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Abstract

One of the most fascinating discoveries in molecular oncology has been that cancer represents a 

disease in which genetic alterations in protein-coding, but also in non-coding genes complement 

each other. MicroRNAs (miRNAs) are a type of non-coding RNA (ncRNA) transcripts that can 

regulate gene expression primarily by disrupting messenger RNA (mRNA) translation and/or 

stability, or alternatively by modulating the transcription of target mRNAs. For the last decade, 

miRNAs have shown to be pivotal characters of every single one of the cancer hallmarks. 

Profiling studies have proven the significance of identifying over-expressed miRNAs (oncomiRs) 

causative of the activation of oncogenic pathways that lead to malignancy. Due to their crucial 

role in cancer, it has become a challenge to develop efficient miRNA-inhibiting strategies such as 

antagomiRs, locked nucleic acids or antisense oligonucleotides. However, to this date, the 

accessible delivery agents and their pharmacokinetic/pharmacodynamic properties are not ideal. 

Thus there is an urgent, unmet need to develop miRNA-based inhibitory therapeutics. Herein we 

present a novel therapeutic strategy that is only at the tip of the iceberg: the use of small molecule 

inhibitors to target specific miRNAs (SMIRs). Furthermore we describe several high-throughput 

techniques to screen for SMIRs both in vitro and in silico. Finally we take you through the journey 

that has led to discovering the handful of SMIRs that have been validated to this date.
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1. Introduction

The scientific rationalization of the human genome has to date been obscured by the (long-

held) paradigm: “one gene, one protein”. The fixed mechanical orientation of having a 

protein-centric view of the human genome led to an increased number of subsequent 

assumptions such as classifying 98% of the human genome as “junk”. Nevertheless since 

1950, a letter from Nobel laureate Barbara McClintock emphasized that we were letting the 

protein-coding gene philosophy control our reasoning; misgivings that were propagated to 

very recent times, until ncRNAs such as miRNAs were discovered [1]. Today, a more 

complex view is emerging: instead of focusing on genes, we have widened our research to 

non-coding genomic regions derived from what was initially relegated to the “junk pile”. 

Furthermore, molecular biology has evolved and redefined dogmatic terms in the field. We 

now consider the atomic unit for genetics “the transcript” and not the gene per se.

For over a decade, non-coding RNAs (ncRNAs) have been shown to be active participants 

in a broad array of regulatory events regarding cellular physiology as well as other 

biological processes. In 1993 the study of the gene lin-14 in C. elegans by Victor Ambros 

and his colleagues led to the identification of a type of small ncRNA-transcript that 

ultimately was able to regulate translation via an antisense RNA-RNA interaction; these 

were further ahead named microRNAs (miRNAs) [1]. However, it was not only until the 

year 2000 that the characterization of a second RNA sequence repressing protein expression 

elucidated the existence of a wider phenomenon concerning an unknown genomic regulatory 

mechanism [2].
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MiRNAs are a family of small ncRNAs, 19–22 nucleotides in length, which negatively 

regulate gene expression at a post-transcriptional level [3–5]. They are transcribed from a 

miRNA-coding gene by RNA polymerase II. After their transcription, miRNAs undergo a 

dual-processing event where they are initially a nascent transcript that folds upon itself 

forming a secondary hairpin structure, referred to as a long primary microRNA (pri-miRNA) 

[6]. This pri-miRNA is then cleaved by RNase endonuclease III Drosha, along with DGCR8 

(molecular anchor part of a microprocessor complex), forming a precursor sequence (pre-

miR) of about 70 nucleotides of length [7–9]. The pre-miR is translocated to the cytoplasm 

via Exportin 5 and RanGTP [10, 11]. Dicer, another double stranded RNA-specific 

cytoplasmic nuclease, defines a cleavage site that results in a 22 nucleotide long double 

stranded RNA transcript (dsRNA), from which the guide strand along with the RNA-

induced silencing complex (RISC) targets the 3′ untranslated region (UTR) of messenger 

RNAs (mRNA) [12]. The end result is a decrease in the targeted protein levels (Figure 1).

MiRNAs can regulate the expression of hundreds of genes simultaneously due to the fact 

that their nucleotide pairing by complementarity is imperfect [13]. In this manner, their 

mechanism of action implicates them in a variety of crucial processes such as tissue 

development, morphogenesis, apoptosis, signal transduction pathways etc [14–17]. This 

additionally implicates them in an array of cancer associated processes such as initiation, 

tumor development, invasion and metastasis. For cancer research purposes, miRNAs can be 

divided into two types of groups: those over-expressed, which target tumor suppressor 

proteins, and those with decreased expression in cells, which actually target oncogenes. The 

former are actually referred to as tumor suppressive miRNAs (TS-miRNAs), while the latter 

are called oncomiRs, which have been an attractive target for anticancer therapies during the 

past several years [18–20].

OncomiRs have emerged as important epigenetic regulators with causal links to the 

pathogenesis, maintenance and extent of cancer. The development of large-expression 

screens comparing miRNA levels in tumors versus normal tissues have proven useful in 

identifying novel miRNAs involved in cancer that could potentially become an attractive 

anticancer therapeutic target [21–23]. The key to small miRNA-based therapeutics lie in the 

antagonism of potent cellular targets such as miR-21, a miRNA that targets the mRNAs of 

the tumor suppressor genes (TSGs) PTEN and PDCD4 [24–27]; or miR-155, known to 

block the translation of CEBPβ, IL17RB, PCCD4, TCF12, ZNF652 mRNAs (of TSGs) [28, 

29]. Many oncogenic miRNA-targets have been known and validated in tumor samples of 

different patient cohorts [21, 30, 31]. However, the truth of the matter is that we have not yet 

approached effective methods to treat patients this way. Shortcomings of the field lie in the 

fact that most of the molecules required to antagonize oncomiRs depend some kind of 

delivery mechanism (nanoparticles, liposomes, peptides etc.) and the majority of those 

already developed have proven to be ineffective or toxic [32, 33]. Thus, a nascent 

therapeutic concept such as antagomiRs has demonstrated to have substantial success in 

vitro, but in vivo, success hinges on delivery efficacy.

In addition to the challenge of not having efficient delivery mechanisms required for known 

miRNA-based therapeutics, another difficulty encountered in the drug-developing processes 

is the high costs involved in discovering, validating and producing them. The costs of 
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prescription drugs have represented a significant burden to patients and their families and 

even to the government itself. Although there are many factors that contribute to the 

elevated drug prices, a significant one is the cost involved in completing and obtaining 

approval from the Food and Drug Administration (FDA). Any drug-marketing process 

requires by law FDA approval, which is a rigorous, extremely expensive and time 

consuming process (can take over ten years to complete). Moreover, out of every 10,000 

compounds discovered in research that move on to a pre-clinical stage, only 10 will 

complete the FDA approval process. Thus, companies are required to cover these expenses 

for both, approved as well as non-approved drugs (that will not be granted permission to 

make it to the market). In this manner, there is an urgent unmet challenge of facilitating the 

development of new effective drugs, in a way that can decrease the existing burdens of high 

costs and time constraint, both of which cancer patients simply can’t afford.

In this review, we will focus on over-expressed oncomiRs and the studies that have been 

published regarding the initiation and development of a new therapeutic approach for 

miRNA inhibition: the use of small molecule inhibitors. Small molecules have been 

thoroughly used with clinical applications for numerous diseases but also specifically for 

cancer [34, 35]. The use of chemical compounds that are already FDA approved to treat a 

specific disease (“X”), would accelerate the process of completing toxicological studies and 

clinical trials in order to apply it to another one (disease “Y”). If a compound has already 

been through thorough preclinical testing and FDA-related studies (ten or more years), then 

using the exact compound for another disease would eliminate the need of going to the 

process again (shortening both money expenses and time consuming processes). Through 

the use of small molecules, we speculate that we can achieve effective oncomiR inhibition 

and gain significant reconstitution of important tumor suppressor proteins that will target 

cancer development.

2. Targeting miRNAs for cancer therapeutics

The main function of microRNAs in normal human cells is to maintain an adequate balance 

of protein expression. In this sense, miRNA coding genes complement protein coding ones 

directly, and this event has been demonstrated in all types of cells. However, similar to 

proteins and an array of other types of molecules, miRNAs are dysregulated in cancer which 

causes the loss of cellular homeostasis and the possibility of normal cells to transform into 

malignant ones. Currently, a vast repertoire of oncomiRs have been predicted and validated 

to target tumor suppressor proteins, positively regulating processes such as cancer initiation, 

progression and metastasis (Table 1). Evidently this has been one of the main reasons for 

which miRNAs are studied the most compared to other elements of non-codifying genomic 

regions. Thus, the significant attention devoted to miRNA research in cancer is not just a 

mere coincidence; these elements are certainly very attractive agents to target!

Current strategies for inhibitory-miRNA therapies are based on antisense oligonucleotides 

(antimiRs), locked nucleic acids (LNA), LNA-antimiR constructs, antagomirs, miRNA 

sponges, ribozymes/DNAzymes, small interfering RNAs (siRNAs) and short hairpin RNAs 

(shRNA) (for a more detailed review see [36]). Some of these have proven to be effective 

not only in vitro, but also in vivo. For example, systemic treatment of tumor-bearing mice 
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with miR-10b antagomiRs markedly suppressed formation of lung metastases by increasing 

levels of a functionally important tumor suppressor target, the mRNA of HOXD10 [37]. In 

another study, medulloblastoma cells passively took up 8-mer LNA-anti-miRs and 

specifically inhibited targeted microRNA seed-sharing family members resulting in 

diminished tumor cell proliferation in vitro, and tumor growth in vivo [38]. Finally one of 

the most popular therapeutic agents has been Miravirsen (SPC3649), an LNA against 

miR-122 developed by Santaris Pharma A/S. It is the first miRNA-targeting therapy to reach 

clinical trials for the treatment of hepatitis C (HCV), a viral infection known to increase the 

odds of patients developing hepatocellular carcinoma. It recently completed phase 2a, 

exhibiting robust activity against viral load, including the case of a patient that reached 

undetectable HCV-RNA levels [39, 40]. Although all of these strategies have been truly 

exciting, the truth of the matter is that there are challenges involved in the delivery of these 

non-small-molecule agents, and even more, their pharmacodynamic and pharmacokinetic 

properties are not ideal for the application [32, 33]. For this reason, we are still in the need 

of finding new alternative therapeutic approaches to inhibit oncomiRs, and decrease their 

activity.

2.1 SMIRs: a fresh approach with new challenges

Drug discovery and development is currently an extremely long process that takes 

approximately 10–15 years. Also, drug production results in an incredible economic burden 

that “boosts” their final overall cost, and patients end up having to pay exaggerated prices 

for their treatments. Thus, time and cost are considered the main obstacles in achieving new 

therapeutic alternatives for cancer treatment. Both of these have led to studying different 

proteins, as well as also other types of molecules that could potentially be targeted in 

different cancer patients.

MiRNAs are main characters of cancer and they have been associated with every single one 

of the cancer hallmarks. Because of the continuous challenges involved in the use of 

nucleotide analogs to target miRNAs, the development of small-molecule drugs targeting 

specific miRNAs (and modulating their activities) seems to be a promising approach. The 

interaction of small molecules and miRNAs was termed for the first time as “SMIR” by 

Melo and Calin et. al. [36, 41] referring to small molecules inhibitors of specific miRNAs. 

The mere concept anticipated a new avenue for an even more targeted development of 

cancer therapies. The SMIR-approach is an appealing one, specifically because it is a way of 

taking the “fast-track lane” in the drug developing race, reducing the time it takes to 

produce/approve it and also the overall cost of the process. However, it is an approach full 

of risks and challenges. For example, compared to proteins, RNA transcripts have been 

previously neglected as drug targets because of their electronegativity and structural 

flexibility. Also, the paucity of X-Ray crystallography or nuclear magnetic resonance 

structures for miRNAs, as well as the limited availability of miRNA-Dicer or RISC complex 

structures [42] make their discovery that much difficult. All of these make the process 

daring. Nevertheless if successful, this approach would result in having an effective drug 

reaching the patient’s bedside incredibly faster, in addition to completely eliminating the 

economic burden of processing a new FDA approval.
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2.2 Developing a new idea, five years ago…

The biogenesis of miRNAs has been studied in detailed, and many enzymes and proteins 

have been found to be required for their stepwise processing. A showcase of potential targets 

for small molecule-based therapeutics was actually realized for the first time while 

investigating the molecular details of the miRNA maturation. Furthermore, when analyzing 

the secondary structures of miRNAs, they appear to be “druggable” targets. The formation 

of stem loops found in precursors and the bulges in miRNAs facilitate targeting by small 

molecules [43]. Deiters, et. al. proposed that there are three basic processing stages that 

miRNA absolutely require in order to excel their main function, and that small molecules 

indeed could block miRNA maturation at all three of them: the pre-transcriptional stage, the 

transcription stage or the post-transcriptional stage [44].

Several ideas were envisioned as plausible. First of all, it was thought that at a pre-

transcriptional level small molecules could alter miRNA expression as well as their function 

in cells [44]. By altering miRNA promoter regions, small molecules were thought to 

regulate miRNA expression indirectly. For example, miR-127, a miRNA that targets the 

proto-oncogene BCL6 is known to be embedded in a CpG island and therefore subject to 

epigenetic silencing in cancer cells [45]. Demethylating agents have proven to recover its 

levels of expression as part of a miRNA cluster, resulting in an overall decrease in its 

oncogenic target. Analogous to this, small molecules were thought to potentially inhibit 

deacetylation or promote hypermethylation and decrease in this way the expression of 

oncomiR-coding genes such as it has been shown for protein-coding genes [46, 47]. 

Secondly (but in a similar way), transcription factors were also thought to be good targets 

for small molecules, and their blockage was predicted to function as “putting the brakes” on 

the constitutive expression of miRNAs in the cell. For example, c-Myc was been proven to 

activate the expression of a cluster of six miRNAs on human chromosome 13 [48]. Two 

miRNAs from this cluster (oncomiRs: miR-17-5p and miR-20a) negatively regulate the 

expression of E2F1, thereby promoting G1-to-S phase progression in mammalian cells by 

activating genes involved in DNA replication and cell cycle control [48]. Small molecules 

were thought to be able to target oncogenic transcription factors such as E2F1, and influence 

a decrease in oncomiR levels and a consequent recovery of tumor suppressor proteins. 

Thirdly, small molecules were also hypothesized to target miRNA biogenesis post-

transcriptionally by inhibiting or blocking the action of RNA-endonucleases such as Drosha 

or Dicer [7–9, 12], or other proteins implicated in the biogenesis of miRNA subsets or 

siRNAs [44]. These along with many other proteins which are crucial in managing the 

transcript to produce mature miRNA sequences were thought to be efficient targets to inhibit 

with small molecule compounds, again with the aims of decreasing downstream the 

expression of oncomiRs. For example, Tan et. al. developed identified a potent inhibitor 

(ATA, a triphenyl-methyl molecule) that selectively inhibits loading of siRNAs and/or 

miRNAs to Ago2 without affecting other functions of the protein [49].

Comparing miRNA regulation before, during and after transcription, the studies done five 

years ago led to the belief that targeting transcription was the most efficient way of 

inhibiting a miRNA in a specific-manner. A higher degree of specificity was supposedly 

obtained by targeting transcription factors presumably involved in the development and cell 
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specific regulation of oncomiRs [44]. However, transcription factors can ubiquitously affect 

promoter regions of many genes simultaneously; and even more, their expression levels/

mechanisms of action might be distinct depending on the tissue/cancer type. Thus, targeting 

this step is nowadays not considered to be specific enough.

2.3 The current aim

The principal goal of the SMIR-approach today is to find compounds that potently bind, and 

therefore decrease the levels of mature miRNAs in the most, specific way possible. In this 

sense, small molecules would be targeting a mature miRNA sequence by binding to it, or to 

any of its upstream precursors (primary or precursor-miRNA in the nucleus, or miRNA-

duplex in the cytoplasm) (Figure 1).

If a small molecule was proven to bind to any of these sequences directly, we could achieve 

the goal of discovering a useful (most likely FDA-approved) drug that could be applicable 

for any cancer type that overexpresses that specific oncomiR. In order to achieve this, one of 

the first steps would be to determine potent oncogenic miRNAs that have already been 

proven in the literature to be crucial in the progression and advancement of cancer (most 

likely through previous miRNA-microarray profiling-studies in cancer). A good example of 

this would be miR-21. MiR-21 is over-expressed in multiple cancer types such as breast, 

ovaries, cervix, colon, lung, liver, brain, esophagus, prostate, pancreas and thyroid [24, 25, 

27, 28]. A SMIR that specifically targets this miRNA would be useful for patients that suffer 

the already mentioned cancer types, which most likely have a tumor that is dependent on the 

expression levels of oncomiR-21.

3. Searching to discover novel SMIR’s

High Throughput Screening (HTS) is a drug-discovery process broadly used in research for 

many types of studies, including experimental therapeutic approaches. The term usually 

refers to quick methods to assess the biological or biochemical activity of numerous 

compounds, such as small molecules. Through these processes scientists can rapidly identify 

active compounds that are the basis/starting point for drug design. The technique has been 

used in the past years, to search for small molecule inhibitors of miRNAs [50–52]. 

Regarding SMIRs, HTS can be used (as an initial approach) in two ways: in vitro and in 

silico; and both of these have been recently explored [26, 49, 52–56]

3.1 HTS techniques in vitro

Assays detecting Fluorescence

- Beacons:

◦ Fluorescent beacons are oligonucleotide hybridization probes that 

report the presence or the absence of specific nucleic acids in 

homogeneous solutions. They are usually hairpin shaped molecules 

that contain a quencher and a fluorophore that emits fluorescence 

when it binds to its nucleic acid target sequence. The technique has 

been proven useful in determining the levels of Dicer processed-

mature miRNAs in culture cells [53, 54]. The basis of the test was that 
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a specific sequence of a precursor miRNA would serve as the 

molecular fluorescent beacon, and the mRNA would be the nucleic 

acid-target sequence that the miRNA binds to and inhibits. To screen 

for SMIRs, the technique is performed by synthesizing a doubly-

labeled pre-miRNA beacon containing a 5′fluorescence emitter, and a 

3′ quencher. Dicer-mediated hydrolysis of the precursor results in a 

dissociation of the fluorescence emitter and quencher, thereby 

generating a Dicer-dependent increase in the fluorescence (Figure 2a).

◦ Recent studies regarding the florescent beacon-approach have reported 

that the Dicer-mediated cleavage depends on the 5′ and 3′ ends of the 

precursor sequence. In this way, the presence of the fluorophore and 

the quencher might actually affect the binding and activity of the Dicer 

enzyme. Because of this, the technique has been revised and altered, 

and a new strategy has been approached and validated [52]. An 

alternative way to approach this pitfall was creating a DNA molecular 

beacon that is independent of the precursor sequence and 

complementary to the mature miRNA produced after the Dicer 

cleavage (and in this way Dicer cleavage is not expected to be altered 

in any way) [52]. The beacon loop is a perfect complement to the 

mature miRNA sequence. In this case, the precursor sequence is base 

pairing with the passenger strand, forming a thermodynamically stable 

structure, hence the beacon is not open and there is no fluorescence. 

When the precursor sequence is in its natural conformation, only low 

levels of fluorescence are observed, because of the close proximity of 

the quencher. However, the dicing and helicase activity of Dicer 

results in a mature miRNA sequence that hybridizes with the separate 

molecular beacon containing its perfect complement [52]. This results 

in opening of the beacon and increased fluorescence. In the presence 

of a SMIR that blocks this Dicer processing by binding to the 

precursor sequence, the precursor is restricted to its close conformation 

and a reduced fluorescence should be observed [52].

- Polarization assay:

◦ Although this assay was initially designed to perform HTS of 

modulators of RISC components, it can potentially have broad 

applications in the study of individual miRNAs, and the inhibition of 

their processing. The principal of the fluorescence polarization (FP) 

screening assay lies on the fact that labeled miRNAs are free to rotate 

in the absence of Ago2, resulting in a low polarization value. 

However, once the miRNA forms a complex with Ago2 (as well as 

with other proteins) it rotates more slowly, resulting in a higher 

polarization value [49]. This technique allows the study of a vast 

number of inhibitory (candidate) compounds in a short period of time.
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Luciferase Reporter constructs—Luciferase biosensors assays provide a tool of rapid 

screening of miRNA activity in cells. These vectors are usually assembled by introducing 

the complementary sequence of a specific miRNA-(X), which is compared to a vector that 

has a control sequence, downstream of a luciferase reporter gene. The plasmid is then used 

as a sensor to detect the presence of specific mature miRNA molecules. The reporters are 

sequenced, validated, and introduced into culture cells by transfection. The system has been 

tested and proved able to detect endogenous miRNA levels when they are highly expressed 

and also exogenous introduction of miRNAs through precursor sequences or expression 

vectors. In the presence of a SMIR for miR-X, the mature sequence of the miRNA is 

decreased and the luciferase gene is expressed constituvely. If the molecules tested do not 

inhibit the miRNA, then the miRNA will bind to its target sequence and inhibit the 

expression of the luciferase gene.

Lentiviral reporter construct: These are typically assembled by introducing the 

complementary sequence of the miRNA of interest, as well as a control sequence (in a 

separate construct that contains no detectable recognition by natural miRNAs) downstream 

of a luciferase reporter gene (Figure 2b) [26].

psiCHECK-2 reporter plasmid: The psiCHECK2 vector (Promega) has been a useful tool 

to perform HTS of SMIRs. It is a reporter plasmid used to clone a miRNA target sequence 

downstream of a Renilla luciferase (Rluc) gene. The presence or absence of a specific 

miRNA can be monitored by the change in expression of Rluc. The system detects a 

decrease in miRNA levels by an increase in Rluc expression. On the contrary if miRNA 

levels increase then Rluc expression consequently decreases. With this reporter vector, there 

is a particular advantage; there is no need of co-transfecting a control luc-gene because it 

contains a Firefly luciferase (F-luc) gene which is constitutively expressed. There are several 

commercially available psiCHECK-2 vectors that can be acquired with a particular miRNA 

target sequence already cloned. An example, is the psiCHECK-2-prohibitin reporter vector 

which contains a very potent target sequence of miR-27a: prohibitin [52] (Figure 2c).

pEZX-MT05 plasmid: The pEZX-MT05 vector from (GeneCopoeia) also offers the 

opportunity of miRNA target identification. Similarly, miRNA complementary 3′ UTR 

sequences are inserted downstream of the secreted Gaussia luciferase (GLuc) reporter gene 

in its respective vector system, which is driven by SV40 promoter for expression in 

mammalian cells. Besides using GLuc as the miRNA 3′ UTR target reporter, a secreted 

Alkaline Phosphatase (SEAP) reporter driven by a CMV promoter, is also cloned and it 

serves as the internal control. In addition to the GLuc/SEAP dual-reporter vector system, a 

firefly/Renilla Duo-Luciferase reporter vector (pEZX-MT01) has also been validated and is 

currently available for SMIR screening [55].

Stable cell lines—Many researchers have been working in the past couple of years, on 

finding better high-throughput screening techniques in order to identify SMIRs. Recently, it 

has been proposed that using a stable cell line that constantly expresses a luciferase reporter, 

(instead of a transient transfection), not only will be more cost efficient and less time-

consuming, but will also remove variations associated with transfection efficiency and other 
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technical manipulations. This approach was tried by Connelly et. al.; and in their study, they 

recorded the steps needed to create a stable cell line with a constitutively expressed vector 

[51]. In it they validated the Huh 7 cell line with a constitutive expression of psiCHECK2 

vector with the miR-122 target sequence [51]. This technique could be applied to any other 

cell line as well as any other miRNA.

3.2 HTS techniques in silico

With the advancing understanding of miRNA structure and the thermodynamics of miRNA-

small-molecule interactions, in silico high-throughput screening techniques are promising 

because they can substantially accelerate the miRNA-targeted lead identification and 

optimization in a cost-efficient manner compared with the conventional drug discovery 

pipeline. However, targeting oncomiRs via computational approaches, is still challenging, as 

most computational models need recalibration to ensure the compatibility of their nucleotide 

target. Current in silico HTS techniques can be divided into two categories. The first 

category is the structure-based or receptor-based approach, which aims to identity miRNA-

binding molecules that energetically fit “the pocket” in the existing or (most likely) 

predicted tertiary structure. The second category is the ligand-based approach, which models 

the quantitative structure-activity relationship (QSAR) or pharmacophore by exploiting the 

chemical information within a set of ligands with known experimental activities, and uses 

this model to identify potential actives. The predictive accuracy of the majority of in silico 

techniques, especially the structure-based models, have not yet been intensively 

benchmarked. In comparison, ligand-based approaches employing well-documented 

cheminformatics techniques [57] have been reviewed elsewhere [58]. Here, we will give an 

overview of the structure-based methods.

Due to the paucity of available miRNA 3D structures, their computational modeling is a 

pivotal first step for structure-based drug design. Frankly speaking, computational methods 

to model RNA tertiary structure are still under development due to the complicated RNA 

foldings (e.g., noncanonical base pairs, helices, hairpins, bulges, pseudoknots, etc) [43]. 

What we do know is that pri-miR and pre-miR form a hairpin fold, whereas mature miRNA 

is processed into a single stranded form [59]. Current methods for RNA tertiary structural 

modeling largely relies on the accurate prediction of RNA secondary structure. A pilot 

server, CompaRNA, is continuously benchmarking 28 single-sequence and 13 comparative 

RNA secondary structure methods for their accuracy and robustness [60, 61]. As of 2013, 

the best single-sequence methods are CentroidFold [62], ContextFold [63] and IPknot [64], 

and the best comparative methods are CentroidAlifold [65], MXScarrna [66], RNAalifold 

[67] and TurboFold [68]. Using the secondary structure as the input, RNA tertiary structure 

can now be predicted efficiently with various algorithms, including fragment assembly 

(MC-fold/MC-Sym pipeline [69], FARNA [70] and RNA-MoIP [71]), coarse-grained 

molecular dynamics (iFoldRNA [72] and NAST/C2S [73, 74]), comparative modeling 

(ModeRNA [75]), tertiary structure machine translation (RNAComposer [76]).

Once the RNA structure is available, molecular docking is the “production step” for in silico 

high-throughput virtual screening. Due to the accessibility to crystallized structures, the 

docking algorithms and scoring functions that predominate are those only applicable to 

Monroig-Bosque et al. Page 10

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein targets. However, several pioneer studies have suggested that some native protein-

based docking methods be useful for RNA [56, 77, 78]. Researchers in the field have 

acknowledged the RNA-small-molecule “scoring issue”, and implemented novel RNA-

specific scoring functions such as DrugScoreRNA [79], rDock score [80, 81], iMDLScore 

[82] and integrative scoring [83]. Recently, Chen et al. has benchmarked five docking 

software with 11 scoring functions for their performances in binding mode prediction, 

scoring and virtual screening [82]. Based on the results, they have proposed a practical high-

throughput virtual screening pipeline: GOLD::GOLDFitness-ASP-rDock_solv for rigid 

RNA binding site and rDock::rDock_solv-ASP-iMDLScore2 for moderately flexible RNA 

binding site [82]. To account for the dynamic behavior of RNA, computational (more 

expensive) techniques have been implemented using elastic potential grids [84], ensemble 

structures [78, 85] or force-field based energy minimization [86] (Figure 3).

As a proof of concept, Shi et al. have reported the discovery of AC1MMYR2, a potent and 

selective inhibitor of miR-21, based on structure-based virtual screening [50]. They used 

MC-fold/MC-Sym pipeline to model the 3D structure of pre-miR-21, and selected the Dicer 

binding site in the precursor, as the site where they wanted candidate compounds to bind to. 

AutoDock predicted 48 compounds with high binding affinity, and they selected five for 

experimental evaluation. As a result, AC1MMYR2 demonstrated the capability to block the 

maturation of miR-21 in a Dicer-dependent fashion and inhibit tumor proliferation, 

migration and invasion both in vitro and in vivo [50].

4. The trajectory

4.1 The beginning…

Ever since oligonucleotides were designed to target RNA, their therapeutic potential has 

been hampered by poor cellular delivery methods and their stimulation of an immunogenic 

response [32, 33]. Small molecule inhibitors of miRNAs have been considered important 

tools that would serve as therapeutic agents, and that could furthermore facilitate the 

discovery of novel miRNA functions in cancer (specifically). In 2006/2007 Davies and 

Arenz suggested for one of the first times that these non-coding RNA transcripts could be 

targeted with small organic molecules [54]. They hypothesized that small molecules could 

provide a particular advantage (compared to antisense oligonucleotides) because of their 

higher uptake by organisms as well as their lower manufacturing costs. Thus, they 

developed one of the first screening assays to detect potential inhibitors of miRNA 

maturation at a high-throughput format (Refer to Figure 3).

In their initial premise, Davies and Arenz envisioned that ligands which specifically bind 

pre-miRNAs could offer a therapeutic route for diseases such as cancer, where over-

expression of had been linked to pathogenesis. Using pre-let-7 RNA from Drosophila 

melanogaster as a model, they developed a doubly-labeled pre-miRNA beacon with a 

fluorescent emitter and quencher to be able to detect Dicer processing (hydrolysis) through 

the fluorescence emitted. This way, they established the first homogeneous fluorescence 

assay for detecting potential inhibitors of the miRNA maturation process. However, even 

know their work was novel; they emphasized the need to address the “selectivity” issue with 

pre-miRNA binders [53, 54]. Furthermore it was proven that the location of the fluorophore 
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molecule at the 5′ and a fluorescent quencher at the 3″ was likely to impede a proper 

cleavage of the pre-miRs by Dicer, since it depends on both ends of the precursor for 

miRNA maturation [52]. Nevertheless the concept remained very well established and 

consequently widened research in this field.

4.2 The first hit…

It was in the year 2008 when the first SMIR study was published in the literature, and it was 

mentioned for the first time that a small-molecule inhibitor of a specific miRNA was proven 

to be found [26]. The introduction of this concept into the miRNA therapeutic-world was 

huge, since until the moment specific miRNA inhibition had only been observed with 

antisense oligonucleotides, such as the one against BCL2, Oblimersen [87]. At the time it 

was only thought that miRNAs were involved in the regulation of about 30% of all genes 

and genetic pathways and this made them important enough to target. To this date, we know 

they potentially regulate a higher genome percentage (over 60%), and it has been reaffirmed 

that their role as potential therapeutic targets is even more important than what was initially 

thought [88].

Gumireddy et. al. reported a cellular screen for miRNA-pathway inhibitors and found the 

first small-molecule inhibitor of miRNA function. In their study they describe the 

development of an assay that allowed the detection of a miRNA being inhibited, after 

treating with small molecules that could potentially interfere and target their biogenesis 

pathway [26]. They selected miR-21 as the target miRNA because of its known tumorigenic 

properties in various cancers, such as breast, ovarian, lung, glioblastomas [16, 24, 25, 27] 

etc. The assay consisted on a lentiviral reporter construct that was assembled by introducing 

the complementary sequence to miR-21, as well as a control miRNA (−30) as a negative 

linker sequence downstream of a luciferase reporter gene. This plasmid was then used as a 

sensor to detect the presence of specific mature miRNA molecules (Refer to Figure 2b). The 

reporters were introduced into HeLa cells which have high miR-21 basal levels. The system 

proved to be able to detect miR-21 levels efficiently, as the introduction of a miR-21 

expression vector yield a 90% decrease in luciferase signal [26].

Subsequently they performed a primary screen of a library containing over 1000 

compounds, of which treatments were conducted at a concentration of 10uM [26]. An initial 

hit: diazobenzene, was found to produce over 251% increase in luciferase signal compared 

to solvent alone [26]. Furthermore the chemical structure of this compound enabled 

preliminary studies on structure-activity relationship as well as predictions on possible 

modifications that could increase the inhibitory strength. Structurally related compounds 

uncovered an alternate highly active one which actually induced a 485% increase in 

luciferase reporter signal [26]. The mechanism by which this compound could cause 

inhibition was initially unknown, since only the downstream decrease of a mature miR-21 

sequence was being detected. When assessing the sequence of the pri-miR-21, an 87% 

decrease was detected on treated cells compared to non-treated controls [26]. These results 

strongly suggested that the compound was actually targeting the transcription of the miR-21 

coding gene, and not the downstream processes of the common miRNA pathway [26].
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4.3 Continuing discoveries…

Approximately two years after the first SMIR was described, Young, et. al. began studying 

miR-122 [89]. The discovery of a small molecule that could target this miRNA (specifically) 

seemed to be clinically relevant for pharmaceutical purposes, since its expression has been 

known to be necessary for hepatitis C virus (HCV) infection as well as replication. Also, 

HCV infection has been considered for many years a pre-malignant infection that could lead 

to the development of hepatocellular carcinoma, therefore, eliminating HCV replication is 

an important cancer-preventive approach. In support of their idea, preclinical studies had 

already proved that knockdown of miR-122 dramatically decreased HCV RNA in human 

liver cells (without any toxic effects in mice and primates), so evidently it is a very attractive 

non-coding RNA transcript to target [89].

For this project, a luciferase based psiCHECK-2 reporter plasmid was used to screen for 

SMIRs [89]. This vector contained a Firefly luciferase (F-luc) gene constitutively expressed 

which serves as a control, and also a Renilla luciferase (Rluc) gene which served as a 

reporter of miRNA levels in cells. In this way, the need of transfecting a control vector 

separately was eliminated. The target sequence of miR-122 was inserted downstream of the 

(Rluc) gene, and the change of Rluc-genetic expression would determine if there was any 

inhibition of the miRNA. A total of 1364 compounds were screened in a high-throughput 96 

well format using Huh7 cells at a concentration of 10uM, and luciferase reporter signal was 

assessed after 48 hours [89]. This study led to the discovery of two potent SMIRs for 

miR-122, which demonstrated inhibition of HCV replication in liver cells [89]. Both of them 

seemed to target the transcription of the miRNA-coding gene, since the pri-miR122 

sequence was proven to be reduced upon compound treatment [89]. After this study, the 

same group has continued to work on finding better high-throughput techniques in order to 

identify even more SMIRs. They have recently proposed that using a stable cell line 

constantly expressing the luciferase reporter, instead of a transient transfection, not only will 

be more cost efficient and less time-consuming, but will also remove variations associated 

with transfection efficiency and other technical manipulations. Their recorded steps on how 

they created a stable cell line (Huh 7) with a constitutively expressed psiCHECK2 vector 

with the miR-122 target sequence could be applied to any other cell line as well as any other 

miRNA [51].

Several other studies began aiming similar findings. Watashi et. al. developed a very 

extensive screening with the hope of discovering small molecules that could suppress 

miRNA function and moreover reverse tumorigenesis [90]. A total of 530 compounds, most 

of them with well-established pharmacokinetic (PK) and (PD) properties, were used at six 

different concentrations ranging from approximately 0.5–10uM [90]. Their experimental 

approach consisted of three screening steps. Initially human embryonic kidney 293 cells 

(HEK 293) were transfected with SV40 promoter driven Fluc gene, a control Rluc gene and 

a pGL3 promoter plasmid that expressed sh-Fluc (which provided the source of miRNA 

against the Fluc mRNA). Secondly, a CMV promoter driven Fluc plasmid was transfected in 

the same way, with the Renilla control and the shFluc. Thirdly the cells were transfected 

with an SV40 promoter driven Fluc and the Renilla control, but a vector coding for sh-GFP 

(green fluorescent protein) which codes for a miRNA that targets GFP mRNA and not Fluc 
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mRNA. Compounds positive in the first two screenings and negative in the third one were 

sought. Two candidates were obtained based on these criteria: PLL, and TPF [90]. 

Collectively their results suggested that PLL treatment reduces pre-miRNA association with 

Dicer, while TPF treatment reduced the miRNA association with AGO2 [90]. Moreover 

they found that the two compounds could reverse the tumorigenicity of miR-93 and 

miR-130b over-expressing cells [90]. However, their mechanisms of action had the pitfall 

that they targeted the biogenesis process of miRNAs in general (not specifically). 

Nevertheless, in cases where over-expression is crucial for tumor maintenance, reducing the 

activities of these oncomiRs (albeit accompanied by commensurate reductions in other 

cellular miRNAs) may still be considered therapeutically efficient.

Not much time had passed when another small screening was performed, this time to find a 

specific inhibitor of miR-21 with better pharmacokinetic properties, and higher specificity 

[55]. A similar approach was used, were a luciferase-based reporter was used: pEZX-MT01 

plasmid [55]. This vector has a Fluc gene, and downstream to it, the 3′ UTR of 

(Programmed cell death 4) PDCD4, a well-known target of miR-21 [55]. MCF7-cells (breast 

cancer cell line) where treated with a total of 15 small molecules (all aminoglycosides) at a 

concentration of 10uM. Streptomycin was found to potently inhibit miR-21 at this 

concentration, and even still at 5uM [55]. To furthermore validate its specificity, they tested 

the levels of ten other oncogenic miRNA after treating with a dose of 5uM of Streptomycin. 

Only one, out of the ten (miR-27a) was proven to be down-regulated in a similar manner 

[55]. The PDCD4 target was tested and proven to be recovered slightly (by western blot) 

[55]. To prove that the mechanism of inhibition was a direct one, thermal melting 

experiments were performed with in vitro transcribed pre-miR21, and upon addition of 

streptomycin, thermal stabilization was observed [55]. In summary, they showed that with 

these cell-based assays, streptomycin was proven to repress miR-21 levels by directly 

binding to its precursor sequence interfering with Dicer processing [55]. However, the 

treatment was not proved to be as specific as expected, since it did down-regulate one of ten 

other miRNAs tested [55]. Also, this study did not check for important tumor suppressor 

targets of miR-21 such as PTEN, RECK.

Another group of small molecules known as aza-flavanones, where the focus of a study that 

aimed to investigate the role of these compounds as potential miRNA inhibitors. 

Chandrasekhar et. al. tested the role of aza-flavanones in controlling miRNAs that 

specifically target proteins involved in cell death and/or proliferation [91]. In their study 

they focused on miR-14 from Drosophila organisms, because of its anti-apoptotic activity. 

A homology search of a human homologue of this miRNA led to the identification of 

miR-4644, a recently validated miRNA which is abundantly expressed in breast tumor 

tissues [91]. Since this homologue was validated, they used Drosophila flies as an in vivo 

model to test the inhibitory effect of different aza-flavanones using a luciferase reporter 

vector. The hits from the in vivo study where then tested against breast cancer cells, but with 

a vector for the human homologue miR-4644. Their results suggested that aza-flavanones 

are potentially specific towards human miR-4644 in a similar way that they are for the fly 

homologue miR-14. Furthermore, they demonstrated that the compounds did not have a 

general effect on the common miRNA biogenesis pathway nor on other miRNAs tested [91]. 
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Their results demonstrated a novel mechanism through which miRNA inhibitors could be 

screened for, in order to target tumorigenic pathways such as proliferation and apoptosis (as 

seen with miR-4644) [91]. More so, they developed and validated a novel cross species-in 

vivo HTS method to identify SMIRs by using Drosophila homologues of human miRNAs. 

[91].

The concept of small molecule inhibitors of miRNAs began expanding in the year 2013 

where several research groups worked on finding new strategies to screen for them in a 

high-throughput manner. A new method to screen for SMIRs in vitro was developed by 

Bose and colleagues in the beginning of the year 2013 [52]. With the aims of overcoming 

relatively time-consuming assays that do not provide information on the mechanistic details 

of the modulation of the SMIRs, this research group described the development of a DNA-

based molecular-beacon SMIR screening method. The beacon contains a stem loop structure 

with a fluorophore and a dark quencher at the two ends, where the loop sequence is exactly 

complementary to miRNA (anti-miR). In the presence of the mature miRNA of interest the 

beacon “opens up” and hybridizes with it, increasing the fluorescence signal. In this method, 

they addressed drawbacks from the previous research groups by making use of a DNA 

molecular beacon (with 5′ fluorophore and 3′ quencher), independent of the pre-miRNA and 

complementary to the mature miRNA produced after cleavage by Dicer (in its mature form). 

With this approach they screened 14 commercially available aminoglycosides at a 

concentration of 5uM–15uM, to test if any of them inhibited miR-27a, a miRNA proven to 

be over-expressed in several cancer types [52]. In the screening they found that a set of them 

inhibited Dicer-catalyzed miR-27a maturation [52]. The positive hits were found when the 

compounds bound pre-miR27a and hinder Dicer processing, and the amount of mature 

miR-27a production was less when compared with controls [52]. The most potent SMIR 

they found achieved 25–30% inhibition with this assay [52]. There results were validated 

using a cell-based assay with the known psiCHECK-2-prohibitin reporter vector (prohibitin 

being a potent miR-27a target sequence) at a concentration of 20uM which yield very 

similar findings [52]. Their high-throughput beacon-based assay compares (favorably) to 

other previously described methods, as it proved to be cost-effective, sensitive and robust.

One of the most attractive miRNAs to find a SMIR for has been miR-21, and several groups 

have tried to screen for one (as previously mentioned). The fact that it is very important for 

the development of many different types of human cancers, such as glioblastomas, gastric 

tumors, breast cancers and colon cancers [16, 24, 25, 27], exalts the relevance of finding a 

direct specific inhibitor that could be used as therapeutic alternative in all of these. With the 

aims of achieving an even more specific SMIR against miR-21, Shi et. al. designed an in 

silico HTS technique [50]. By using the three-dimensional structure of the Dicer binding site 

on the pre-miR-21, they conducted a screening of 1990 compounds to find molecules that 

could block miR-21 maturation by MC-Fold/MC-Sym and Auto Dock programs [50]. By 

this method they identified a SMIR termed AC1MMYR2, which blocked the ability of Dicer 

to process the precursor form (in silico) [50]. In vitro, its potency was also tested, and it was 

found to inhibit miR-21 after 24 hours at a dose of 30uM [50]. This inhibitor also up-

regulated the expression of the tumor suppressor targets of the miRNA: the mRNAs of 

PTEN, PDCD4 and RECK [50]. Even more, it proved to reverse epithelial-to-mesenchymal 
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transition by reducing mesenchymal markers and reconstituting the levels of E-cadherin 

[50]. In vivo, the compound also demonstrated a decrease in tumor growth, invasiveness, 

and metastasis, increasing overall host survival with no observable cytotoxicity in orthotopic 

models [50]. AC1MMYR2 proved to block miR-21 maturation in a set of four different cell 

lines of different cancer types in a similar way [50]. Finally, the selectivity and specificity of 

this compound was more thoroughly assessed by measuring the levels of other miRNAs 

through RT-PCR [50]. Unfortunately, five out of the eleven miRNAs tested proved to also 

be significantly reduced with this treatment [50]. Although this was an interesting 

mechanistic approach, there are some issues that need to be solved regarding miR-21 

specific inhibition.

On another note, two important miRNAs in gastric cancer: miR-372 and miR-373, were also 

the focus of investigation when searching for SMIRs, since they potently target the tumor 

suppressor LATS2 (large tumor suppressor kinase 2). Both of these miRNAs have been 

proven to be significantly over-expressed in gastric cancer cells [92]. In this screening, Vo 

et. al., reported the first example of multimodal RNA ligands, aiming to inhibit the 

biogenesis of oncomiRs [92]. The multimodal ligands are composed firstly of an artificial 

nucleobase designed in order to specifically recognize an RNA base pair of the double 

stranded region of the pre-miRNA; and secondly, an aminoglycoside known to interact in a 

potent manner with stem-loop RNAs with high affinity [92]. Their work was done in the 

AGS cell line, growth of which is dependent on high levels of miR-372 and miR-373 [92]. 

Some of their multimodal ligands, composed of neomycin conjugated to natural and 

artificial nucleobases, revealed to be able to inhibit Dicer precursor cleavage by binding to 

these stem-loop structured RNAs [92]. One of their compounds proved to be an efficient 

inhibitor in vitro, and demonstrated a dose dependent miRNA decrease [92]. Its cytostatic 

effect was directly correlated to the decrease of both of the oncomiRs, and this was shown 

by qRT-PCR and through luciferase reporter vectors [92]. Their approach consisting of the 

conjugation of different RNA binding motives, demonstrated to be successful for the 

targeting of oncomiRs, and has evidently widened the search for the rational design of 

precursor ligands [92]. However, they did identify significant decrease in the levels of at 

least 3 other oncogenic miRNAs. Nevertheless, the techniques used to perform these kinds 

of HTS seem very promising for new SMIR therapeutics.

Recently, a research group developed a novel strategy with the goal of identifying a small 

molecule that binds a precursor miRNA sequence, and inhibits its maturation. Their 

approach was termed Inforna, and it was validated to design lead compunds that target 

miRNA precursors that have been identified through sequencing and functional studies [93]. 

In this study researchers downloaded the sequences of all the miRNA hairpin precursors in 

the human transcriptome from miRbase, and their secondary structures were predicted in 

silico via RNA structure (considering energy minimization). The entire set of secondary 

structures was then parsed by Inforna, which created the output of the targetable motifs in 

each RNA, and the corresponding lead small molecules that could potentially bind them 

[93]. Inforna probed over 5 million potential interactions, requiring that the targetable motif 

and its closing base pairs were exact matches for motifs in the database [93]. They then 

redefined their lead interactions based on two criteria: the first being that the targetable 
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motif should be between the Drosha or Dicer processing step and second that the miRNA 

would be causative of disease [93]. There results showed 22 lead small molecules for 

different precursors including some for prostate, breast, ovarian and pancreatic cancer (as 

well as other diseases) [93]. The most avid interaction was seen between a benzimidazole 

and the precursor sequence for miR-96 [93]. This compound was selective in inhibiting 

miR-96 biogenesis as proven by the recovery of its protein target FOXO1, inducing 

apoptosis in cancer cells [93]. When testing it in vitro, it showed reduced expression levels 

of miR-96 by 90% at a concentration of 40uM [93]. This reduction proved to be selective 

when testing two other miRNAs (−182 and −183, which are transcribed with −96 as a single 

transcript). Even more, compared to LNA, the selectivity was higher for the hit compound 

[93].

Regarding the binding of small molecules to precursor sequences, Murata et. al studied the 

synthesis and structure-activity relationships of xanthone and thioxanthone derivatives as 

fluorescent indicators for detecting interactions between small molecules and RNA 

sequences[94]. Some of the derivatives of these compounds preferentially bind to certain 

secondary structures of RNA such as loops or bulges, which are characteristic of precursor 

sequences before they undergo Dicer-mediated processing. In their study they demonstrated 

that the xanthone and thioxanthone derivative X2S-N,N-diMe inhibited pre-miR-29a 

maturation in a specific manner, by binding to the nucleotides that form part of the internal 

loop/bulge (and not by any interaction with Dicer itself) [94]. However, the off target effect 

of this compound in inhibiting other miRNAs was not investigated [94].

5. The other side of the coin: small molecule as miRNA promoting agents

Several small molecules have also been found to increase the expression of tumor 

suppressor miRNAs. By targeting regulatory mechanisms for the RNAi (RNA interference) 

pathways, small molecules have demonstrated the possibility of recovering tumor suppressor 

miRNAs, thereby decreasing the expression and function of oncogenic genes. Around 2008, 

Shan and his research group discovered a small molecule that could modulate the RNAi 

pathway intracellularly [95]. They used a reporter system that allowed them to monitor 

RNAi activity and performed a chemical screen of small molecules that enhanced RNAi. 

The system consisted of a cell line which stably expressed EGFP, which was infected with a 

lentivirus producing shRNA against EGFP. By searching for increases or decreases in 

fluorescence they could detect enhancers or inhibitors of the RNAi pathway. A total of 

2,000 FDA-approved compounds were screened, and the results led to the identification of a 

small molecule named enoxacin (a fluoroquinolone) that actually enhanced the siRNA-

mediated mRNA degradation with a median effect achieved at a 30uM concentration [95]. 

Its mechanism of action was found to be that the molecule enhances interactions between 

trans-activation-responsive region RNA binding protein (TRBP) and RNAs, thereby 

facilitating miRNA biogenesis [95]. Nevertheless no specific link to any disease was pointed 

out in their study. Further along the path, Melo and Calin et. al. discovered that enoxacin 

does enhance the production of miRNAs, but specifically so for tumor suppressor ones [41]. 

Treatment with enoxacin in human cell cultures and xenografted, orthotopic and metastatic 

mouse models revealed a TRBP-dependent and cancer-specific growth-inhibitory effect of 

this drug [41]. It promotes the activity of tumor suppressive miRNAs in a specific manner. 
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These results revealed the importance not only of decreasing oncomiRs, but also of 

replenishing tumor suppressor miRNAs in order to recover the microRNAome that 

characterizes a normal cell.

In addition, other small molecule activators have also been identified via different 

mechanisms. With the aims of finding natural compounds which can be obtained at a low 

cost but at the same time were structurally diversified, Chen et. al. screened chemical blocks 

of compounds derived from photoreactions. By using a luciferase reporter vector, they 

identified a universal activator of miRNAs from the photoreaction products of 

naphthalene-1,4-dione with acetylenes. The small molecular activator demonstrated to 

significantly upregulate the expression of mature miRNAs including miR-1, miR-122 and 

other tumor-associated miRNAs in a non-specific manner (enhanced both: oncomiRs and 

tumor suppressors) [96].

6. Concluding Remarks

MiRNA expression screens that compare their levels in tumors versus normal tissues, have 

proven extremely useful in the past years because they have identified novel oncomiRs 

tightly involved in cancer. Therapeutic methods to inhibit miRNAs have demonstrated 

limited effectiveness regarding delivery mechanisms, as well as robust immunogenic 

responses [32, 33]. For years there has been a need not only of developing more effective 

miRNA-based therapeutics, but more so to validate them in a fast way, in order to move 

them from laboratory bench to the bedside. We recently envisioned that small molecule 

compounds could possess structural characteristics complementary to mature oncomiRs (or 

their upstream precursor transcripts), that could serve as an opportunity to achieve a more 

targeted therapeutic approach, one in which SMIRs and miRNAs would bind through a 

structure-specific interaction. To this date we have witnessed an extensive development of 

methods and techniques used to discover SMIRs. On one hand, we have validated rational 

computational approaches that are able to provide lead compounds that enable functional 

studies by predicting 3D structures of miRNAs or alternatively without even using them 

[57–86]. On the other, the screening techniques developed in vitro are only improving in 

efficiency, and represent a highly reliable approach to discover potential SMIRs as well [26, 

49, 52–54]. There is absolutely no question; miRNAs are already considered a ‘magic 

bullet’ to target in cancer. Tumors are modernly being classified as “oncomiR-addicted” and 

are highly dependent on the miRNA-mediated silencing of crucial tumor suppressors 

proteins.

With the idea of using small molecules to inhibit oncomiRs, research has certainly aimed 

very high. It is very challenging to work looking for compounds that will potentially bind to 

a secondary/tertiary structure that we have not been able to crystallize just yet (this 

representing one of the biggest disadvantages). With predictions and in vitro techniques, 

several small molecules compounds have been found to somehow target the final levels of 

mature miRNA sequence. But even so, one of the hardest things to accomplish has been 

achieving a selective (miRNA-specific) inhibitory effect. Initially it was thought that by 

targeting the transcription of a specific miRNA-coding gene, the inhibitory effect would 

solely influence that miRNA. However, transcription factors can ubiquitously affect 
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promoter regions of different genes; and even more, their expression levels/mechanisms of 

action might be distinct depending on the tissue type as well as the type of cancer. Thus, 

targeting transcription is simply not specific enough! A more refined strategy would be to 

find a compound that binds to the primary, precursor or mature sequence of a miRNA in a 

specific manner. In this sense, the challenge is to not affect proteins involved in the miRNA 

biogenesis in general, neither transcription factors nor other epigenetic regulators. The aim 

is to solely target the oncomiR of interest. In order to achieve this, one of the first steps 

would be to determine potent oncogenic miRNAs that have already been proven in the 

literature to be determinant molecules for the progression and advancement of cancer, for 

example miR-21. MiR-21 is over-expressed in multiple cancer types such as breast, ovaries, 

cervix, colon, lung, liver, brain, esophagus, prostate, pancreas and thyroid [16, 24, 25, 27, 

28]. A SMIR that specifically targeted this miRNA would be useful and most likely 

applicable to patients of all of these cancer types, which most likely have a tumor 

development dependent on the expression levels of oncomiR-21, because of its role in 

negatively regulating tumor suppressive targets (PTEN, PDCD4 and RECK).

One of the disadvantages that need to be taken into consideration is that small molecule 

compounds can have off target effects in both: the tissue of interest or throughout the body. 

With this in mind, the discovery of novel SMIR’s need to undergo extensive in vitro as well 

as in vivo evaluation of possible side effects in order to determine if the benefits are greater 

than any of their undesired off target effects.

As recounted in this article, the number of validated SMIR hits is only beginning to increase, 

and out of the small molecules discovered, very few of them have been proven to directly 

bind to a miRNA or one of its precursor transcripts. Nevertheless, in particular cases where 

oncomiR over-expression is significantly influencing cancer development, even a non-

specific could decrease cancer burden by targeting the tumor’s “oncomiR addiction”. Thus 

the majority of the findings in the field promise to have positive outcomes in non-coding 

RNA-based therapeutics.
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Figure 1. Targeting miRNAs through a small molecule inhibitor (SMIR)-approach
(A) MicroRNA Biogenesis. MiRNAs are transcribed by an RNA polymerase II enzyme, into 

a primary transcript that forms a hairpin structure referred to as pri-miRNA. It is then 

cleaved by RNase endonuclease III Drosha, along with DGCR8 forming a precursor 

sequence (pre-miR) of approximately 70 nucleotides in length. The pre-miR is then 

translocated to the cytoplasm via Exportin 5 where Dicer, another RNA-specific nuclease 

defines a cleavage site resulting in a double stranded 20 nucleotide in length transcript. From 

this transcript the guide strand along with the RNA-induced silencing complex (RISC) 
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complex target the 3′ untranslated region (UTR) of messenger RNAs (mRNA). The end 

result is a decrease in the targeted protein levels. (B) Mechanism of the SMIR-approach. 
An ideal small molecules inhibitor of microRNAs (SMIRs) would be a compound that can 

potently bind, and therefore decrease the levels of a mature miRNA, in a specific way. Thus 

these elements would be targeting a mature miRNA sequence or any of its upstream 

precursors (primary or precursor-miRNA in the nucleus, or miRNA-duplex in the 

cytoplasm).
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Figure 2. High-throughput screening techniques in vitro
(a) Molecular based-fluorescent beacon. Fluorescent beacons are oligonucleotide 

hybridization probes that report the presence or the absence of specific nucleic acids in 

homogeneous solutions. They are usually hairpin shaped molecules that contain a quencher 

and a fluorophore that emits fluorescence when it binds to its nucleic acid target sequence. 

(b)Lenti-viral luciferase reporter vector constructs. These reporters are assembled by 

introducing the complementary sequence of the miRNA of interest, as well as a control 

miRNA (in a separate construct) that contains no detectable recognition by natural miRNAs 

downstream of a luciferase reporter gene. (c) psiCHECK-2 vector. It is a reporter plasmid 

used to clone a miRNA target sequence downstream of a Renilla luciferase (Rluc) gene. The 

presence or absence of a specific miRNA can be monitored by the change in expression of 

Rluc. The system detects a decrease in miRNA levels by an increase in Rluc expression.
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Figure 3. High-throughput screening techniques in silico
In this example, pre-miR-10b is used as reference miRNA. To model the 3D structure of this 

pre-miR more accurately, some tools (e.g., MC-fold/MC-Sym, FARNA and RNA-MoIP) 

need the secondary structure information, which can be predicted by either single-sequence 

method or comparative method. Other tools like iFoldRNA, NAST/C2S and ModeRNA, 

however, are able to predict RNA tertiary structure without 2D structure prediction. To 

identify the binding small-molecules with a given pre-miR, molecular docking is the pivotal 

technique that predicts pre-miR-small-molecule interaction and identifies potential SMIRs. 

The best docking combinations for RNA targets have been benchmarked. Sometimes it is 

necessary to model the RNA flexibility, and this can be achieved by generating structure 

ensemble before docking using MD simulations or elastic potential grids, or modeling the 

ligand-induced effect using force-field based energy minimization during docking.
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Table 1

Examples of oncogenic microRNAs in human cancers

Human microRNA Deregulation in tumors Proven targets References

miR-21 Over-expressed in glioblastomas, breast, lung, 
prostate, colon, stomach, esophageal and cervical 
carcinomas; uterine leiomyosarcomas and head and 
neck cancers.

PTEN, RECK, E-Cadherin, PCDC4, 
BCL2, MAPSIN, TPM1

[14, 24, 25, 27, 
28, 36]

miR-155 Over-expressed in breast, lung, colon, and pancreatic 
cancers, and also in Hodgkin’s disease, pediatric 
Burkitt lymphoma, primary mediastinal and diffuse 
large B-cell lymphoma.

AGTR1, AID, IKBKE, TP53INP1, VHL [14, 29, 36]

miR-17/18a/19a/20a Upregulated by MYC; overexpressed in B-cell 
lymphomas, medulloblastomas, colon and lung 
cancers.

AIB1, AML1, BIM1, CTGF, CDKN1A, 
E2F1, E2F2, E2F3, HIF-1A, PTEN, 
TGFBR2, TSP1, Rb2/P130.

[14, 36]

miR-10b Over-expressed in breast, pancreatic, and esophageal 
cancer.

HOXD10, Tiam1, KLF4, Neurofibromin [97, 98]

miR-224 Over-expressed in cervical cancer, pancreatic ductal 
adenocarcinoma, breast, colorectal cancer.

SMAD4, PHLPP1, PHLPP2 [99, 100]
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