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ABSTRACT

MicroRNAs (miRNAs) are small, non-coding RNAs that post-transcriptionally regulate gene expression.
Aberrant miRNA expression or function have close links with various human diseases. Therefore,
therapeutic treatments with disease-associated miRNAs as targets are emerging. However, the intracel-
lular miRNA networks are extremely complicated and poorly understood, which thus hinder the devel-
opment of miRNA-targeted therapeutics. Small molecules that are able to regulate endogenous miRNAs
hold great potential in both elucidation of miRNA networks and treatment of miRNA-related diseases.
Herein, we summarize current strategies for discovery of small molecule modifiers of miRNAs, and we
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highlight aspects of miRNA cellular biology elucidated by using these small molecules and miRNA-
targeted therapeutics realized by these small molecules. We envision that this area will expand
dramatically in the near future and will ultimately contribute to a better understanding of miRNA-
involved cellular processes and development of therapeutic agents for miRNA-associated diseases.

1. Introduction

MicroRNAs (miRNAs) are endogenous small non-coding
RNAs in eukaryotic lineages, which comprise ~22 nucleotides
and exert post-transcriptional gene silencing function [1,2].
The first miRNA, lin-4, that was essential for proper timing of
development was discovered in C. elegans in 1993 [3,4].
However, not until let-7 was identified in C. elegans in 2000
and was found to be conserved in humans and other bilater-
ian animals [5,6] did the science community pay enough
attention to these small RNAs. This discovery then led to
a rapid expansion of miRNA library and a big revolution of
the RNA world. After that, thousands of miRNAs have been
identified and annotated in miRBase, which is an online
miRNA database [7]. The latest miRBase release (v22, 2018)
contains 38,589 miRNA loci from 271 species that can express
48,885 mature miRNAs [8]. With the development and appli-
cation of small RNA deep sequencing, the number of novel
miRNAs still keeps increasing.

The mode of action of miRNAs involves recognition of the
3'-untranslated region (3'-UTR) of target mRNAs through
sequence complementarity and recruitment of nucleases to
repress mRNA expression [9,10]. The two to eight nucleotides
at the 5-end of miRNAs is the seed region, which is con-
served among miRNA family and directs target recognition.
The fate of target mRNAs depends on their complementarity
with miRNAs. High complementarity causes mRNA

degradation while partial complementarity prevents target
mRNAs from being translated [11]. Due to their small size
and seed-match property, miRNAs have a wide-spread regu-
lation on mRNA expression. Bioinformatic analysis reveals
that approximately 60% of human mRNAs are conserved
targets of miRNAs [12]. Moreover, one miRNA can target
multiple mRNAs and a single mRNA can also be targeted by
multiple miRNAs. Thus, the miRNA-mRNA networks inside
cells are extremely complicated, and it is also difficult to find
a developmental or physiological process without the influ-
ence of miRNAs [13,14].

Since the wide-spread regulatory roles of miRNAs, it is no
wonder that aberrant expression or function of miRNAs
greatly contributes to human disorders [15,16]. The roles of
miRNAs in human diseases, especially in cancers, have been
extensively explored in recent years. For instance, miR-221
overexpression contributes to hepatocarcinogenesis through
targeting DNA damage-inducible transcript 4 (DDIT4) [17]
and miR-34 prevents the progression of lung cancer through
targeting MET and BCL-2 [18]. The important discoveries of
roles of miRNAs in human diseases consequently lead to an
accelerating development of therapeutics with endogenous
miRNAs as targets [19]. Oligonucleotides that can suppress
or replace endogenous miRNAs upon proper delivery into
cells are the first choice to target miRNAs and have even
entered clinic trials for treatment of lung cancer or hepatitis
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C virus (HCV) [19-21]. Nevertheless, the poor delivery effi-
ciency, poor tissue distribution, and severe side effects of
oligonucleotides hamper their therapeutic utility [19,22].
Moreover, endogenous RNAs usually form secondary struc-
tures, which are hard to be targeted by anti-sense oligonucleo-
tides that are most effective when targeting unstructured
regions [23,24]. Small molecules that have better cellular
permeability and broader tissue distribution are promising
alternatives of oligonucleotides for regulating endogenous
miRNAs [22,25-27].

The bioactivity and broad chemical space of small mole-
cules also make them powerful tools in both chemical biol-
ogy and biomedicine. Small molecules can be optimized via
medicinal chemistry to dissect-related signalling transduction
pathways and to regulate target biomolecules to achieve
therapeutic purposes [28,29]. For miRNAs, the complexity
of miRNA-mRNA networks and their critical roles in human
diseases require proper and efficient tools for elucidation of
these networks and regulation of miRNAs for therapeutic
treatments. Even though RNAs have long been considered as
undruggable targets for small molecules, recent work indi-
cate that miRNAs can be targeted by small molecules
obtained from high-throughput screening or appropriate
design [30-36]. In this review paper, we will summarize
current strategies for discovery of small molecule modifiers
of miRNAs, their mechanisms of action and their use in
probing miRNA-mRNA network and miRNA-targeted
therapeutics.

2. Biogenesis of microRNA

As shown in Figure 1, the biogenesis of miRNA starts from the
transcription of miRNA gene by RNA polymerase II (Pol II) in
nucleus [37]. The long RNA transcript, dubbed primary miRNA
(pri-miRNA), folds back on itself to form a hairpin structure for
further processing by Drosha. Two RNase III domains of
Drosha cut the two strands of stem of pri-miRNA, yielding
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Figure 1. Biogenesis of a typical miRNA. MiRNA gene is transcribed by Pol Il in
the nucleus into pri-miRNA. The pri-miRNA is then processed by Drosha into pre-
miRNA, which is transported into the cytoplasm by Exportin 5. Dicer processes
pre-miRNA in the cytoplasm to give a miRNA duplex, and the mature miRNA
then forms a miRNA-mRNA RISC complex to induce mRNA degradation or
translational repression.

a ~ 60-70 nt stem-loop named as precursor miRNA (pre-
miRNA) [38]. After the liberation, pre-miRNA is translocated
into the cytoplasm through the action of Exportin 5 and further
cleaved by Dicer [39]. Dicer is an endonuclease with two RNase
IIT domains and forms a complex with trans-activation response
RNA binding protein (TRBP) for pre-miRNA processing [40].
Both strands near the loop of pre-miRNA are cut by Dicer to
generate a miRNA duplex of ~22 nt in each strand. After that,
the miRNA duplex, including the guide strand (miRNA) and
the passenger strand (miRNA*), is loaded onto Argonaute 2
(AGO?2) protein to from the RNA-induced silencing complex
(RISC) [41]. After removal of the passenger strand, RISC binds
to the 3'-UTR of target mRNA through sequence complemen-
tarity between miRNA and target mRNA. The catalytic engine
of RISC is AGO2, which carries out mRNA degradation or
translational repression of mRNA [42]. More details regarding
to miRNA biogenesis can be reached in several excellent review
articles [1,41] and will not be introduced in depth here.

In the biogenesis pathway of miRNA, many factors are
involved to control the generation of mature miRNA and
the downstream mRNAs it targets. Although intense studies
have been undertaken to reveal some important factors
involved in miRNA biogenesis, the detailed mechanisms
such as other co-factors of Drosha, Dicer or AGO2 that
will determine the location and function of miRNA still
wait to be explored to globally understand the biogenesis
and function of miRNA. Meanwhile, the miRNA-mRNA
networks inside cells are also extremely complicated,
which are still far from being understood. Therefore,
proper tools are needed to probe the miRNA biogenesis
and miRNA-mRNA networks.

3. Roles of microRNAs in human diseases

In general, intracellular miRNA expression or function is
tightly controlled. There are now considerable evidences to
support that miRNAs with abnormal expression or function
have close links with the development of diverse human
diseases, especially cancers. These abnormal miRNAs can be
generally classified into two groups, tumour-suppressive
miRNAs and oncogenic miRNAs. In this section, we will
discuss some prominent examples. Since roles of miRNAs
are diversified, here we will just introduce their general func-
tions. For detailed miRNA functions, we will refer to other
excellent review articles [15,16,19,43,44].

MiR-34 family, one of the best-studied tumour-suppressive
miRNAs, has received substantial attention. MiR-34 family has
three members, miR-34a, miR-34b and miR-34c
Tumour suppressor p53 can transcriptionally regulate miR-34
during DNA damage response [45]. MiR-34 down-regulates
a large pool of oncogenic mRNAs, such as cyclin-dependent
kinase 4 (CDK4) and CDK6, BCL-2, MET, Notch, MYC and
AXL [46]. Given its significant roles in cancer suppression, much
attention has been focused on the miR-34-targeted therapeutics,
which is also the first miRNA that enters clinic trials [20]. MiR-
34 mimics that are used to replenish endogenous miR-34 levels
showed great promise in tumour regression in phase I clinic trial.
However, the trial was soon terminated due to severe immune
reactions [19].



The let-7 family contains ten isoforms that also targets
a wide range of oncogenic mRNAs, such as KRAS that is
a proto-oncogene often activated in cancer [47]. let-7 is
usually found to be down-regulated in various cancers, and
the loss of let-7 results in accelerated tumour progression.
Therapeutic strategies to up-regulate let-7 may be of use in
cancer treatment when Jet-7 is down-regulated or lost [48].

MiR-200 family is another important set of tumour-sup-
pressive miRNAs and is down-regulated in cancer. MiR-200
family contains two groups, miR-200a/b/429 and miR-200c/
141, which respectively locate on chromosome 1 and chromo-
some 12 [49]. The miR-200 family can repress expression of
proteins involved in tumour metastasis and angiogenesis, such
as zinc-finger E-box-binding homeobox 1 (ZEB1) and
C-X-C motif chemokine 1 (CXCL1) [50].

MiR-21, a well-known oncogenic miRNA, is usually up-
regulated in cancer cells and has an anti-apoptotic function.
Important factors involved in the up-regulation of miR-21 are
transforming growth factor p1 (TGFP1) and the transcription
factor signal transducer and activator of transcription 3
(STAT3) [51,52]. The target genes of miR-21 include pro-
grammed cell death protein 4 (PDCD4), reversion-inducing
cysteine-rich protein with Kazal motifs (RECK) and phospha-
tase and tensin homolog (PTEN) [53,54].

MiR-10b is remarkably up-regulated in metastatic breast
cancer cells, glioblastoma and melanoma [55,56].
A transcription factor, twist family bHLH transcription factor
1 (TWIST1), can increase the expression of miR-10b in breast
cancer cells through binding to the miR-10b promoter. One
important target of miR-10b is homeobox D10 (HOXD10),
which is a member of the homeobox DNA-binding-domain-
containing transcription factors and inhibits metastasis [57].

MiR-210 is an oncogenic miRNA and is a target of
hypoxia-responsive transcription factor hypoxia-inducible
factor la (HIFla)[58]. During hypoxia response, miR-210
suppresses the expression of mitochondrial electron transport
chain component protein succinate dehydrogenase complex
sub-unit D (SDHD), which in turn results in an increased
stability of HIF1a and cancer cell survival [59]. Other impor-
tant targets of miR-210 include the hypoxia stress response
cell death inducer mitochondrion-associated 3 (AIFM3), the
hypoxia-responsive angiogenesis inhibitor ephrin A3, and cell
cycle regulators E2F3 and RAD52 [60-62].

In addition to above-mentioned cancer-related miRNAs,
miRNAs are also involved in other human diseases. For
example, miR-122, a liver-specific miRNA, up-regulates
the replication of the HCV RNA genome [63]. MiR-122
binds to the 5-end of non-coding region of HCV viral
RNA, resulting in protection of HCV RNA from Xrna
exoribonuclease-mediated degradation [64]. Anti-sense oli-
gonucleotide targeting miR-122 is used to treat HCV infec-
tion and in phase II clinic trial [19,21]. MiR-1, a member of
myogenic miRNAs (myomiRs) [65], is highly expressed in
heart muscle cells and decreased in cardiac hypertrophy and
fibrosis. MiR-1 controls heart function by targeting calcium-
binding protein calmodulin, the transcription factor myo-
cyte enhancer factor 2 (MEF2A) and insulin-like growth
factor 1 (IGF1) [66,67]. Moreover, miR-19b/221/222 sup-
press  peroxisome proliferator-activated receptor y
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coactivator la (PGC-1a) to induce endothelial cell dysfunc-
tion during the progression of atherosclerosis [68] and miR-
200 family controls pancreatic beta-cell survival in type 2
diabetes through targeting a series of anti-apoptotic target
genes [69].

The extensive involvement of miRNAs in human diseases
highlights their therapeutic potential. Many efforts have been
made to target endogenous miRNAs to achieve therapeutic out-
comes. Synthetic oligonucleotides that can replace or inhibit
endogenous miRNAs are thus used, and some of them have
entered clinic trials [19]. For instance, miRNA mimics targeting
miR-16 and miR-29 are in phase I clinical trial treatments of
non-small cell cancer and scleroderma, respectively. Anti-sense
oligonucleotide targeting miR-155 is in phase I clinical treatment
of cutaneous T cell lymphoma and mycosis fungoides. Anti-
sense oligonucleotide targeting miR-103/107 is in phase II clin-
ical trial treatment of type 2 diabetes and non-alcoholic fatty liver
diseases. As promising alternatives of oligonucleotides, small
molecules have also gained increasing attention for their use in
regulating endogenous miRNAs to treat related diseases [22,33].

4. Assays for the discovery of small molecule
modifiers of microRNAs

In order to discover small molecule modifiers of miRNAs,
several assays have been developed. These assays are designed
to specifically target enzymes-mediated miRNA maturation or
function, or to unbiasedly target miRNA biogenesis pathway.
Moreover, bioinformatic methods have also been developed to
directly target miRNA secondary structure.

4.1 Enzyme-based assays

Since Dicer and AGO2 are the key enzymes that direct
miRNA maturation and function, two enzyme-based assays
were developed to target Dicer-mediated miRNA maturation
or AGO2-mediated miRNA function. To measure the activity
of Dicer, Davies and Bose et al. developed a fluorescence
assay [70,71]. This assay utilized a fluorescence resonance
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Figure 2. In vitro enzyme-based assays for discovery of small molecule modifiers
of miRNA. (a) Fluorescence assay for monitoring Dicer-mediated miRNA matura-
tion; (b) fluorescence polarization assay for monitoring loading of miRNA onto
AGO2. F: fluorophore; Q: quencher.



710 R. FAN ET AL.

energy transfer (FRET) probe, which was based on a pre-
miRNA that carried a fluorophore at the 5'-end and
a quencher at the 3’-end (Figure 2(a)). In light of the close
proximity of the fluorophore and quencher, fluorescence was
initially non-detectable. However, upon processing by Dicer
to liberate the fluorophore, a significant increase in fluores-
cence was detected, indicating Dicer-mediated miRNA
maturation. Davies and Bose et al. demonstrated this assay
system in discovery of small molecule modifiers of miRNAs
through screening certain peptides and small molecules,
resulting in two small molecules capable of inhibiting let-7
and miR-27a maturation. As shown in Figure 2(b), to measure
the loading of miRNA onto AGO2, Tan et al. developed
a fluorescence polarization screening assay [72]. In this
assay, TAMARA labelled miR-21 was used as the probe. In
the absence of AGO2, TAMRA-labelled miR-21 was free to
rotate, giving a low polarization value. In contrast, upon
loading of miR-21 onto AGO?2, the large miR-21-AGO2 com-
plex rotated more slowly, resulting in a higher polarization
value. Thus, the loading of miRNA onto AGO2 can be indi-
cated by measuring the polarization values. Using this assay to
screen potential small molecules, Tan et al. discovered three
compounds that inhibited loading of miR-21 onto AGO2.
Advantages of these two cell-free assays are their low cost
and easy operation, whereas the disadvantages are that iden-
tified compounds may be miRNA-specific if they directly
interact with the miRNA and intracellular activity of these
compounds needs further validation.

4.2 Cellular assays

As miRNA biogenesis and function involve many steps and
biomolecules, any perturbations in these steps will cause
changes in miRNA expression or function. Therefore, to
unbiasedly find small molecule modifiers of miRNA, Shan
and Connelly et al. developed a cellular assay system [73-75].
As shown in Figure 3, in this assay system, green fluorescent
protein (GFP) or luciferase were engineered to contain com-
plementary sequences of miRNAs or siRNAs in their 3'-UTR
and used as the reporter genes. Due to miRNA and siRNA
share the same RNA interference machinery system [13],
small molecules identified by cellular assay for siRNA can
also alter miRNA biogenesis or function. These engineered
reporter genes were then introduced into cell lines through
stable or transient transfection. Inside cells, miRNA or siRNA

miRNA or siRNA

" [T

Figure 3. Cellular assays for discovery of small molecule modifiers of miRNA.
Green fluorescent protein (GFP) or luciferase is engineered to contain comple-
mentary sequences of miRNA or siRNA and used as reporter genes.

will inhibit expression of these reporter genes in sequence-
specific manner. Therefore, the activity of endogenous
miRNA can be read out through measuring expression of
GFP or luciferase. Using these two cellular assays, Shan and
Connelly et al. identified several small molecules that could
regulate endogenous miRNAs. The cellular assays have the
advantages that they are unbiased and identified molecules
can regulate any step in miRNA biogenesis or function, giving
the chance to investigate miRNA-involved cellular processes.
One disadvantage of the cellular assays is that it is difficult to
tell the specificity of identified molecules that is
towards miRNA or other biomolecules.

4.3 InfoRNA

Except above-mentioned experimental assays for high-
throughput screening of small molecule modifiers of
miRNA, bioinformatic strategies for rational design of
small molecules to directly target miRNA have also been
developed [25,76]. Disney et al. devised a method to pre-
dict small molecule modifiers of miRNAs, named as
infoRNA (Figure 4). This method first used a two-
dimensional combinatorial screening (2DCS) to identify
ligands that bound to RNA secondary structural motifs
(hairpin, internal loops or bulges) [22,33]. During 2DCS,
a small molecule microarray was used to incubate with
a radio-labelled RNA library, followed by analysis of
bound RNA. This screening enables simultaneous probing
and identification of specific small molecule-RNA motif
interactions. To utilize obtained information, Disney
et al. then developed a statistical method called high-
throughput structure-activity relationships through sequen-
cing (HiT-StARTS) to obtain features of RNA motif-small
molecule interactions. InfoRNA, a database comprising of
the selected RNA motif-small molecule interactions and
their associated affinity data, can thus be used to predict
small molecules that directly target RNA secondary struc-
tures [77]. Since human miRNA hairpin precursors have
~3,808 unique secondary motifs in Drosha- or Dicer-
processing sites [78], infoRNA can be used to find small
molecules that regulate miRNA maturation in a specific
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Figure 4. InfoRNA for design of small molecules that directly target miRNA (or
other RNAs). InfoRNA extracts motifs from the secondary structure of target
miRNA and compares them to the database, giving lead small molecules.
Adapted from reference [77] with permission.
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manner. Using infoRNA, Disney et al. have discovered
several small molecule modifiers of oncogenic miRNAs
[22,25,33].

5. Small molecules in microRNA chemical biology
and microRNA-targeted therapeutics

Using assay systems described above, diverse small molecule
modifiers that can regulate miRNA biogenesis or function
have been discovered, and some of them have been success-
fully used to probe miRNA-mRNA networks and treat related
diseases. However, the exact mechanisms of action of most
small molecule modifiers except those that directly targeting
miRNA secondary structure still remain unclear. Therefore,
we classify these small molecule modifiers into three groups
and discuss some prominent examples in the following three
sections.

5.1 Small molecules regulating microRNA biogenesis

Discovery of the first small molecule modifier of miRNA
could be dated back to 2008, when enoxacin (1, Figure 5)
was identified by Shan et al. as an activator that promoted
miRNA processing [73]. Shan et al. used GFP-based cellular
assays to screen a collection of 2,000 Food and Drug
Administration (FDA)-approved small molecules, resulting
in the discovery of compound 1 that increased siRNA-
mediated GFP knockdown. The median effective concentra-
tion (ECsp) of compound 1 was ~30 uM. To investigate the
effect of compound 1 on endogenous miRNAs, Shan et al.
profiled expression levels of 157 miRNAs. A total of 13
miRNAs had approximately twofold increase in expression
of mature form, two miRNAs had decreased levels of mature
forms, and the remaining miRNAs were not significantly
altered. Moreover, the up-regulated miRNAs had decreased
levels of pri- and pre-miRNAs, suggesting that compound 1
promotes miRNA processing. Since Dicer and TRBP play
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critical roles in miRNA processing, Shan et al. used Dicer
and TRBP-mediated miRNA processing assay to determine
the biomolecule target involved in compound 1-promoted
miRNA processing, showing that the activity of compound 1
dependent on TRBP. Therefore, compound 1 is a TRBP-
dependent activator of miRNA that promotes miRNA proces-
sing. Further studies carried out by Melo et al. revealed that
compound 1 was a cancer-specific growth inhibitor [79].
Melo et al. tested the effect of compound 1 on the growth
of 12 cancer cell lines and eight normal cells, resulting in the
discovery of cancer-specific growth-suppressive activity of
compound 1, with an ECs, value of 124 uM. They also
validated that compound 1 enhanced miRNA production in
these cancer cells, which was consistent with results reported
by Shan et al. To investigate the mechanism of action of
compound 1, they further used surface plasmon resonance
(SPR) and isothermal titration calorimetry (ITC) to demon-
strate that compound 1 directly bound to TRBP. Importantly,
TRBP mutant cancer cells did not respond to compound 1,
suggesting that compound 1 exerts growth-inhibitory effect in
cancer cells by promoting miRNA biogenesis in a TRBP-
dependent manner.

Except the discovery of compound 1 by Shan et al.,
Gumireddy et al. also identified a first small molecule inhi-
bitor of miR-21 in 2008 [80]. They used a luciferase-based
cellular assay to screen a library of more than 1,000 com-
pounds from they own compound collection and the Library
of Pharmacologically Active Compounds (LOPAC)
towards miR-21, resulting in the discovery of a lead com-
pound that produced a ~ 2.5-fold increase in luciferase signals
at a concentration of 10 uM. Structure-activity optimization
led to the discovery of a high active compound 2 (Figure 5),
which increased luciferase signals by approximately fivefold at
a concentration of 10 uM. To investigate the mode of action
of compound 2, Gumireddy et al. checked its effect on miR-
30 and miR-93. No increase in luciferase signals was detected,
suggesting that it may be a specific inhibitor of miR-21.

Figure 5. Chemical structures of small molecule modifiers of miRNAs that regulate miRNA biogenesis. 1: Activator of miRNA that promotes miRNA processing; 2:
inhibitor of miR-21 transcription; 3, 4: inhibitors of miR-122 transcription; 5: activator of miR-122 transcription; 6: activator of miRNA that promotes miRNA

processing; 7: inhibitor of myomiRs.
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Through measuring miR-21 expression levels, Gumireddy
et al. found that compound 2 significantly decreased expres-
sion levels of both pri-miR-21 and miR-21. These results
suggest that compound 2 is an inhibitor of miR-21 that targets
miR-21 transcription. However, the detailed mechanism for
compound 2 to inhibit miR-21 still remains unclear. Young
et al. also used the luciferase-based cellular assays to screen
a library of 1,364 small molecules from the NCI
Developmental Therapeutics Programme towards miR-122
[81]. After screening, they found three potent small molecules
3-5, which are shown in Figure 5. Similar as compound 2,
compounds 3-5 only regulated miR-122 but not other
miRNA, indicating that they may also be specific regulators
of miR-122. Compounds 3 and 4 were inhibitors of miR-122
with ECs, values of 3 and 0.6 uM, respectively. Compound 5
was an activator of miR-122 with half maximal inhibitory
concentration (ICsy) value of 3 puM. Compounds 3-5 also
regulated miR-122 at the transcriptional level, and the detailed
mechanisms of action are still unknown. Nevertheless, since
up-regulation of miR-122 was known to promote HCV repli-
cation and decrease of miR-122 could inhibit apoptosis of
liver cancer cells [64,82], Young et al. further used com-
pounds 3 and 4 to treat HCV and exploited compound 5 to
induce apoptosis of liver cancer cells, all showing positive
results (Figure 6).

Small molecule modifiers that regulate miRNA biogenesis
also hold great promise in dissecting miRNA-involved cellular
processes [34]. For example, by using the same GFP-based
cellular assay systems for discovery of compound 1, Li et al.
found a common iron chelator 2,2'-dipyridyl (6, Figure 5) as
an activator of miRNA that promoted miRNA processing
[83]. However, the isomer of compound 6, 4,4'-dipyridyl,
did not show this activity, suggesting that iron chelating
activity is required for its enhancement of miRNA processing
and iron may involve in miRNA biogenesis. They then found
that cytosolic iron could modulate the RNA interference
activity and poly(rC)-binding protein 2 (PCBP2) that is
known to facilitate the loading of cytosolic iron into ferritin
was a novel biomolecule involved in miRNA processing.
Collectively, with compound 6 as the chemical probe, Li
et al. revealed that cytosolic iron modulates PCBP2 multi-
merization and PCBP2 associates with pre-miRNAs to mod-
ulate miRNA processing. Another example reported by Tan
et al. used a small molecule modifier of myomiRs to unveil
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a novel myomiR-involved regulatory pathway in muscle cells
[84]. Using the luciferase-based cellular assay system, Tan
et al. screened their own compound library
towards myomiRs in muscle cells, resulting in the discovery
of compound 7 (Figure 5) that inhibited myomiRs including
miR-1, miR-133a and miR-206. Compound 7 did not regulate
cancer-related miRNAs such as miR-150 and miR-21 in other
cancer cells, indicating that it may be a specific inhibitor of
myomiRs. Tan et al. found that compound 7 inhibited the
transcription of myomiRs and they further measured the
expression levels of transcription factor of myomiRs that is
myoD, showing that compound 7 decreased myoD protein
level but not mRNA level. The inconsistency between myoD
mRNA level and protein level led to a discovery of upstream
regulator of myoD, which is miR-221/222. Therefore, using
compound 7 as a chemical probe, Tan et al. revealed a novel
signalling transduction pathway in muscle cells, which is miR-
221/222 indirectly regulate myomiRs through targeting
myoD.

5.2 Small molecules regulating microRNA function

The key step of miRNA function is the loading of miRNA
onto AGO2. Small molecules that interfere with this process
without affecting miRNA expression can directly modulate
miRNA function. Using the in vitro fluorescence polarization
assay, Tan et al. screened a total of over 2,000 compounds
from LOPAC towards miR-21 function, resulting in the dis-
covery of three potential compounds [72]. One of the three
compounds, 8, is shown in Figure 7. The IC50 value of
compound 8 was 0.47 puM. However, compound 8 could not
regulate loading of endogenous let-7 onto AGO2 inside cul-
tured cells, whereas compound 8 could inhibit RISC loading
of exogenous siRNA. This result suggests that small molecule
identifiers identified by in vitro assays need further validation
in cellular assays.

Watashi et al. used the luciferase-based cellular assay
system to screen 530 compounds, resulting in the discovery
of a small molecule modifier 9 (Figure 7) [85]. Compound 9
(10 pM) inhibited expression levels of AGO2-associated
miRNA without significantly affecting total miRNA levels,
suggesting that it is a modifier that inhibits miRNA loading
onto AGO2. Since AGO2 overexpression is correlated with
the development of cancers, Watashi et al. used compound 9
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Figure 6. Effects of (a) compounds 3 and 4 on HCV replication in Huh7 cells and (b) compound 5 on viability of Huh7 and HepG2 cells. Adapted from reference [81]

with permission.
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Figure 7. Chemical structures of small molecule modifiers of miRNAs that regulate miRNA function. 8: Inhibitor of miR-21 loading onto AGO2; 9: inhibitor of the
association between miRNA with AGO2; 10: inhibitor of miR-21 function with unknown mechanism.

to treat miRNA-dependent tumour models, resulting in
a significant reduction in tumour growth. Except using com-
pound 9 to treat tumour models, Madsen et al. tested its
effect in decreasing Venezuelan equine encephalitis virus
(VEEV) replication [86]. 2.5 uM compound 9 caused an
approximately 7-logi, decrease in viral titre. When using
compound 8 to treat VEEV, a ~ 3-log;, decrease in viral
titre was detected.

Using previously established luciferase-based cellular assay
system, Naro et al. further screened a collection of 333,519
compounds towards miR-21, resulting in the discovery of
a small molecule 10 (Figure 7) [87]. Compound 10 increased
luciferase signals by ~12-fold at a concertation of 10 pM. To
investigate the mechanism of action of compound 10, Naro
et al. measured the expression levels of miR-21, showing that
neither mature nor primary miR-21 levels were affected. This
result indicates that compound 10 inhibits miR-21 function
without affecting miR-21 expression. However, compound 10
did not modulate other miRNAs such as miR-122, miR-221
and miR-182, suggesting that it is a specific inhibitor of miR-
21. Naro et al. tried to explain the mechanism of action of
compound 10, whereas it is still elusive. Since overexpression
of miR-21 in renal carcinoma (RCC) contributes to chemore-
sistance [88], Naro et al. used compound 10 to reverse the
chemosensitivity of RCC cells to topotecan, an FDA-approved
chemotherapeutic drug. As shown in Figure 8(a), the combi-
nation of topotecan with compound 10 decreased the ICs
value of topotecan from 1 uM to 90 nM, resulting in an over

11-fold increase in the potency of topotecan. In a 2-week
clonogenic assay, 10 uM compound 10 decreased the ICs,
value of topotecan from 2 uM to 74 nM, representing a 27-
fold enhancement in activity of topotecan (Figure 8(b)).

5.3 Small molecules directly targeting microRNA
secondary structure

Many sites within miRNA precursors can be bound by small
molecules, which will cause blockade of miRNA production
or function. These small molecules can be given by either
high-throughput screening or rational design. Unlike most
of those small molecule modifiers described above, the mode
of action of these small molecules can be explained since they
directly bind to miRNA precursors to prevent cleavage by
Drosha or Dicer.

As aminoglycosides are known to bind to secondary struc-
tures of RNAs, Bose et al. investigated the potential of ami-
noglycosides to inhibit oncogenic miR-21 [89]. A luciferase-
based cellular assay system was used to screen 15 known
aminoglycosides, resulting in the discovery of streptomycin
11 (Figure 9) that inhibited miR-21 activity at a concentration
of 10 uM. Bose et al. also measured the expression levels of
intracellular miR-21, showing a ~ 80% decrease in miR-21
level when using 5 uM compound 11. Meanwhile, several
other endogenous miRNAs excluding miR-27a remained
unchanged. To determine the mode of action of compound
11, they did several in vitro experiments including thermal
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Figure 8. Therapeutic evaluation of compound 10 in the restoration of chemosensitivity of A498 RCC cells to topotecan (TT). (a) Combination treatment of A498 cells
with TT and compound 10 in a dose-dependent cell viability assay. (b) Combination treatment of A498 cells with TT and compound 10 in a 2-week cologenic assay.

Adapted from reference [87] with permission.



714 R. FAN ET AL.

NHAc

15
NH,
N A
N
Q < W
H-P-0 o Ny

16

14
ael

~ Z}H—\JED%;]QN -

Figure 9. Chemical structures of small molecule modifiers of miRNAs that directly target miRNA secondary structure. 11: Inhibitor of miR-21 that directly binds to
pre-miR-21; 12: inhibitor of miR-372 that blocks Dicer-mediated cleavage of pre-miR-372; 13: inhibitor of miR-21 that blocks Dicer-mediated cleavage of pre-miR-21;
14, 15: inhibitors of miR-96 that block Drosha-mediated cleavage of pri-miR-96; 16: inhibitor of miR-96 that recruits RNase L to pri-miR-96 to facilitate its destruction.

melting experiment, docking study and enzyme-cleavage pat-
tern analysis, showing that compound 11 directly bound to
pre-miR-21. As miR-21 targets PDCD4 to exert its oncogenic
function, Bose et al. also checked the levels of PDCD4 inside
cancer cells and cell apoptosis rates, showing approximately
twofold increases in both PDCD4 protein level and apoptotic
rate when using 5 pM compound 11 to treat cancer cells.

To find small molecule modifiers that directly bind to
pre-miR-372 and pre-miR-373 that are implicated in gas-
tric cancer, Vo et al. also used aminoglycosides as scaf-
folds to design the ligands [90]. They first used the
in vitro FRET assay for Dicer-mediated cleavage of pre-
miR-372 to screen seven aminoglycosides that may inhibit
the cleavage by Dicer, showing that neomycin was able to



completely inhibit Dicer cleavage at a concentration of
250 uM. Vo et al. then modified neomycin with artificial
bases and further screened these modified small mole-
cules, resulting in the discovery of a most potent small
molecule 12 (Figure 9) that inhibited cleavage of pre-miR
-372 by Dicer with a ICs, value of 2.42 uM. They then
treated gastric cancer cells with compound 12 and found
that ~50% decreases in both expression levels of miR-372/
373 and cell viability were induced by compound 12 at
a concentration of 50 uM.

Yan et al. developed a bifunctional small molecule that
bound to pre-miR-21 to inhibit miR-21 maturation [91]. To
find small molecules that can directly bind to pre-miR-21,
they used in vitro fluorescence polarization assay that deter-
mines the binding between small molecule and pre-miR-21 to
screen aminoglycosides, resulting in the discovery of neomy-
cin. Through modifying neomycin with a Dicer inhibiting
unit, the bifunctional small molecule modifier of miR-21
(13, Figure 9) was obtained. In vitro Dicer-mediated pre-
miR-21 cleavage confirmed that compound 13 was able to
inhibit this process. Cellular assays also showed that com-
pound 13 down-regulated miR-21 level (~20%) and de-
repressed miR-21 target PDCD4 (approximately twofold
increase) at 5 pM.

Except using screening methods to find small molecules
that directly bind to pre-miRNA, infoRNA also showed great
promise in rational design of small molecule modifiers of
miRNAs [77]. Using infoRNA, Velagapudi et al. designed
a small molecule 14 (Figure 9) to target Drosha binding
sites in the primary transcript of oncogenic miR-96 [92]. In
cellular assays, compound 14 induced a ~ 90% decrease in
miR-96 level at a concentration of 40 uM. Moreover, com-
pound 14 did not modulate expression of other 149 disease-
associated and abundant miRNAs, suggesting that it is
a selective inhibitor of miR-96. Furthermore, compound 14
also de-repressed expression of oncogenic Forkhead Box O1
(FOXO1) and triggered apoptosis in breast cancer cells.
However, the low micromolar activity of compound 14 did
not satisfy the need of therapeutic intervention in in vivo
model. Thus, Velagapudi et al. used infoRNA to design
a dimeric small molecule 15 (Figure 9) that could also bind
to motif that was adjacent to Drosha site [93]. Compound 15
had nanomolar affinity for miR-96. 50 nM compound 15 was
sufficient to inhibit miR-96 production (~50%) and boosted
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expression of FOXO1 by approximately twofold and triggered
apoptosis of breast cancer cells (~50%). Moreover, they
appended compound 15 with a cross-linking module and
a biotin tag to pull down direct targets of compound 15,
confirming the direct binding between compound 15 and pri-
miR-96 inside cells. Recently, Costales et al. further appended
the dimeric molecule with a short 2'-5' poly(A) oligonucleo-
tide that could recruit RNase L to pri-miR-96 to facilitate its
destruction [94]. In breast cancer cells, compound 16 (Figure
9) could induce a ~ 40% decrease in pri-miR-96 level at 20
nM and a ~ 80% reduction at 200 nM. In comparison,
compound 15 that did not induce degradation of pri-miR-96
increased pri-miR-96 levels. When using compound 16 (200
nM) to treat breast cancer cells, FOXO1 expression was
increased by approximately twofold and a ~ 80% cell apopto-
sis was detected (Figure 10). Except discovery of small mole-
cule modifiers of miR-96, infoRNA has also been used to
identify small molecules that directly target oncogenic
miRNAs including miR-210[95], miR-544[96], miR-21[97],
miR-10b [76], etc.

These small molecule modifiers have the advantage that
they directly interact with miRNA precursors to block Drosha
or Dicer cleavages. Even though these small molecules most
likely to directly bind to pri- or pre-miRNAs, whether they
regulate other biomolecules such as other RNA motifs or
unknown proteins involved in miRNA biogenesis remains
unclear. Nevertheless, exquisite selectivity may not be
a perquisite for miRNA-targeting small molecules, provided
that they have lower affinity to off-target sites. Since most of
these reported small molecule modifiers have strong binding
affinity towards miRNA precursors, the function output can
be ascribed to their predominant regulation on miRNA
biogenesis.

6. Conclusion and outlook

The past two decades have witnessed an accelerating devel-
opment of miRNA and miRNA-targeted therapy. With
improved methods of sequencing, it is becoming easier to
identify new miRNAs. Their correlation with pathologies is
also getting clear with the aid of genetic methods.
Nevertheless, the miRNA-mRNA networks are extremely
complicated, which require proper tools to dissect them.
Identification of these underlying information will help to
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Figure 10. Effects of compound 16 on expression of FOXO1 and cell apoptosis. (a) Protein expression levels of FOXO1 in breast cancer MDMA-MB-231 cells after
treatment with compound 16. (b) Annexin V/PI staining of apoptotic cells in MDMA-MB-231 cells after treatment with compound 16. Adapted from reference [94]

with permission.
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develop therapeutics designed to target these specific
miRNAs. Meanwhile, in order to target miRNAs to achieve
therapeutic outcome, oligonucleotides are often used to
replenish or block endogenous miRNAs. Although oligonu-
cleotides suffer from some disadvantages as mentioned
above,  continuous  efforts have been  made
towards overcoming limitations, leading to clinical trials
of several oligonucleotide-based drugs targeting miRNAs
and one recently approved oligonucleotide-based drug tar-
geting disease-associated gene [19,98]. Alternatively, small
molecules that can regulate endogenous miRNAs are poten-
tial tools to elucidate miRNA-mRNA networks and treat
miRNA-related diseases, as evidenced by the examples dis-
cussed above.

Among reported small molecule modifiers of miRNAs,
small molecules can be identified either by high-throughput
screening or by rational design. Small molecules discovered
by cellular screening can regulate multi-steps in miRNA
biogenesis or function, and their modes of action are thus
complicated to be elucidated. Up to now, only a few of
them have been explained in details. However, these small
molecules can be used to probe unknown signaling trans-
duction pathways that are hard to be revealed by traditional
biochemical methods [83,84]. Small molecules that directly
interact with miRNA secondary structures have clear
mechanism of action. Since these small molecules are
designed to target known miRNAs, their roles in elucida-
tion of miRNA networks are thus limited. With regard to
miRNA-targeted therapeutics, small molecule modifiers of
miRNAs have also shown great promise. Introduction of
other elements into these small molecules have also
enhanced their therapeutic utility. It is worth noting that
combination of small molecule modifiers of miRNAs with
oligonucleotides could also enhance miRNA-targeted ther-
apeutics [99,100]. Moreover, small molecules could also be
hybridized with peptide to inhibit the maturation of pre-
miRNA, thereby reversing miRNA function in disease
development [101]. Currently reported studies mainly
focused on the identification of small molecules that target
cancer-related miRNAs and using them for cancer treat-
ment. However, since miRNAs closely correlate with many
human diseases other than cancers, the potential of small
molecule modifiers for these diseases also waits to the
explored. In the years to come, the accumulation of more
small molecule modifiers of miRNAs will further revolutio-
nize the field of miRNA chemical biology and miRNA-
targeted therapeutics.
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