi.org/10.1113/EP088015


Genes 2023, 14, 314 12 of 14

34. Iacomino, G.; Lauria, F.; Russo, P.; Venezia, A.; Iannaccone, N.; Marena, P.; Ahrens, W.; De Henauw, S.; Molnar, D.; Eiben, G.; et al.
The association of circulating miR-191 and miR-375 expression levels with markers of insulin resistance in overweight children:
An exploratory analysis of the I. Family Study. Genes Nutr. 2021, 16, 10. [CrossRef] [PubMed]

35. Iacomino, G.; Russo, P.; Marena, P.; Lauria, F.; Venezia, A.; Ahrens, W.; De Henauw, S.; De Luca, P.; Foraita, R.; Gunther, K.;
et al. Circulating microRNAs are associated with early childhood obesity: Results of the I.Family Study. Genes Nutr. 2019, 14, 2.
[CrossRef] [PubMed]

36. Iacomino, G.; Russo, P.; Stillitano, I.; Lauria, F.; Marena, P.; Ahrens, W.; De Luca, P.; Siani, A. Circulating microRNAs are
deregulated in overweight/obese children: Preliminary results of the I.Family study. Genes Nutr. 2016, 11, 7. [CrossRef]

37. Lauria, F.; Iacomino, G.; Russo, P.; Venezia, A.; Marena, P.; Ahrens, W.; De Henauw, S.; Eiben, G.; Foraita, R.; Hebestreit, A.; et al.
Circulating miRNAs Are Associated with Inflammation Biomarkers in Children with Overweight and Obesity: Results of the I.
Family Study. Genes 2022, 13, 632. [CrossRef]

38. Cappelli, K.; Mecocci, S.; Capomaccio, S.; Beccati, F.; Palumbo, A.R.; Tognoloni, A.; Pepe, M.; Chiaradia, E. Circulating
Transcriptional Profile Modulation in Response to Metabolic Unbalance Due to Long-Term Exercise in Equine Athletes: A Pilot
Study. Genes 2021, 12, 1965. [CrossRef] [PubMed]

39. Tribolet, L.; Kerr, E.; Cowled, C.; Bean, A.G.D.; Stewart, C.R.; Dearnley, M.; Farr, R.J. MicroRNA Biomarkers for Infectious
Diseases: From Basic Research to Biosensing. Front. Microbiol. 2020, 11, 1197. [CrossRef] [PubMed]

40. Slattery, M.L.; Herrick, J.S.; Mullany, L.E.; Stevens, J.R.; Wolff, R.K. Diet and lifestyle factors associated with miRNA expression in
colorectal tissue. Pharmgenom. Pers. Med. 2017, 10, 1–16. [CrossRef]

41. Liang, G.; Zhu, Y.; Sun, B.; Shao, Y.; Jing, A.; Wang, J.; Xiao, Z. Assessing the survival of exogenous plant microRNA in mice. Food
Sci. Nutr. 2014, 2, 380–388. [CrossRef] [PubMed]

42. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C-Elegans Heterochronic Gene Lin-4 Encodes Small Rnas with Antisense Complemen-
tarity to Lin-14. Cell 1993, 75, 843–854. [CrossRef]

43. Diener, C.; Keller, A.; Meese, E. Emerging concepts of miRNA therapeutics: From cells to clinic. Trends Genet. 2022, 38, 613–626.
[CrossRef]

44. Ban, E.; Song, E.J. Considerations and Suggestions for the Reliable Analysis of miRNA in Plasma Using qRT-PCR. Genes 2022, 13,
328. [CrossRef]

45. Galvao-Lima, L.J.; Morais, A.H.F.; Valentim, R.A.M.; Barreto, E. miRNAs as biomarkers for early cancer detection and their
application in the development of new diagnostic tools. Biomed. Eng. Online 2021, 20, 21. [CrossRef]

46. Seitz, H. Issues in current microRNA target identification methods. RNA Biol. 2017, 14, 831–834. [CrossRef]
47. Zhu, Y.; Zhu, L.; Wang, X.; Jin, H. RNA-based therapeutics: An overview and prospectus. Cell Death Dis. 2022, 13, 644. [CrossRef]
48. Jo, S.J.; Chae, S.U.; Lee, C.B.; Bae, S.K. Clinical Pharmacokinetics of Approved RNA Therapeutics. Int. J. Mol. Sci. 2023, 24, 746.

[CrossRef]
49. Saiyed, A.N.; Vasavada, A.R.; Johar, S.R.K. Recent trends in miRNA therapeutics and the application of plant miRNA for

prevention and treatment of human diseases. Futur. J. Pharm. Sci. 2022, 8, 24. [CrossRef] [PubMed]
50. Chakraborty, C.; Sharma, A.R.; Sharma, G.; Doss, C.G.P.; Lee, S.-S. Therapeutic miRNA and siRNA: Moving from Bench to Clinic

as Next Generation Medicine. Mol. Ther. Nucleic Acids 2017, 8, 132–143. [CrossRef] [PubMed]
51. Iacomino, G.; Galderisi, U.; Cipollaro, M.; Di Biase, S.; La Colla, P.; Marongiu, M.E.; De Rienzo, A.; De Falco, S.; Galano, G.;

Cascino, A. Phosphorothioated antisense oligonucleotides: Prospects of AIDS therapy. Life Sci. Adv. Mol. Biol. 1994, 13, 69–74.
52. Hagedorn, P.H.; Hansen, B.R.; Koch, T.; Lindow, M. Managing the sequence-specificity of antisense oligonucleotides in drug

discovery. Nucleic Acids Res. 2017, 45, 2262–2282. [CrossRef]
53. van Rooij, E.; Kauppinen, S. Development of microRNA therapeutics is coming of age. EMBO Mol Med 2014, 6, 851–864.

[CrossRef]
54. Wang, Z. The Guideline of the Design and Validation of MiRNA Mimics. In MicroRNA and Cancer: Methods and Protocols; Wu, W.,

Ed.; Humana Press: Totowa, NJ, USA, 2011; pp. 211–223. [CrossRef]
55. Dasgupta, I.; Chatterjee, A. Recent Advances in miRNA Delivery Systems. Methods Protoc. 2021, 4, 10. [CrossRef] [PubMed]
56. Dhuri, K.; Bechtold, C.; Quijano, E.; Pham, H.; Gupta, A.; Vikram, A.; Bahal, R. Antisense Oligonucleotides: An Emerging Area in

Drug Discovery and Development. J. Clin. Med. 2020, 9, 2004. [CrossRef] [PubMed]
57. Lennox, K.A.; Behlke, M.A. A Direct Comparison of Anti-microRNA Oligonucleotide Potency. Pharm. Res. 2010, 27, 1788–1799.

[CrossRef]
58. Lima, J.F.; Cerqueira, L.; Figueiredo, C.; Oliveira, C.; Azevedo, N.F. Anti-miRNA oligonucleotides: A comprehensive guide for

design. RNA Biol. 2018, 15, 338–352. [CrossRef]
59. Baumann, V.; Winkler, J. miRNA-based therapies: Strategies and delivery platforms for oligonucleotide and non-oligonucleotide

agents. Future Med. Chem. 2014, 6, 1967–1984. [CrossRef]
60. Broderick, J.A.; Zamore, P.D. MicroRNA therapeutics. Gene Ther. 2011, 18, 1104–1110. [CrossRef] [PubMed]
61. Sultana, N.; Magadum, A.; Hadas, Y.; Kondrat, J.; Singh, N.; Youssef, E.; Calderon, D.; Chepurko, E.; Dubois, N.; Hajjar, R.J.; et al.

Optimizing Cardiac Delivery of Modified mRNA. Mol. Ther. 2017, 25, 1306–1315. [CrossRef] [PubMed]
62. Sasso, J.M.; Ambrose, B.J.B.; Tenchov, R.; Datta, R.S.; Basel, M.T.; DeLong, R.K.; Zhou, Q.A. The Progress and Promise of RNA

Medicine–An Arsenal of Targeted Treatments. J. Med. Chem. 2022, 65, 6975–7015. [CrossRef]

http://doi.org/10.1186/s12263-021-00689-1
http://www.ncbi.nlm.nih.gov/pubmed/34243726
http://doi.org/10.1186/s12263-018-0622-6
http://www.ncbi.nlm.nih.gov/pubmed/30651891
http://doi.org/10.1186/s12263-016-0525-3
http://doi.org/10.3390/genes13040632
http://doi.org/10.3390/genes12121965
http://www.ncbi.nlm.nih.gov/pubmed/34946914
http://doi.org/10.3389/fmicb.2020.01197
http://www.ncbi.nlm.nih.gov/pubmed/32582115
http://doi.org/10.2147/PGPM.S117796
http://doi.org/10.1002/fsn3.113
http://www.ncbi.nlm.nih.gov/pubmed/25473495
http://doi.org/10.1016/0092-8674(93)90529-Y
http://doi.org/10.1016/j.tig.2022.02.006
http://doi.org/10.3390/genes13020328
http://doi.org/10.1186/s12938-021-00857-9
http://doi.org/10.1080/15476286.2017.1320469
http://doi.org/10.1038/s41419-022-05075-2
http://doi.org/10.3390/ijms24010746
http://doi.org/10.1186/s43094-022-00413-9
http://www.ncbi.nlm.nih.gov/pubmed/35382490
http://doi.org/10.1016/j.omtn.2017.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28918016
http://doi.org/10.1093/nar/gkx056
http://doi.org/10.15252/emmm.201100899
http://doi.org/10.1007/978-1-60761-863-8_15
http://doi.org/10.3390/mps4010010
http://www.ncbi.nlm.nih.gov/pubmed/33498244
http://doi.org/10.3390/jcm9062004
http://www.ncbi.nlm.nih.gov/pubmed/32604776
http://doi.org/10.1007/s11095-010-0156-0
http://doi.org/10.1080/15476286.2018.1445959
http://doi.org/10.4155/fmc.14.116
http://doi.org/10.1038/gt.2011.50
http://www.ncbi.nlm.nih.gov/pubmed/21525952
http://doi.org/10.1016/j.ymthe.2017.03.016
http://www.ncbi.nlm.nih.gov/pubmed/28389322
http://doi.org/10.1021/acs.jmedchem.2c00024


Genes 2023, 14, 314 13 of 14

63. Wang, N.; Chen, M.; Wang, T. Liposomes used as a vaccine adjuvant-delivery system: From basics to clinical immunization. J.
Control Release 2019, 303, 130–150. [CrossRef]

64. Jung, H.N.; Lee, S.Y.; Lee, S.; Youn, H.; Im, H.J. Lipid nanoparticles for delivery of RNA therapeutics: Current status and the role
of in vivo imaging. Theranostics 2022, 12, 7509–7531. [CrossRef] [PubMed]

65. Zak, M.M.; Zangi, L. Lipid Nanoparticles for Organ-Specific mRNA Therapeutic Delivery. Pharmaceutics 2021, 13, 1675. [CrossRef]
[PubMed]

66. Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles–From Liposomes to mRNA Vaccine Delivery, a Landscape of
Research Diversity and Advancement. ACS Nano 2021, 15, 16982–17015. [CrossRef] [PubMed]

67. Zhu, L.; Mahato, R.I. Lipid and polymeric carrier-mediated nucleic acid delivery. Expert Opin. Drug Deliv. 2010, 7, 1209–1226.
[CrossRef] [PubMed]

68. Chakraborty, C.; Sharma, A.R.; Sharma, G.; Lee, S.-S. Therapeutic advances of miRNAs: A preclinical and clinical update. J. Adv.
Res. 2021, 28, 127–138. [CrossRef]

69. microRNA (miRNA)—Global Market Trajectory & Analytics; Global Industry Analysts, Inc.: San Jose, CA, USA, 2022; Volume
2022, p. 5519708. Available online: https://www.researchandmarkets.com/reports/5519708/microrna-mirna-global-market-
trajectory-and?utm_source=BW&utm_medium=PressRelease&utm_code=g3wfsm&utm_campaign=1742402+-+microRNA+
(miRNA)+Global+Market+Report+2022%3a+Increasing+Incidence+of+Infectious+Diseases+and+Chronic+Conditions+to+
Drive+Growth&utm_exec=como322prd (accessed on 20 January 2023).

70. Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203–222. [CrossRef] [PubMed]

71. McDonald, C.M.; Shieh, P.B.; Abdel-Hamid, H.Z.; Connolly, A.M.; Ciafaloni, E.; Wagner, K.R.; Goemans, N.; Mercuri, E.; Khan, N.;
Koenig, E.; et al. Open-Label Evaluation of Eteplirsen in Patients with Duchenne Muscular Dystrophy Amenable to Exon 51
Skipping: PROMOVI Trial. J. Neuromuscul. Dis. 2021, 8, 989–1001. [CrossRef]

72. Perry, C.M.; Balfour, J.A. Fomivirsen. Drugs 1999, 57, 375–380; discussion 381. [CrossRef]
73. Scott, L.J. Givosiran: First Approval. Drugs 2020, 80, 335–339. [CrossRef]
74. Heo, Y.A. Golodirsen: First Approval. Drugs 2020, 80, 329–333. [CrossRef] [PubMed]
75. Benson, M.D.; Waddington-Cruz, M.; Berk, J.L.; Polydefkis, M.; Dyck, P.J.; Wang, A.K.; Planté-Bordeneuve, V.; Barroso, F.A.;

Merlini, G.; Obici, L.; et al. Inotersen Treatment for Patients with Hereditary Transthyretin Amyloidosis. N. Engl. J. Med. 2018,
379, 22–31. [CrossRef] [PubMed]

76. Hill, S.F.; Meisler, M.H. Antisense Oligonucleotide Therapy for Neurodevelopmental Disorders. Dev. Neurosci. 2021, 43, 247–252.
[CrossRef]

77. Connolly, K.J.; O’Hare, M.B.; Mohammed, A.; Aitchison, K.M.; Anthoney, N.C.; Taylor, M.J.; Stewart, B.A.; Tuxworth, R.I.; Tear, G.
The neuronal ceroid lipofuscinosis protein Cln7 functions in the postsynaptic cell to regulate synapse development. Sci. Rep.
2019, 9, 15592. [CrossRef] [PubMed]

78. Chiriboga, C.A. Nusinersen for the treatment of spinal muscular atrophy. Expert Rev. Neurother. 2017, 17, 955–962. [CrossRef]
[PubMed]

79. Adams, D.; Gonzalez-Duarte, A.; O’Riordan, W.D.; Yang, C.C.; Ueda, M.; Kristen, A.V.; Tournev, I.; Schmidt, H.H.; Coelho, T.;
Berk, J.L.; et al. Patisiran, an RNAi Therapeutic, for Hereditary Transthyretin Amyloidosis. N. Engl. J. Med. 2018, 379, 11–21.
[CrossRef]

80. Smith, E.S.; Whitty, E.; Yoo, B.; Moore, A.; Sempere, L.F.; Medarova, Z. Clinical Applications of Short Non-Coding RNA-Based
Therapies in the Era of Precision Medicine. Cancers 2022, 14, 1588. [CrossRef]

81. Gebert, L.F.; Rebhan, M.A.; Crivelli, S.E.; Denzler, R.; Stoffel, M.; Hall, J. Miravirsen (SPC3649) can inhibit the biogenesis of
miR-122. Nucleic Acids Res. 2014, 42, 609–621. [CrossRef] [PubMed]

82. Gomez, I.G.; MacKenna, D.A.; Johnson, B.G.; Kaimal, V.; Roach, A.M.; Ren, S.; Nakagawa, N.; Xin, C.; Newitt, R.; Pandya, S.;
et al. Anti-microRNA-21 oligonucleotides prevent Alport nephropathy progression by stimulating metabolic pathways. J. Clin.
Investig. 2015, 125, 141–156. [CrossRef]

83. Bedewy, A.M.L.; Elmaghraby, S.M.; Shehata, A.A.; Kandil, N.S. Prognostic Value of miRNA-155 Expression in B-Cell Non-Hodgkin
Lymphoma. Turk. J. Hematol. 2017, 34, 207–212. [CrossRef]

84. Beg, M.S.; Brenner, A.J.; Sachdev, J.; Borad, M.; Kang, Y.-K.; Stoudemire, J.; Smith, S.; Bader, A.G.; Kim, S.; Hong, D.S. Phase I
study of MRX34, a liposomal miR-34a mimic, administered twice weekly in patients with advanced solid tumors. Investig. N.
Drugs 2017, 35, 180–188. [CrossRef] [PubMed]

85. van der Ree, M.H.; de Vree, J.M.; Stelma, F.; Willemse, S.; van der Valk, M.; Rietdijk, S.; Molenkamp, R.; Schinkel, J.; van
Nuenen, A.C.; Beuers, U.; et al. Safety, tolerability, and antiviral effect of RG-101 in patients with chronic hepatitis C: A phase 1B,
double-blind, randomised controlled trial. Lancet 2017, 389, 709–717. [CrossRef] [PubMed]

86. Cordido, A.; Besada-Cerecedo, L.; Garcia-Gonzalez, M.A. The Genetic and Cellular Basis of Autosomal Dominant Polycystic
Kidney Disease-A Primer for Clinicians. Front. Pediatr. 2017, 5, 279. [CrossRef]

87. Bais, T.; Gansevoort, R.T.; Meijer, E. Drugs in Clinical Development to Treat Autosomal Dominant Polycystic Kidney Disease.
Drugs 2022, 82, 1095–1115. [CrossRef]

http://doi.org/10.1016/j.jconrel.2019.04.025
http://doi.org/10.7150/thno.77259
http://www.ncbi.nlm.nih.gov/pubmed/36438494
http://doi.org/10.3390/pharmaceutics13101675
http://www.ncbi.nlm.nih.gov/pubmed/34683969
http://doi.org/10.1021/acsnano.1c04996
http://www.ncbi.nlm.nih.gov/pubmed/34181394
http://doi.org/10.1517/17425247.2010.513969
http://www.ncbi.nlm.nih.gov/pubmed/20836625
http://doi.org/10.1016/j.jare.2020.08.012
https://www.researchandmarkets.com/reports/5519708/microrna-mirna-global-market-trajectory-and?utm_source=BW&utm_medium=PressRelease&utm_code=g3wfsm&utm_campaign=1742402+-+microRNA+(miRNA)+Global+Market+Report+2022%3a+Increasing+Incidence+of+Infectious+Diseases+and+Chronic+Conditions+to+Drive+Growth&utm_exec=como322prd
https://www.researchandmarkets.com/reports/5519708/microrna-mirna-global-market-trajectory-and?utm_source=BW&utm_medium=PressRelease&utm_code=g3wfsm&utm_campaign=1742402+-+microRNA+(miRNA)+Global+Market+Report+2022%3a+Increasing+Incidence+of+Infectious+Diseases+and+Chronic+Conditions+to+Drive+Growth&utm_exec=como322prd
https://www.researchandmarkets.com/reports/5519708/microrna-mirna-global-market-trajectory-and?utm_source=BW&utm_medium=PressRelease&utm_code=g3wfsm&utm_campaign=1742402+-+microRNA+(miRNA)+Global+Market+Report+2022%3a+Increasing+Incidence+of+Infectious+Diseases+and+Chronic+Conditions+to+Drive+Growth&utm_exec=como322prd
https://www.researchandmarkets.com/reports/5519708/microrna-mirna-global-market-trajectory-and?utm_source=BW&utm_medium=PressRelease&utm_code=g3wfsm&utm_campaign=1742402+-+microRNA+(miRNA)+Global+Market+Report+2022%3a+Increasing+Incidence+of+Infectious+Diseases+and+Chronic+Conditions+to+Drive+Growth&utm_exec=como322prd
http://doi.org/10.1038/nrd.2016.246
http://www.ncbi.nlm.nih.gov/pubmed/28209991
http://doi.org/10.3233/JND-210643
http://doi.org/10.2165/00003495-199957030-00010
http://doi.org/10.1007/s40265-020-01269-0
http://doi.org/10.1007/s40265-020-01267-2
http://www.ncbi.nlm.nih.gov/pubmed/32026421
http://doi.org/10.1056/NEJMoa1716793
http://www.ncbi.nlm.nih.gov/pubmed/29972757
http://doi.org/10.1159/000517686
http://doi.org/10.1038/s41598-019-51588-w
http://www.ncbi.nlm.nih.gov/pubmed/31666534
http://doi.org/10.1080/14737175.2017.1364159
http://www.ncbi.nlm.nih.gov/pubmed/28884620
http://doi.org/10.1056/NEJMoa1716153
http://doi.org/10.3390/cancers14061588
http://doi.org/10.1093/nar/gkt852
http://www.ncbi.nlm.nih.gov/pubmed/24068553
http://doi.org/10.1172/JCI75852
http://doi.org/10.4274/tjh.2016.0286
http://doi.org/10.1007/s10637-016-0407-y
http://www.ncbi.nlm.nih.gov/pubmed/27917453
http://doi.org/10.1016/S0140-6736(16)31715-9
http://www.ncbi.nlm.nih.gov/pubmed/28087069
http://doi.org/10.3389/fped.2017.00279
http://doi.org/10.1007/s40265-022-01745-9


Genes 2023, 14, 314 14 of 14

88. Gallant-Behm, C.L.; Piper, J.; Dickinson, B.A.; Dalby, C.M.; Pestano, L.A.; Jackson, A.L. A synthetic microRNA-92a inhibitor
(MRG-110) accelerates angiogenesis and wound healing in diabetic and nondiabetic wounds. Wound Repair Regen. 2018, 26,
311–323. [CrossRef] [PubMed]

89. Kriegel, A.J.; Liu, Y.; Fang, Y.; Ding, X.; Liang, M. The miR-29 family: Genomics, cell biology, and relevance to renal and
cardiovascular injury. Physiol. Genom. 2012, 44, 237–244. [CrossRef] [PubMed]

90. Gallant-Behm, C.L.; Piper, J.; Lynch, J.M.; Seto, A.G.; Hong, S.J.; Mustoe, T.A.; Maari, C.; Pestano, L.A.; Dalby, C.M.; Jackson,
A.L.; et al. A MicroRNA-29 Mimic (Remlarsen) Represses Extracellular Matrix Expression and Fibroplasia in the Skin. J. Investig.
Dermatol. 2019, 139, 1073–1081. [CrossRef]

91. van Zandwijk, N.; McDiarmid, J.; Brahmbhatt, H.; Reid, G. Response to “An innovative mesothelioma treatment based on mir-16
mimic loaded EGFR targeted minicells (TargomiRs)”. Transl. Lung Cancer Res. 2018, 7, S60–S61. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/wrr.12660
http://www.ncbi.nlm.nih.gov/pubmed/30118158
http://doi.org/10.1152/physiolgenomics.00141.2011
http://www.ncbi.nlm.nih.gov/pubmed/22214600
http://doi.org/10.1016/j.jid.2018.11.007
http://doi.org/10.21037/tlcr.2018.01.11
http://www.ncbi.nlm.nih.gov/pubmed/29531907

	General Concepts 
	Technological Advances Offer New Opportunities for miRNAs in Translational Medicine 
	RNA Therapeutics 
	miRNA-Based Therapeutics 
	Conclusions 
	References

