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Introduction
MicroRNAs (miRNAs) are small endogenous RNAs of 20–22
nucleotides (nts) in length that regulate gene expression posttranscriptionally by binding to the 3’-untranslated regions
(UTRs) of their mRNA targets.[1] To date, about 2600 human
mature miRNA sequences are registered in miRBase, an miRNA
database, and more than 60 % of human coding genes are
estimated to be under the control of miRNAs.[2]
MiRNAs are critical regulators of every biological process, including proliferation, differentiation, and cell survival, and so
the aberrant expression or function of miRNAs often results in
various diseases in humans.[3] The first human disease linked to
miRNA abnormalities was chronic lymphocytic leukemia (CLL),
and many more miRNAs have since been shown to be associated with different types of diseases.[4] In particular, numerous
miRNAs that show variable expression in cancers have been
identified. Those miRNAs with augmented or repressed expression that correlates strongly with tumor incidence and progression are referred to as oncogenic miRNAs (oncomiRs) or
tumor-suppressive miRNAs, respectively.[5]
Given the correlation between the deregulation of specific
miRNAs and disease onset, attempts have been made to restore the expression and function of disease-specific miRNAs
to normal levels by using small-molecule-based miRNA regulators and oligonucleotide-based miRNA mimics or antagonists.[6–12] This review provides the latest update on oligonucleotide- and small-molecule-based miRNA regulators and discusses currently available in vitro and in silico assays developed to screen for small-molecule modulators of miRNA expression.

Oligonucleotide-based miRNA regulators
Antisense miRNA oligonucleotides (anti-miRs) and miRNA
mimics
A new therapeutic approach for diseases caused by the deregulation of miRNAs involves restoring miRNA expression to
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normal levels by means of two strategies: 1) by inhibiting overexpressed miRNAs with the aid of antisense miRNA oligonucleotides (anti-miRs), and 2) by increasing miRNA levels through
the exogenous introduction of miRNA mimics or miRNA expression constructs.
Single-stranded antisense oligonucleotides (ASOs) are commonly used for the sequence-specific inhibition of miRNA function. Typical ASOs are perfectly complementary to the target
miRNAs and are thus able to prevent loading onto RNAinduced silencing complex (RISC), whereas some ASOs might
induce miRNA cleavage by RNase H.[13] In general, ASOs are
chemically modified to improve stability, biodistribution, binding affinity, and efficacy, but certain modifications can result in
decreased target affinity and poor cellular uptake.[13] The chemical modifications include locked nucleic acids (LNAs), 2’-Omethyl-RNA, 2’-O-methoxyethyl-RNA, 2’-fluoro-RNA, and RNA
with phosphorothioate[14, 15] (this topic is reviewed in more
detail in Lennox and Behlke, 2011[13] and Deleavey and Damha,
2012[15]). The first anti-miRs were 2’-O-methyl-RNA oligonucleotides complementary to the miRNA let-7, whereas antago-miRs,
the first miRNA inhibitors tested in mice, were cholesterolconjugated 2’-O-methyl-RNA oligonucleotides with phosphorothioate modifications.[16] LNA ASOs are the most widely explored type of miRNA inhibitor to date.
The converse approach, miRNA replacement, involves the introduction of an miRNA mimic, a chemically modified doublestranded RNA designed to mimic endogenous mature miRNAs,
or the ectopic expression of miRNAs through transient or
stable introduction of miRNA genes.[7] Because miRNA mimics
should behave like endogenous miRNAs, the guide strands,
which have mature miRNA sequences, remain relatively unmodified.[17] Instead, the passenger strands undergo rigorous
modifications in order to protect the dsRNA from nucleases, to
improve activity, and to block nonspecific immune responses
through interferon. The use of, for example, nucleoside analogues, as found in the ASO, and the introduction of inverted
bases, biotin, or alkyl groups in the terminal region are often
found in miRNA mimics. In addition, liposomes and nanoparticles can be also used to deliver miRNA mimics effectively.
Once inside the cells, the miRNA mimics specifically bind to
their target mRNAs and mediate translational inhibition in similar manner to endogenous miRNAs.
Manipulating miRNAs by using oligonucleotide-based therapeutics has been successful in preclinical studies, and some
cases have advanced to clinical trials. Miravirsen, an LNA-based
ChemBioChem 2014, 15, 1071 – 1078

1071

CHEMBIOCHEM
MINIREVIEWS
ASO, for instance, was developed to inhibit miR-122 in the
liver and to block hepatitis C virus (HCV) RNA replication (see
below for more details on miR-122 function).[18–20] Miravirsen is
the first miRNA-targeted drug to enter human clinical trials
and is presently in phase II trials for the treatment of HCV infection.[20] Miravirsen is expected to become the first miRNAbased therapeutic with FDA approval. In addition, MRX34,
a mimic of the tumor suppressor miR-34, is the first miRNAbased anticancer agent.[21] MiR-34 targets many oncogenes
such as Myc, Met, Bcl-2, and b-catenin and controls the growth
and survival of cancer cells. The expression of miR-34 is frequently reduced in numerous types of cancers, and so attempts have been made to restore miR-34 expression by using
miR-34 mimics, ultimately to treat cancers. Because of the intrinsic properties of double-stranded miRNA mimics, MRX34
was encapsulated in liposome for its successful delivery.
MRX34 is currently in phase I clinical trials to evaluate its safety
in patients with primary liver cancer and patients with liver
metastasis from other cancers.
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The miR-mower construct contains six tandemly arrayed
copies of miRNA binding sites with central mismatches.[24]
Unlike the sponge construct, with multiple copies of a single
miRNA binding site, the miRNA-mower construct can be
designed to have binding sites for three different types of
miRNAs (two copies for each miRNA). However, the major
structural components of miRNA sponges, including bulges,
multiple binding sites, and short linkers connecting the binding sites, are well preserved in miR-mowers.
The tough decoy (TuD) forms a stem capped by a large loop
structure that contains miRNA binding sites that are perfectly
complementary to target miRNAs.[25] The lentiviral vectorbased TuD can inhibit miRNA expression over a significantly
longer period of time than the miRNA sponge, the expression
of which does not persist past one month. In addition, dualtargeting TuDs, which carry two miRNA binding sites and clustered TuD hairpins that contain as many as six miRNA-recognition sites, are available, making it possible to suppress multiple
miRNAs simultaneously through the introduction of a single
expression cassette.[26]

MiRNA sponges and sponge variants
In contrast to transiently delivered oligonucleotide-based antimiRs, a new method for delivering ASOs by means of a
“sponge” expression vector has been developed.[22] In this
method, tandem repeats (typically four to nine) of the antisense sequence for a specific miRNA are inserted into an expression cassette and transcribed into sponge RNAs. To stabilize RNA transcripts without 5’-cap and 3’-poly-A tail structure,
stem-loop sequences are sometimes placed in the 3’- and 5’terminal regions. The miRNA binding regions can be designed
to match the target sequence perfectly to induce endonucleolytic cleavage, or they can contain an imperfect match in the
middle position for a more stable and effective interaction
with the miRNA. Sponge RNAs bind to and decrease the cellular levels of target miRNAs. Because sponge RNAs contain
binding sites that are specific to a miRNA seed region, a
sponge can inhibit a family of related miRNAs that share a
common seed sequence. Currently, numerous sponge constructs with different vectors, promoters, and reporters are
available, and their efficacies and half-lives vary from one to
another. Variants of the miRNA sponge have also been reported, including the miRNA-eraser, miRNA-mower, and tough
decoy (Table 1). Despite the differences in their names, they
have common features in that they are RNA transcripts containing multiple miRNA binding sites and are transcribed from
transgenes such as those found in the miRNA sponge.
The miRNA-eraser contains tandem repeats of a sequence
that has perfect complementarity to a specific miRNA and
blocks the action of the miRNA on its target.[23] The eraser construct lacks stem-loop sequences at the 5’- and 3’-ends of the
tandem repeats and contains two copies of the antisense sequence, whereas the sponge has four to nine copies of the
miRNA binding sites. Additionally, whereas the original sponge
construct is built on a plasmid, the eraser uses a recombinant
adenoviral vector for delivery and has a better inhibitory effect
on miRNA levels.
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

LidNA
Currently available methods for the sequence-specific inhibition of miRNAs use chemically modified oligonucleotides, because unmodified DNA is often unstable and vulnerable to
nucleases and forms miRNA/DNA duplexes, which have lower
affinity than miRNA/mRNA duplexes. However, given that the
binding abilities of structured molecules are generally better
than those of unstructured molecules, the miRNA inhibitor
LidNA was designed to form unmodified but structured
DNA.[27] The miR-16 inhibitor LidNA-16 has two miR-16 binding
sites between two double-stranded regions and has higher affinity for its target than conventional LNA or 2’-O-methylated
RNA. The presence of double-stranded regions near the miRNA
binding sites confers an increased affinity for miRNAs, thus
making LidNA the first miRNA-inhibiting oligonucleotide with
no chemical modification.

Target masking by miR masks
The miR mask is a chemically modified oligoribonucleotide
with perfect complementarity to the miRNA binding region in
the 3’-UTR of the target mRNA.[28] Instead of blocking miRNAs,
the miR-mask binds to the miRNA binding sites of the target
mRNA, thereby preventing the association of an miRNA with
its target. The major advantage of this method is its specificity.
Because an miRNA may have multiple mRNA targets, direct
scavenging of miRNAs can affect the expression of all target
mRNAs and induce off-target effects. However, masking the
target with miR masks only regulates the interaction between
an miRNA and a single mRNA target, thus decreasing the undesirable nonspecific effects.
ChemBioChem 2014, 15, 1071 – 1078
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Table 1. Oligonucleotide-based miRNA inhibitors.[a]
Name

Feature

Ref.

sponge

Structure

– is a vector-based miRNA inhibitor
– has four to nine perfect or bulged binding sites
– inhibits multiple miRNAs that share the same
seed
– can be more stabilized with 5’- and 3’-stem-loop
elements

[22]

eraser

– is a vector-based miRNA inhibitor
– has two perfect binding sites
– inhibits one specific miRNA

[23]

miRNAmower

– is a vector-based miRNA inhibitor
– has six bulged binding sites
– inhibits one or multiple specific miRNAs

[24]

tough
decoy
(TuD)

–
–
–
–
–

[25], [26]

LidNA

– is an unmodified DNA-based miRNA inhibitor
– has two bulged binding sites between doublestranded regions
– inhibits one specific miRNA

[27]

– is a target-specific miRNA inhibitor
– blocks action of a miRNA without knocking
down the miRNA
– modulates the interaction between miRNA and
one specific target mRNA

[28]

miRmask

is a vector-based miRNA inhibitor
has a stem-loop structure in decoy RNA
has two bulged binding sites
inhibits one specific miRNA
provides long-term suppression of miRNAs for
more than one month

[a] Antisense miRNA oligonucleotides and miRNA mimics are not shown. Sponge, eraser, miRNA-mower, and TuD are vector-based miRNA inhibitors,
whereas LidNA and miR-mask are modified oligonucleotides.

MiRNA-modulating small molecules
Although oligonucleotide-based miRNA mimics or antagonists
are becoming a promising therapeutic strategy, these drugs
have some limitations in their ability to be manipulated to improve characteristics such as delivery, stability, and pharmacokinetics. Therefore, studies have been undertaken to identify
miRNA-regulating small molecules to resolve the issues of
using oligonucleotide-based drugs. Small molecules are resistant to nuclease degradation and can diffuse across cell membranes, enabling the delivery of drugs to intracellular targets.
Their structures can be readily modified to change their pharmacological and pharmacokinetic properties, unlike those of
oligonucleotides. They are also less expensive to manufacture.
Therefore, small molecules are more suitable than oligonucleotide-based drugs for drug development.
To date, dozens of chemical compounds that change the expression of various miRNAs have been identified. These smallmolecule modulators can be divided into those that control
the RNAi pathway generally, thereby affecting the function of
the full range of siRNAs or miRNAs, and those that regulate
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a specific type of miRNA. In this review, we only discuss the
small-molecule regulators that control the functions of specific
miRNAs. The list of miRNA-modulating small molecules is presented in Table 2.
MiR-21-specific regulators
MiR-21 is one of the most widely studied miRNAs and has
been implicated in the progression of many types of human
cancers, including gastric cancers, breast cancers, colon cancers, and glioblastomas.[29] Because it induces an oncogenic increase in tumor cell proliferation, migration, and survival, miR21 is designated as an oncomiR, along with miR-155, miR-233,
miR-146a, and the miR-17–92a cluster, and is considered
a promising anticancer therapeutic target.[30]
A diazobenzene derivative that specifically and efficiently inhibits miR-21 expression was discovered through a luciferasebased screening of more than 1000 small organic molecules
(described in detail below).[8] The diazobenzene derivatives decreased the transcription of the miR-21 gene and thus the proChemBioChem 2014, 15, 1071 – 1078
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Table 2. MiRNA-modulating small molecules.
Function

Compound name and structure

miR-21 inhibitor

Reference

[8]

[10], [31],
[34]
miR-21 activator

5-fluorouracil, estradiol

[33], [34]

miR-122 inhibitor

[12]

miR-122
activator

[12]

miR-14/miR-4644
inhibitor

[37]

miR-27a inhibitor streptomycin, amikacin, tobramycin, neomycin

duction of primary miR-21, whereas the downstream processes
of miR-21 maturation were unaffected.
Streptomycin, a well-known aminoglycoside antibiotic, has
also been shown to bind directly to precursor miR-21 and to
inhibit Dicer-mediated maturation of pre-miR-21.[31] Because of
their particular properties of binding to RNA secondary motifs
such as stem-loops and bulges, aminoglycosides are very likely
to interact with precursor miRNAs (pre-miRNAs) and thus
become potential candidate regulators of miRNAs.[32] Computer-aided docking, cleavage pattern, and mutation analyses
have revealed that streptomycin binds to pre-miR-21 in
a region close to the stem-loop junction, and that a bulge
near the terminal loop is critical for this binding. However, two
structural analogues, namely amikacin and dihydrostreptomycin, have no effects on miR-21 function.
Recently, AC1MMYR2 (2,4-diamino-1,3-diazinane-5-carbonitrile) was identified as a small molecular inhibitor of miR-21
that blocks the transition from pre-miR-21 to mature miR-21.
The AC1MMYR2 interacts with the pre-miR-21 hairpin loop and
inhibits Dicer from processing pre-miR-21 to generate mature
miR-21.[10] Instead of using reporter enzyme assays, the authors
performed an in silico high-throughput screen of  2000 compounds by molecular docking based on the 3D structure of
the Dicer binding site of pre-miR-21. They assessed the validity
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the initial hits in cancer cells
and confirmed the strong inhibition of miR-21 expression by
AC1MMYR2. The speed, efficiency, and cost-effectiveness of the
computer-aided high-throughput docking method makes it an
attractive alternative to traditional screening strategies.
In contrast, 5-fluorouracil (5FU), a chemotherapeutic agent
used to treat colon and pancreatic cancers, has been shown to
increase the expression of miR21.[33] However, 5-FU changes
the levels of other miRNAs, and
therefore cannot be considered
to be a miR-21-specific regulator.
Estradiol has also been reported
to modulate the expression of
miR-21, but whether estradiol
plays an inhibitory or stimulatory
role in miR-21 expression is
under debate.[34]
MiR-122-specific regulators

As the most abundant miRNA,
accounting for almost 70 % of all
miRNAs in the liver, miR-122 is
[38]
involved in the regulation of
lipid and cholesterol metabolism, alcohol-associated inflammation, and HCV replication. Changes in miR-122 expression
are closely associated with liver disease.[19, 35] MiR-122 is specifically repressed in hepatocellular carcinoma (HCC) with poor
prognosis, and the knockdown of miR-122 with antisense
agents decreases HCV RNA replication in human liver cells and
HCV levels in chronically infected primates.[18, 36] These results
indicate that miR-122 could serve as a viable target for anticancer therapy by using miR-122 activators or for antiviral therapy by using miR-122 inhibitors. To this end, a series of smallmolecule-based miR-122 activators and inhibitors have recently
been discovered.[12] The miR-122 inhibitors 1 and 2 decreased
the expression of miR-122 and caused 50 % reduction in HCV
viral load in vitro. In contrast, activator 3 increased the expression of miR-122 in HCC cells and successfully decreased cell viability by increasing caspase-3 and caspase-7 activities. Along
with oligonucleotide-based therapeutics such as miravirsen,
the small-molecule-based miR-122 regulators have great potential as new therapeutic agents for HCV infection and liver
cancer.
MiR-4644-specific regulators
Chandrasekhar et al. carried out searches among chemicals
based on an azaflavone scaffold and identified a couple of
ChemBioChem 2014, 15, 1071 – 1078
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compounds that inhibit the expression of Drosophila miR-14
and its human equivalent miR-4644.[37] MiR-14/miR-4644 has
been shown to suppress cell death, and so small-molecule
inhibitors of miR-4644 could induce G1-phase arrest and cell
death in human breast carcinoma cells. Moreover, when flies
were fed with the inhibitory compounds, miR-14 expression
was decreased, leading to the upregulation of EGFP, a reporter
protein for the level of miR-14 expression. This study is intriguing because the inhibitory effects of the compounds were confirmed in two different model systems—human and fly—and
in the case of the fly it provides a simple in vivo assay system.
MiR-27a-specific regulators
In addition to the inhibitory effects of streptomycin on the maturation of miR-21 as described above, many other aminoglycoside antibiotics have been identified as miRNA regulators. It
has been reported that neomycin, amikacin, and tobramycin,
as well as streptomycin, block miR-27a function through direct
interaction with pre-miR-27a.[38] A decrease in the levels of
miR-27a due to aminoglycoside treatments also resulted in the
upregulation of expression of its target (prohibitin). Given that
polycationic aminoglycoside antibiotics often interact with a
variety of polyanionic RNA molecules in nature, it may be expected that many more aminoglycosides that can regulate
pre-miRNA through direct binding will be revealed.

Screening strategies
Despite having better druggable properties, small molecules
require an initial screening process to select chemical compounds with miRNA-regulating activities. Accordingly, robust,
efficient, and simple assay systems for high-throughput screening need to be developed. There are currently several assay
systems that employ molecular beacon probes with fluorophores and quenchers, fluorescent proteins, or enzymes that
emit visible light through a biochemical reaction with a substrate. As an alternative to experimental screening methods,
virtual screening by computational approaches has been used.
Virtual screening allows a large number of chemical compounds to be tested more rapidly and at a lower cost, and is
expected to increase in popularity as a screening tool.
Molecular-beacon-based assays for miRNA maturation
This assay is designed to make use of a molecular beacon to
identify potential inhibitors that block pre-miRNA maturation.
Hairpin-shaped pre-miRNAs with no 3’-overhang are labeled
with a fluorophore at the 5’-end and a quencher at the 3’-end
to function as molecular beacons that report Dicer activity.[39]
In the natural state, the doubly labeled pre-miRNAs do not
emit fluorescence, because the fluorophore is quenched internally. However, when Dicer cleaves the pre-miRNA, the fluorophore and quencher are dissociated, leading to an increase in
fluorescence. In contrast, if any molecule binds to the premiRNA and inhibits Dicer-mediated cleavage, there is no fluorescence because there is no Dicer activity. Although this assay
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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system is very robust and can be applied for high-throughput
screening of small molecules, it has some limitations. Dicer
might not properly hydrolyze the pre-miRNA beacon in the
presence of the fluorophore and the quencher at the two ends
of the hairpin. Additionally, this type of assay is more technically demanding than cell-based assays using fluorescent proteins
or reporter enzymes. Nonetheless, this is a cell-free assay
system consisting of Dicer, the pre-miRNA beacon, and the
chemical compounds to be tested. This assay allows investigation of the interactions between pre-miRNA and small molecules.
In order to rule out the possible undesirable off-target effects of the fluorophore and quencher on Dicer activity, Bose
et al. developed a modified version of a molecular-beaconbased assay.[38] Instead of labeling pre-miRNAs, they label hairpin-shaped DNA beacons in which the loop sequence is complementary to the miRNA of interest. When Dicer cleaves premiRNAs and mature miRNAs are released, the miRNAs interact
with the loop of the DNA-beacon, open up the stem-loop
structure, and increase the fluorescence signal. However, in the
presence of Dicer inhibitors, the DNA-beacons will keep their
stem-loop structures and emit no fluorescence. By this
method, aminoglycosides have been shown to inhibit Dicermediated cleavage of pre-miR-27a as described above in the
“miR-27a-specific regulator” section. The inhibitory function of
aminoglycosides was further confirmed by Dicer-blocking
assay, luciferase reporter assay, quantitative real-time polymerase chain reaction (qRT-PCR), western blot, and S1 nuclease
footprinting, supporting the robustness and sensitivity of the
DNA-beacon-based screening.
BRCA-based assay
The BRCA (branched rolling-circle amplification) assay was originally developed to quantify a specific miRNA in a simple and
sensitive way through modification of the rolling-circle amplification (RCA) assay.[40, 41] Both BRCA and RCA assays use padlock-shaped DNA probes and phi29 DNA polymerase for rolling-circle amplification of DNA products containing target
miRNA sequences. The BRCA assay, however, involves a second
primer, which is complementary to the tandem repeats of the
single-stranded RCA product and initiates branched rollingcircle amplification of DNA to displace downstream growing
strands. The BRCA product is double-stranded DNA (dsDNA),
and so it is possible to use SYBR Green I fluorescent dye for
detecting BRCA products.
A new assay system based on the BRCA assay and unmodified pre-miRNA was established to monitor Dicer-mediated
miRNA maturation.[41, 42] This method is designed such that no
fluorescence will be emitted unless mature miRNA is generated
from pre-miRNA. When Dicer is active, unmodified pre-miRNAs
are cleaved into mature miRNAs; these bind to a circular DNA
template and initiate DNA polymerization to yield a singlestranded DNA product. Subsequently, a secondary primer
binds to the primary single-stranded product and generates
a dsDNA product, which can be detected by SYBR Green I dye.
This BRCA reaction is initiated only in the presence of mature
ChemBioChem 2014, 15, 1071 – 1078
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miRNA. Therefore, if a Dicer-mediated pre-miRNA cleavage is
blocked, the BRCA reaction will not occur, and no fluorescence
will be emitted.
Another application of the BRCA-based assay is based on pyrophosphate (PPi) molecules released during the BRCA reaction
in the presence of target miRNAs.[43] During DNA polymerization, the PPi is released when nucleosides are incorporated
into the growing DNA chain. The released PPi is then converted into adenosine triphosphate (ATP), which supplies energy
for firefly luciferase to generate a luminescence signal. Because
the number of released PPi units is correlated with the amount
of target miRNAs, this bioluminescent PPi assay combined with
BRCA can quantitatively analyze miRNAs by detecting the
emission of luminescence. Although the sensitivity and the robustness of the assay have been demonstrated well in a proofof-concept experiment, no miRNA regulator has yet been identified by this method in a high-throughput manner.
Luciferase reporter assay
A luciferase reporter assay system was developed to identify
small-molecule inhibitors of individual miRNAs.[8] In this assay,
the luciferase cDNA is appended to DNA sequences complementary to a target miRNA (such as miR-21) in the 3’-UTR of
the luciferase gene. The reporter construct is then stably transfected into HeLa cells, where it serves as a sensor to monitor
the presence of the miRNA of interest. In the presence of
either endogenous or exogenous mature miR-21 binding, luciferase activity is diminished, whereas in the absence of mature
miR-21 it remains highly active. Accordingly, if a chemical compound inhibits miR-21 expression, the corresponding decrease
in miRNA expression will lead to an increase in luciferase activity. This reporter system allows high-throughput screening of
small-molecule inhibitors of single miRNAs, and it can be expanded to detect inhibitors for any miRNA of interest. Moreover, this system is advantageous because the possibility of
false-positive hits due to compound toxicity is greatly reduced
because inhibitors increase rather than decrease the reporter
signal.
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tometry, northern blot, and western blot, thereby providing an
advantage over other systems.

Enhanced green fluorescence protein (EGFP) reporter assay
The EGFP reporter system was developed to monitor the activity of the RNAi pathway rather than the expression of specific
miRNAs. In the original assay system, HeLa cells were cotransfected with plasmids expressing EGFP and red fluorescence
protein (RFP) together with siRNA targeting EGFP mRNA.[45] In
the presence of EGFP siRNA, the EGFP/RFP ratio was lower
than those in control transfections lacking siRNA, and the addition of siRNA-enhancing small molecules further lowered the
EGFP/RFP ratio. However, the original EGFP reporter system
used transient transfections, and the transfection efficiency
was highly variable between experiments. Therefore, a modified
EGFP system was developed to address this limitation and to
make the screening system amenable to high-throughput application.[9]
In the advanced EGFP reporter system, cells stably express
both EGFP protein and an shRNA against EGFP, and the double
transfectants have reduced but variable intensities of EGFP expression depending on the efficacy of the shRNA knockdown.
A clone displaying a strong reduction in EGFP expression
would be selected for the identification of RNAi inhibitors,
whereas a clone displaying a modest reduction would be suitable for identifying both inhibitors and enhancers. With this
system, the antibacterial agent enoxacin was shown to enhance RNAi and miRNA biogenesis, thereby reducing the
siRNA dosage required to achieve gene knockdown in mammalian cells.[46]
In addition to its utility in identifying RNAi regulators, the
EGFP reporter system can be modified to screen for small molecules that can regulate the expression of selective miRNAs by
introducing complementary sequences of the target miRNA in
the downstream region of the EGFP gene, similarly to the luciferase and SEAP reporter assays.

Fluorescence-polarization-based assay
Secreted alkaline phosphatase (SEAP) reporter assay
We have developed a new assay system based on secreted alkaline phosphatase (unpublished results). Similarly to the luciferase reporter assay, a short DNA fragment containing sequences complementary to the miRNA of interest is placed in
the downstream region of the SEAP gene. Unlike endogenous
alkaline phosphatase, SEAP is secreted into the culture
medium and allows the detection of reporter activity without
requiring the preparation of cell lysates.[44] In the SEAP reporter
assay, compounds are assayed for their ability to inhibit miRNA
expression, which leads to the increased expression of SEAP.
SEAP activity is measured by detecting the yellow water-soluble reaction product of alkaline phosphatase and its substrate
(p-nitrophenyl phosphate). The SEAP system, which leaves cells
intact because only culture supernatant is needed, allows cells
to be retrieved and subjected to further analysis by flow cy 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Although most methods for high-throughput screening of
miRNA or siRNA regulators are cell-based and use fluorescent
proteins or reporter enzymes, a new in vitro method based on
the fluorescence polarization (FP) of tetramethylrhodaminelabeled (TAMRA-labeled) small RNAs was developed.[11] In the
absence of Ago2, the red fluorescent TAMRA-labeled miRNA is
free to rotate and has low levels of polarization. However,
when TAMRA-labeled miRNA is bound to Ago2, the miRNA·
Ago2 complex rotates more slowly, resulting in a higher polarization value. Accordingly, the TAMRA-labeled miRNA, recombinant Ago2, and the compound being tested are mixed in an
assay plate and incubated, and the FP level is measured. Because the assay tests the loading of individual miRNAs/siRNAs
onto Ago2, it can be used to identify selective modulators of
miRNAs/siRNAs, as well as compounds that act as general regulators of the RNAi pathway at the RISC loading step.
ChemBioChem 2014, 15, 1071 – 1078
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Virtual screening
In drug discovery, “virtual screening” refers to computational
methods used to search databases of small molecules in order
to identify those that are likely to bind a drug target.[47] There
are two types of virtual screening: structure-based and ligandbased.[48]
There are many examples of ligand-based approaches.[49]
One popular approach is the pharmacophore strategy.[50] Given
a set of structurally diverse ligands that bind to a common receptor, an abstract model of the receptor, termed a pharmacophore, is created. Each ligand in the set is then compared to
the pharmacophore model to determine the compatibility between the ligand and receptor.[49]
In a structure-based approach, virtual screening normally
consists of molecular docking, followed by scoring/ranking of
potential hits in terms of their likelihood of interacting with
the target site.[51] The ligand-based pharmacophore method
can be combined with the structure-based docking approach.[51]
Current in silico approaches to drug discovery are primarily
for protein targets and are therefore not applicable to virtual
screening of RNA targets, which have docking and scoring parameters that distinguish them from proteins.[52] Integrative approaches to modeling and virtual screening of RNA inhibitors
based on five docking and eleven scoring methodologies have
been proposed.[52] Applying these computational virtual
screening methods led to the discovery of AC1MMYR2, an inhibitor of miR-21, which reverses epithelial-to-mesenchymal
transition, thus suppressing tumor growth and progression.[10]

Validation
As described above, high-throughput screening methods
based on reporter assays are often used to identify candidate
miRNA regulators. However, the main drawback of these methods is the detection of false positives; this occurs when small
molecules directly affect reporter gene activity rather than the
miRNA expression. The regulatory effects of potential candidates therefore require validation by experimental methods
such as northern blot and real-time PCR analysis.
Although very well established and widely used, northern
blot analysis has low sensitivity and requires large amounts of
RNA, and this leads to decreased utility in detecting the expression of low-abundance miRNAs. Several studies have reported improved northern blot methods that heighten sensitivity and effectiveness. For example, crosslinking RNA to a
nylon membrane by using N’-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) has been shown to improve the detection
of small RNAs, and LNA-modified oligonucleotides can also be
used as hybridization probes to increase sensitivity tenfold or
more.[53] For the detection and quantification of miRNAs with
low expression levels, qRT-PCR might be more useful than
northern blot analysis. Because miRNAs are very short, distinct
methods for designing PCR primers and amplifying miRNAs of
interest have been devised. The amplification of specific
miRNAs is detected by using fluorescent compounds that can
 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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bind DNA duplexes, such as SYBR Green I dye, or by using fluorescence-labeled probes such as the Taqman probe, which
relies on the sequence-specific detection of the desired product, resulting in increased specificity and sensitivity.[54] The development of multiplex PCR with use of multiple primers
might be useful for amplifying many miRNAs simultaneously.[55]
Database of validated small-molecule regulators
Recently, the SM2miR database was developed to provide information on experimentally validated small molecules that
control miRNA expression.[56] By August 2013, SM2miR had
stored 4516 relationships between 206 small molecules and
1085 miRNAs, and these entries can be readily retrieved by
searching for either the miRNA or the small molecule name.
Each entry includes information about each interaction, including the detection method, miRNA expression pattern, tissues
or cell lines used for detection, DrugBank Accession number,
and PubChem Compound Identifier, providing a comprehensive
repository of small molecules that regulate microRNAs.
SM2miR is freely available on the web at http://bioinfo.hrbmu.edu.cn/SM2miR.

Outlook
Numerous studies have revealed the association between
miRNAs and diseases, thus emphasizing the importance of
miRNAs for disease control and diagnosis. Thanks to their ability to regulate gene expression effectively, miRNAs have attracted great attention as new drug targets, and a growing body of
research has focused on the development of miRNA-targeted
therapies. However, in relation to the number of known
miRNA–disease associations, the numbers of identified oligonucleotide- or small-molecule-based modulators of miRNAs are
minuscule. The development of small-molecule regulators remains in the early stages, whereas that of oligonucleotidebased diagnostics and therapeutics has progressed to preclinical or clinical trials. Although there are benefits of using small
molecules, the screening of compound libraries and discovery
of new small-molecule drug candidates is a demanding task.
With the development of experiment-based or computer-aided
screening systems, as well as the invention of oligonucleotides
with diverse modifications, more miRNA regulators may be
anticipated to emerge for the treatment of various diseases.
Furthermore, it may be expected that the first therapeutic intervention targeting miRNAs will emerge soon.
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