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The discovery of therapeutic miRNAs is one of the most exciting challenges for pharmaceutical companies. Since the first

miRNA was discovered in 1993, our knowledge of miRNA biology has grown considerably. Many studies have

demonstrated that miRNA expression is dysregulated in many diseases, making them appealing tools for novel

therapeutic approaches.
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1. Introduction

Therapeutic agents are categorized mainly into synthetic small molecules, monoclonal antibodies, or large proteins.

Traditional drugs may be insufficient to hit intended therapeutic targets because of the inaccessibility of active sites in the

target’s three-dimensional structure. RNA-based therapies may offer an excellent chance to potentially reach any

therapeutic-relevant target  (see Table 1). Additionally, techniques based on nucleic acid technologies are less laborious

towards synthesis procedures. Nevertheless, RNA-based therapies have specificity issues that carry the risk of off-target

effects .

Table 1. Methods available for the inhibition of miRNAs.

Method of Delivery Characteristics

anti-miRNA ASOs (AMOs) complementary sequence to endogenous miRNA

Modified AMOs with 2′-O-methyl-group (OMe) Increase binding affinity and nuclease resistance

Modified AMOs with 2′ methoxyethyl (MOE) More stable and specific

Modified AMOs with locked nucleic acid (LNA) High binding affinity and low toxicity

miRNA sponges Inhibit a whole family of associated miRNAs

miRNA masking Gene-specific

In this context, the therapeutic use of miRNA therapy is receiving attention in clinical trials of almost all human diseases

Depending on the expression pattern in pathological conditions there are two main streams of miRNA therapies that

include the development of synthetic molecules with an effect on protein expression : miRNA mimics  and miRNA

antagonists . The restoration of miRNA functions and the inhibition of overexpressed miRNAs are fundamental for the

development of miRNA-based cancer therapeutics . This is because, the regulation of specific miRNA alterations

through miRNA mimics or antagomirs normalizes the gene regulatory network and the signaling pathways, reversing the

phenotypes in cancer cells .

Even though miRNA therapeutic potential is still at the preclinical and early clinical stage, researchers are encouraged to

invest in miRNAs, as many miRNAs satisfy the stringent criteria that could make them successful therapeutic agents due

to their function as oncogenes or tumor suppressors .

2. miRNA Inhibitors

The inhibition of oncogenic miRNAs has been achieved by antisense oligonucleotides (anti-microRNA oligonucleotides—

AMOs), also called antagomirs, miRNA sponges, and miRNA-Masking Antisense Oligonucleotides . Table 1
and Figure 1 show the main miRNA therapeutic strategies.
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Figure 1. Schematic representation of miRNA therapeutic strategies: 1. anti-miRNA oligonucleotides (AMOs) bind with

miRNA, preventing the binding of miRNA to mRNA; 2. miRNA sponges include multiple sites for miRNA binding, blocking

the binding of miRNA to mRNA; 3. miRNA mask binds with the specific gene (target of miRNA).

2.1. Anti-miRNA Oligonucleotides (AMOs) or Antagomirs

The most popular approach to inhibit miRNA function is the synthesis of antisense oligonucleotides with complementary

sequences to endogenous miRNAs. The chemical structure that characterizes them helps to trap the endogenous miRNA

that cannot be further processed by the RISC complex or where the endogenous miRNA is being degraded. During this

process, the endogenous miRNA of interest serves as a biomarker optimizing the pharmacokinetic and pharmacodynamic

properties of the antagonist .

First-generation pre-clinical compounds, the antisense phosphorothiolated oligodeoxynucleotides, were characterized by

a low affinity for their target, negative immunostimulatory effects, and they also had very short half-lives, due to their

immediate excretion by renal clearance .

These properties have been improved in the next generation of drug agents with the design of antisense and anti-miR

oligonucleotides supported by better pharmacokinetic properties . Because of their capacity to bind cognate

sequences, miRNA’s action on target mRNAs can be inhibited by steric antisense oligonucleotides (ASOs) that have high

affinity and specificity for some miRNAs . ASOs are single-stranded antisense oligonucleotides, in particular chemically

modified DNA-like molecules, 17 to 22 nt in length, which have been designed to have complementarity to a specific

mRNA, inhibiting its translation. They have been used for more than thirty years in clinical trials phases II and III ,

but they have also been used with success to screen gene functions in high-throughput cellular assays. Their clinical and

preclinical application in cancer is for the design of therapeutic solutions together with ribozymes, DNAzymes, small

interfering RNAs (siRNAs), short hairpin RNAs (shRNAs), anti-miRNA agents such as ASOs-anti-miRNAs, and locked

nucleic acids (LNA)-anti-miRNAs or antagomirs. Although their inhibitory action on the upregulated oncogenic miRNAs

has an efficient and long-lasting effect , due to their weak pharmacodynamic and pharmacokinetic properties, the

delivery of these agents is not ideal .

Experimental evidence on ASO applications for miR-21 and miR-221 showed increased expression levels of PTEN,

RECK, and CDKN1B, but also reduced proliferation and increased apoptosis of pancreatic tumor cells . The latest

preliminary studies in pancreatic cancer on small side population (SP) cells with stem cell-like properties suggest that

inhibition of miR-21 and miR-221 with combinatory ASOs technology against miR-21 and miR-221 inhibited primary tumor

growth and metastasis compared to a single antagomir treatment . ASOs can sensitize pancreatic ductal

adenocarcinoma cells (PDAC) to gemcitabine causing synergistic anticancer outcomes .

A class of antisense oligonucleotides has been subjected to biochemical modifications, and they have been transformed

into ssRNA analogs complementary only to specific miRNAs. They are also known under the term anti-miRNA ASOs

(AMOs) . In this mechanism of action, the modified synthetic anti-miRNA oligonucleotides (AMOs) inhibit specific

individual miRNAs through competitive inhibition of base-pairing, as they block the interaction between miRNA and its

target mRNAs.

miR-16, miR-21, miR-214, and miR-181a have been identified as potential drug targets for lung cancer therapy by design,

synthesis, and benefit-specific AMOs on A549 lung carcinoma cells. Following transfection, some properties, such as cell

viability, apoptosis, and miRNA expression, were tested under variable conditions of dose and time. It was observed that

AMO-miR-21, AMO-miR-16, and AMO-miR-181a arrested cell growth by inducing apoptosis and S-phase suppression,

suggesting that these miRNAs could be potential targets for cancer therapy and AMOs could be a functional technique for

miRNA inhibition .

Chemical Modifications of AMOs

In the past, several chemical modifications of AMOs have been designed to advance their efficiency and stability such as

the addition of 2′-O-methyl and 2′-O-methoxyethyl formations to the 5′ end of the molecule .
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2′-O-methyl-group (OMe)

The 2′-O-methyl-group (OMe) is one of the most frequent chemical modifications to oligonucleotides. The methyl group

has the function to contribute to nuclease resistance improvement and the binding affinity to RNA. Completely modified

OMe-oligonucleotides have found application to prevent aberrant exon splicing in cells , whereas the hybrid backbone

OMe/DNA that is formed in antisense oligonucleotides is under investigation in clinical applications . Synthetic

antisense oligonucleotides bearing 2′-O-Methyl (2′OMe) ribose modification and antagomirs were shown to decrease

miRISC activity and to inhibit specifically miRNAs that have acquired a gain of function in human diseases including

cancer .

Synthetic AMOs that bring the 2-O-methyl modification showed effective inhibition of target miRNAs in cell and xerograph

models with the disadvantage of operating in high doses in the given study . 2-O-methyl AMOs have been applied as

inhibitors in glioblastoma and breast cancer in human cell lines and xenografts by targeting miR-21 . Today, 2′OMe-

modified AMOs represent the most used molecules to dissect miRNA roles, not only due to their high affinity for targeting

miRNAs but also for the lack of high levels of toxicity and economic cost of synthesis .

2′-O-Methoxyethyl

2′-O-Methoxyethyl (MOE)-modified oligonucleotides show evidence of higher binding affinity and specificity to RNA

compared to OMe-analogs. They have been used efficiently as chemically modified oligonucleotides with the property to

re-address mRNA splicing. They also inhibit protein translation. MOE-ASOs are increasingly considered important

modified oligonucleotides in clinical trials . The combination of antisense oligonucleotides (ASOs) with 2′-O-(2-

methoxyethyl) (2′-MOE) is a platform of RNA-based therapeutics with the property to hybridize to their target RNA via

Watson–Crick base pairing, preventing the expression of the “disease-related” protein product. Recently, there has been

high interest expressed in the number of 2′-MOE ASOs progressing to phase I, II, and III clinical trials for therapies in

many diseases, including rheumatoid arthritis , cancer , and hypercholesterolemia .

Locked nucleic acid (LNA)

The chemistry-locked nucleic acid (LNA)-modified oligonucleotides consist of a 2′-O-modified RNA molecule where the 2′-

O-oxygen links to the 4′-position through a methylene linker, making a bicyclic compound locked into a C3′-endo (RNA)

sugar . The LNA chemical modification provides thermodynamic stability to the duplex conformation with known RNA

molecules. The use of LNA oligonucleotides as northern probes is important for the detection of miRNAs as mixed

backbone oligonucleotides . Potentially, they could be a new class of therapy. Among the types of nucleoside

modifications applied, the addition of chemical groups to the 2′-hydroxyl group has been quite successful . In addition,

oligonucleotide derivatives could be applicable as curative AMOs .

Preclinical studies focusing on the understanding of the mechanisms describing osteosarcoma-initiating cells and their

potential clinical significance showed that deregulation of miR-133a in a highly malignant CD133 cellular population

affects cell invasiveness and identifies a lethal tumor phenotype. The inhibition of this miRNA by LNA reduced cell

invasion, whereas administration of LNA in addition to chemotherapy suppressed lung cancer metastasis and increased

survival outcomes in osteosarcoma-bearing mice. Clinically, overexpression of both CD133 and miR-133a has been

associated with poor prognosis, whereas overexpression of four CD133 targets correlates to a good prognosis. Overall,

silencing LNA miR-133a in combination with chemotherapy was proposed as an anticancer strategy, developed at the

preclinical stage for targeting multiple regulatory pathways associated with metastasis of osteosarcoma cells . In

addition, studies investigating the effectiveness of such inhibitory approaches documented that although 2′ modifications

were shown to improve affinity to target RNAs, their anti-miRNA activity was not fully correlated with affinity, suggesting

that other variables may also be important for effective miRNA . Studies analyzing the tissue toxicity of LNA in mice and

monkeys focused on the effect induced by LNA-miR-221 inhibitors in vital organs. They confirmed the low toxicity of LNA

and suggested its use for clinical purposes .

2.2. miRNA Sponges in Cancer Therapy

The miRNA “sponge” technology was introduced in 2007 with the purpose of ensuring miRNA loss of function in cell

models and transgenic organisms. miRNA sponges are usually plasmid-encoding copies that contain binding sites

complementary to the seed region of the target miRNA  and are products of transgenes within cells.

Following cell transfection, these plasmids transcribe high levels of sponge RNAs that bind to the seed region, which

enables them to block a family of miRNAs that contain the same seed sequence. As competitive inhibitors, miRNA
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sponges exhibit similar inhibition efficiency with short nucleotide fragments . In addition, it has been shown that

miRNA sponges that are based on retroviral vectors are able to knock down miRNAs but also block an entire miRNA seed

family using one vector .

The sponge binding sites act on the miRNA seeding region, and, in this way, they block a whole family of related miRNAs.

The fine-tuning of miRNA sponge concentration compared to miRNA target concentration is crucial for the efficacy of

miRNA inhibition. The highest expression of miRNA sponge is achieved when the affinity and avidity of binding sites are

high, but also when the promoter used in the cell model of interest is strong, i.e., a cytomegalovirus promoter. Sponge

inhibitors are used in long-term miRNA loss-of-function research and in vivo assays, for example, bone marrow

reconstitution and cancer xenografts. The stability of miRNA sponge activity by expressing the transgene from

chromosomal integrations has been tested by different groups . The importance of miRNA sponges in cancer

therapy is to mimic the down-regulation of specific miRNAs that are deregulated.

Before investigating the biological effects of miR-21 on A549 non-small cell lung cancer (NSCLC) cells, the expression of

miR-21 in serum samples of patients affected by NSCLC was quantified. More precisely, they used miRNA sponge

technology and transfection of A549 cells, suggesting that miR-21 could be an independent molecular biomarker for

NSCLC, but also that modulating miR-21 or PDCD4 expression may provide a potentially novel therapeutic approach for

NSCLC .

Competing Endogenous RNAs (ceRNAs)

Competing endogenous RNAs (ceRNAs) act as natural endogenous miRNA sponges, regulating the bioavailability and

function of miRNAs. They include transcribed pseudogenes, long non-coding RNAs (lncRNAs), and circular RNAs

(circRNAs). Their synergic action forming molecular networks aims to the regulation of protein expression . Their

advantage compared to antisense oligonucleotides, which target a single miRNA, is that they can have numerous different

binding sites, coordinating simultaneous inhibition of a big subset of a miRNA cluster, or of distinct miRNAs that act on the

same target. The development of quantitative methods for the determination of the absolute expression levels of miRNA

and ceRNA molecules allows the possibility of estimating the efficiency of ceRNA crosstalk in many biological models. In

addition, the use of mathematical models contributes to the calculation of fluctuations in ceRNA and miRNA levels, which

respond to variations in additional parameters, such as structure and topology .

2.3. miRNA-Masking

The development of miRNA-mask technology that includes miRNA-masking antisense oligonucleotides uses single-

stranded 2′-O-methyl-modified antisense oligonucleotides, which are complementary to the miRNA binding sites in the 3′-

UTR of the target mRNA . Due to the masking effect of these miRNAs to the target mRNA, their action is gene-specific.

Recently, miRNA therapeutics technology used constructs of miRNA-masking oligonucleotide drugs (ONDs) that attach to

mRNA. The binding of an miRNA-mask to its target site is assisted by the use of O-methyl groups and also LNAs, to

improve the masking efficiency . The high efficiency of miRNA masking is based on target gene selection. miRNA–

gene interactions that are crucial for tumorigenesis, such as miRNA-203 and LASP1, and miRNA-29-b-1 and SPIN1,

which are involved in proliferation, angiogenesis, migration, and apoptosis, have been investigated .

3. miRNA Mimics

miRNA replacement therapy is gaining traction worldwide using synthetic miRNAs or mimics, which, when incorporated,

can restore the normal physiological activity of the organism. The miRNA replacement strategy is classified as either a

viral or non-viral delivery therapy . The overexpression of miRNAs can also be achieved by the synthesis of miRNA

mimics, which are designed for protein-coding gene silencing . The biochemistry of miRNA replacement technology

includes an active strand of the mimic, which contains a sequence that is normally expressed to the cell, whereas the

passenger strand is chemically modified to achieve the interaction of the active strand with the protein complex and

guarantee the functionality of the miRNA.

miRNA mimics can also be described as double-stranded-like RNAs, which are composed frequently of siRNA-like

oligoribonucleotide duplexes. . They have a sequence motif on their 5′ end that is partially complementary to the

target sequence in the 3′-UTR of the target mRNA. They mimic the functionality of mature endogenous miRNAs. The use

of mimics is important for miRNA functionality assessment because it provides a tool for gain-of-function studies. The

restoration of miRNAs that show a loss of function through miRNA mimics is fundamentally used to explore the

therapeutic potentiality of tumor suppressors .
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Technically, miRNA replacement therapy acts downstream of the miRISC complex and requires the enzymatic functions of

cellular miRISC to be catalytically functional. miRNA mimics target multiple transcripts, and it seems that regulate the

same set of genes as the endogenous miRNAs.

It was observed that the overexpression of miR-21 associated with keratinization of tumors in cases of oral squamous cell

carcinomas was significantly correlated with the poor prognosis of patients. Transfection of miR-7- and miR-21-mimics

reduced the expression of RECK, which is a tumor suppressor gene, through direct miRNA-mediated regulation. This

study provided important information related to patient survival, with the aim of contributing to improved therapeutics for

oral cancer .
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