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MicroRNAs (miRNA) are a class of genomically encoded small RNA molecules (~ 22nts in length)
which regulate gene expression post transcriptionally. The term microRNA or miRNA was coined in
2001
conservation and tissue specific functions. It is estimated that they modulate gene expression of

!, and research in past decade has shed light on their widespread occurrence, evolutionary

approximately 60 % of the mammalian genes by regulating levels of target mRNAs to which they can
bind on the basis of sequence complementarities >. miRNAs are produced in a well co-ordinated series of
steps from being transcribed in the nucleus to exerting their function in the cytoplasm. miRNAs are now
implicated in diverse biological phenomena ranging from development’ to stress response* which makes
miRNA as one of the central regulatory molecules which modulate information flow along the central
dogma of gene expression. More importantly, like any regulatory molecule, deregulation of miRNAs are
causally associated with several diseases (mainly cancer) and are directly involved in a variety of
pathophysiologies owing to their aberrant expression °. Thus, modulation of miRNA levels is of prime
therapeutic importance. Conventional methods of miRNA knockdown using chemically modified
antisense-oligonucleotides have been explored extensively but face the challenges of modes of delivery,
biostability and biodistribution. This calls for development of more alternate and non-conventional
methods to target miRNA. Small molecules targeting RNA chemical and structural space provide one
such timely opportunity. In this article we first provide brief overview of miRNA biogenesis and their
disease associations. We then summarize the major developments of conventional oligonucleotide based
approaches to miRNA knockdown and their status. We then focus on the more non-conventional methods
like oligonucleotide enzymes and small molecules and provide an outlook on the future of such methods.
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Nonconventional Chemical Inhibitors of microRNA: therapeutic scope

Biogenesis of microRNA — a series of catalytic
chemical reactions

The cell can be imagined essentially as an assembly of
compartmentalized reaction vessels in which molecular reactions
take place in limited volumes. These compartments are further
able to communicate with each other and thus are able to co-
ordinate their respective reaction rates to maintain a homeostatic
environment. miRNAs as mentioned, are small endogenous non-
coding RNA thus retaining all the obvious chemical properties of
RNA in general. They vary from 19-25 nucleotides in length
from organism to organism and even from tissue to tissue™®.
However, they are produced initially as long primary transcripts
in the nucleus of the cell. These transcripts then undergo a series
of processing steps by the end of which they are trimmed down to
mature duplex miRNA in the cytoplasm of the cell.

MicroRNAs are produced as long primary transcripts most of
which are under the transcriptional control of RNA polymerase 11
% in the nuclear compartment of the cell. The long primary
transcripts are called primary miRNA (pri-miRNA) and can be
several kilobases in length. The pri-miRNA consists of stem-loop
structures, which are found along its length and contain the
precursors to the mature miRNA. These stem loop structures
typically consist of a ~33 bp double stranded stem region, a

2
S

70

variable terminal loop and flanking single stranded segments. The
pri-miRNAs are then processed into an approximately 70
nucleotide precursor by the microprocessor complex (of which
Drosha and DGCRS form the core components)’. They do so by
concerted action of DGCRS binding to the single stranded and
double stranded junction and Drosha cleaving approximately 11
bp upstream along the stem region '. This processed form is
called the precursor miRNA or pre-miRNA which then becomes
a substrate for further downstream processes.

After the formation of pre-miRNA, it is exported to the
cytoplasmic compartment of the cell with the help of another
protein, Exportin-5. A high resolution X- ray structure of
Exportin-5 with pre-miRNA reveals that it binds to the end of the
stem region and covers it along its length®. This binding is also
sequence independent and thus is a universal exporter of pre-
miRNA into the cytoplasm where it would be further processed
by another protein of RNase III family — Dicer.

The pre-miRNA upon export are then taken up by Dicer which
recognizes the end of the pre-miRNA and then cleaves at the base
of the stem-loop junction to produce the mature miRNA duplex
which consists of complementary strands with 2nt 3° overhangs’.
One of the sequences is called the guide strand (which binds to
target mRNA) and the other is called the passenger strand (which
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Fig.1 microRNA are genomically encoded and transcribed as long primary transcripts in the nucleus. These primary transcripts (pri-miRNA) are
processed by the nuclear RNase complex Drosha-DGCRS8 to form the pre-miRNA. The pre-miRNA is then exported (by Exportin 5) to the cytoplasm
where the cytosolic RNase Dicer, processes the pre-miRNA to the mature duplex miRNA which then in concerted action with Argonaute regulates target
s mRNA abundance. As depicted in the illustration, the miRNA processing pathway offers atleast three stages of therapeutic intervention. ASOs (antisense
oligonucleotides) have typically targeted the cytosolic mature miRNA and prevent their functional silencing of target mRNAs. However the presence of

secondary structures in the pri and pre forms

is generally degraded). These generic terms have been recently
revised to 5p and 3p where these represent the strand being
10 loaded from the 5° arm or 3’ arm of the pre-miRNA stem-loop.
However for the sake of simplicity we restrict our usage to
‘guide’ and ‘passenger’. The proteins Drosha and Dicer are a
class of RNaselll domain containing proteins which are highly
conserved '°. As shown in Fig 1. They operate to process the long
15 precursor forms of miRNA to its mature form. However it is
important to note that these processing events are structure
dependent and sequence independent (discussed in detail in later
sections).
These miRNA duplexes are now loaded into a protein complex
20 called RNA induced silencing complex (RISC). The RISC
complex consists of the core Argonaute (AGO) proteins and
several accessory proteins. Within the RISC complex, a

of miRNA offer an unconventional

targeting space by use of small molecules.

preferential loading of the guide strand of miRNA takes place on
to the AGO proteins thus forming the miRISC"'.

s The functional miRISC then targets mRNA (typically in the
3’UTR) on the basis of a partial sequence complimentarity
(called the seed sequence) between the loaded guide miRNA and
its target mRNA. Upon binding, inhibition of protein production
by repression of translational initiation of the target gene takes

s place '2. This is typically followed by deadenylation of the
mRNA and reduction in mRNA levels'". Any given miRNA is
predicted to regulate hundreds of target mRNA, while a single
mRNA may have several miRNA binding sites’. Thus miRNA-
mRNA interactions form a complex regulatory network which

35 finally influences cellular function.

A more biological and descriptive explanation can be found in
several reviewing articles” ®. The take home lesson from a
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Fig.2 miRNAs contribute to disease onset and severity by alteration of their abundance. The left panel of the illustration shows the scenarios where in
pathophysiological states, miRNAs may be repressed or over expressed compared to the normal scenario as indicated in each box. The right panel is a
representation of the associated miRNA with various diseases which have been documented in literature. As seen in the pie chart, cancer as a disease
group has most number of deregulated miRNA. In the lower right panel - among different cancers miR-21 is reported to be most frequently associated—
The y axis indicates the number of different reports which have identified any given miRNA to be associated with cancer (data taken from reference 15a-
d).

chemist’s perspective is that miRNAs are produced in a series of 25 fact can be reconciled with the fact that a single miRNA has the

chemical reactions involving proteins and RNA. These reactions capability of regulating hundreds of target mRNA, hence it is
have certain kinetic rates associated with them which allow one conceivable that imbalance in the levels of one miRNA can
to design a variety of inhibitory modules to disrupt their function. destabilize the entire cellular machinery.

Secondly precursor miRNAs are enriched in prototypic secondary Although, the causal association of miRNA with human disease

S

structures (discussed in detail in later sections) which then serve 30 conditions have been explored and reviewed in detail elsewhere™
as targets for small molecules which could potentially inhibit ' we here give a brief introduction to the spectrum of diseases
miRNA maturation and hence function. where miRNA malfunction is implicated. The availability of
miRNA-disease databases '° which contain manually curated
information, has afforded easy ways to mine disease associations
with miRNA malfunction. The advantage inherent to such
miRNA burden in disease etiology databases is the regular updates, which reduces tedious literature
mining. According to recent estimates, miRNA's are involved
majorly in cancer, cardiovascular, infection and immune disease
conditions (Fig2) amongst other conditions. For conceptual
40 purposes, we restrict our description to cancer, which forms the
major chunk of disease spectrum (approx 35%).

w
s

Like any multi-component machine, the cell consists of parts
which can get damaged or which malfunction during the course
of its operation leading to its reduced or aberrant performance.
Generally, disecased states are a result of such abnormal
performance. miRNAs being important regulatory molecules,
when present in higher or lower levels (abundances or expression
levels) also contribute to the pathophysiology of disease. This

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 3
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The case of Cancer

Cancer is a genetic disease thought to arise from mutational
accumulation '®. Mounting evidence suggests that in addition to
mutations, regulatory paradigms also change in the onset of
cancer. The first association of miRNAs with cancer came from
miRNA profiling studies that revealed significant differences in
expression levels of miRNAs between normal and tumor tissue
type. miRNAs that contribute to oncogenesis may function as an
oncogene or a tumor suppressor. This could be understood in
terms of the target repertoire of each miRNA being implicated. If
the miRNA under question is upregulated and regulates a set of
genes which are bonafide tumor suppressors, it can be termed as
an oncogenic miRNA (or oncomirs). Conversely, if an miRNA is
downregulated (and it regulates several oncogenic target genes) it
is termed as a tumor suppressor miRNA. Several miRNAs have
been identified either as bonafide tumor suppressors or
oncogenes. Tumor suppressor miRNAs (e.g miR-15, mir-16) are
generally downregulated in most cancers, while oncogenic
miRNAs — oncomiRs (such as miR-21'7 )- are upregulated and
contribute to the onset and maintenance of the tumor phenotype.
A simple meta-analysis "> of all documented human cancers and
the differential miRNA expression levels reveals that more than
40% of miRNAs associated with cancer are upregulated. It is
imperative to understand that the overexpression or amplification
of oncogenic miRNA could occur by virtue of abnormal promoter
activity or increased efficiency of miRNA biogenesis machinery.
As mentioned before, due to the highly concerted action of a
single miRNA, in either case it is conceivable that correction of
this expression imbalance would result in a complete phenotypic
reversal to normalcy. With this view in mind, miRNAs form
important therapeutic targets and thus, several strategies have
been devised to either silence an oncomiR or replenish tumor
suppressor miRNAs '8,

Conventional methods of miRNA inhibition

As mentioned in the previous section, after the discovery that
certain miRNAs are causally upregulated in several cancers,
intuitive strategies to use antisense oligonucleotides (ASO)
against miRNA were adopted. The very first demonstration for
the functional inhibition of miRNA was achieved by using simple
antisense DNA oligonucleotides'®. However, unmodified DNA
oligonucleotides were not effective enough to inhibit miRNA
activity in subsequent attempts in other organisms. This is due to
the fact that biological fluids contain highly active nucleases that
degrade the oligonucleotide even before it reaches its destination.
Moreover, one must consider the inherent off-targeting dangers
of unmodified ASOs to miRNAs of very similar sequences
(miRNA families). Considering these two parameters, several
chemical modifications to ASOs have been made to improve their
biostability and bioavailability. Early on, various studies
demonstrated that modifications to the backbone (PS) and 2°0OH
(in the nucleobases of the ASO) showed greater biostability and
nuclease resistance and were also used in mice models®. These
first generation ASOs were further modified to increase uptake
ssand bioavailability with cholesterol conjugation (termed
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‘antagomirs’) and extended to whole animal models for inhibition
of miRNA function »'. Some of the prototype ASOs used in the
past is summarized briefly in supplementary table S1.

Locked Nucleic Acid (LNA) — a success story.

Although the utilization of first generation ASOs for
determination of miRNA function in cellulo have been extended
to pre-clinical studies in animal models, their use as therapeutic
modalities have been limited””. These strategies have been
superseded by the use of LNA (Locked nucleic acids) which are
modified ribonucleotide analogues having a methylene bridge
connecting the 2’ oxygen and 4° carbon (of the ribose moiety)
thus ‘locking’ the sugar in a C’3-endo conformation®. This
modification enhances the hybridization affinity manifold over
other chemical moieties, by increasing the thermal stability by a
factor of upto 10°C (by substitution of single LNA monomer)*
and hence reducing the off-targeting. The first utility of LNA
based ASOs against miRNA was the detection (rather than
inhibition) of miRNA in-vitro ** and in-situ *. It was then
followed by a few pioneering loss of function studies of miRNA
using LNA ASOs in cell lines and mice models ** where its
biostability and increased efficacy was gauged. In a first
experiment of its kind, Elmen and colleagues used an
unconjugated LNA modified ASO against miR-122 in Africa
green monkeys 2’ where the authors demonstrated a systemic
delivery and dose and tissue dependent reduction in miRNA
levels without any toxicities. This study furthered the promise of
LNA- based ASOs against disease associated miRNA. miR-122
is a vertebrate (liver) restricted miRNA implicated in fatty acid
metabolism 2® and hepatitis C virus (HCV) replication during
infection ?°. The therapeutic efficacy of LNA-mediated miRNA
silencing was demonstrated in a landmark study when a LNA
modified ASO (SPC3649- later dubbed as Miravsen) was used in
chimpanzee models of chronic HCV infection®. The
administration of the LNA based ASO led to a complete
suppression of the viral titre and had long lasting effects without
resistance or side-effects. This was followed up in a successful
phase II clinical trial in patients with chronic HCV infection®'.
Through a series of experiments, Miravsen has been
demonstrated to interfere with the biogenesis of miR-122 as well
titrate out the mature forms and may be attributable to the high
efficacy of miRNA silencing observed **. Functional silencing of
whole miRNA families have been achieved with the use of ‘tiny
LNAs’ which are continuous LNA monomers (8 mers) which
target the ‘seed’ sequence of mature miRNA™. A more
comprehensive and systematic review about diverse chemically
modified ASOs can be found elsewhere?>**.

Nucleic Acid Enzyme based miRNA silencing

Although conventional ASO based targeting strategies of miRNA
have had reasonable success, these methods are limited by the
need of prolonged dosage. It is believed that most of the ASOs
targeting miRNAs form stable heteroduplexes and inhibit the

110 cytoplasmic interaction between miRNA and its target and there

is a subsequent reduction in the mature miRNA levels via

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 13



Page 5 of 13

ChemComm

o

@

o

=5

by

o

degradation 2" ** *°_ However extensive investigation *® suggests
that high affinity ASOs (like LNA, LNA/O-Me etc.) do not
reduce miRNA levels post-sequestering. This creates a ‘demand
and supply’ scenario where the active working dosage of ASOs
must be matched to the dynamic concentrations of newly
transcribed miRNA. Catalytic oligonucleotide enzymes such as
DNAzymes®’ and synthetic ribozymes cleave the RNA substrate
in a sequence dependent manner. They bind the target RNA
through Watson Crick base pairing interactions, cleave the bound
RNA, release the products and are recycled so that this process is
repeated multiple times, thus overcoming the shortcoming of
perpetuated dosage. As a proof of principle, we used this
approach to antagonize miRNA function (antagomirzymes)*®. In
order to increase the binding affinity and specificity, we
subsequently incorporated LNA modifications in the flanking
arms (LNAzymes)*® and utilized it in an in vivo model® to
knockdown miRNA.

Restoration of miRNA levels

As mentioned before, in pathological conditions, a miRNA may
be down-regulated. While, efforts towards inhibition of over
expressed miRNA have been a major focus over the past years, a
few successful strategies have been employed to restore levels of
depleted miRNA in various conditions. For the sake of brevity,
we restrict our discussion to seminal examples (one can find
detailed discussion of therapeutic substitution for loss of miRNA
elsewhere *****). Conventionally, restoration of miRNA levels is
achieved using oligonucleotide based ‘miRNA mimics’ or by
means of miRNA expression plasmids. One of the first studies
using the former strategy reported successful restoration of tumor
30 suppressor miR-34a leading to reduced cellular proliferation in a
xenograft model of colon cancer*'. Following this report, other
studies** have shown successful use of miRNA mimics, and the
first clinical trial®* using a miR-34 mimic (MRX34) was reported
recently. It is important to remember that miRNA mimic based
strategies are still in principle oligonucleotide based and hence
heavily depend on the parallel development of efficient delivery
systems which may become a rate limiting step for many
candidates to enter clinical trials. Another potential concern is the
dosage regime of such approaches. To overcome continuous
dosing, an alternate strategy is to use miRNA expression vectors
which were demonstrated to be viable in a murine model of
hepatocellular carcinoma'®®. The authors systemically delivered a
AAV (adeno-associated virus) based vector which expressed
miR-26a which caused inhibition of cancer cell proliferation.
Although no study so far has reported the clinical usage of such a
strategy for miRNA restoration, AAV vector based gene therapy
holds great promise.

Paradigm shift — the use of small molecule
inhibitors of miRNA function

The development of antisense nucleic-acid based therapeutic
strategies has been often plagued by the recalcitrant
complications of targeted delivery with optimal bioavailability **.
Although several advances have been made in the field of gene
delivery, the cost of synthesis ** and storage impede its large
ss scale success as highly successful drug candidates. Another
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complication is  the  poor  pharmacokinetics  and
pharmacodynamics *. Of course, a few siRNA and ASO based
modalities 3" * have reached human trials, it remains that nucleic
acid based therapeutic strategies of knocking down miRNA have
a long way to go. Conversely, small molecules have been at the
forefront of discovery and approval of new therapeutic modalities
47 owing to their favourable physico-chemical and
pharmacological properties. Historically, drug targets have rarely
extended beyond the domain of proteins and the ‘druggability of
RNA’ has been doubtful due to its inherent intrinsic flexibility,
highly charged surface and poor understanding of drug/small
molecule-RNA  binding complexity. However since the
druggability of the proteome is restricted ** it is foreseeable that
RNA may form an alternate drug target (for any given disease).
As more comprehensive studies of RNA structure and dynamics
emerge ¥, it is becoming clearer that RNA can be targeted by
small molecules. As discussed by the authors in this excellent
review *° RNA consists of suitable secondary structures (Fig 3a)
which can act as binding pockets for small molecules.

As explained earlier, the miRNA biogenesis pathway can be
visualized as a series of chemical reactions beginning from the
expression of the pri-miRNA transcript in the nucleus to its
processing as mature duplex miRNA in the cytoplasm. During
the course of its biogenesis, the miRNA molecules are maintained
in structural entities (namely stem-loop structures and bulges
along the stem) for proper recognition by the microprocessor and
Dicer enzymes >'.Thus in general, the inherent nature of miRNA
to form secondary structures paves the way for the testing of
small molecule ligands which could modify their activity by
altering the flexibility of the terminal loop®™® or by physically
perturbing the action of the RNaselll enzymes. While
conventional ASO based methods typically function to
stoichiometrically restrict activity of the mature miRNA species,
targeting precursor forms offer a unique advantage of restricting
the production of mature miRNA. With this perspective, targeting
miRNA function with small molecules offers an alternate strategy
to explore *

Typically drug discovery strategies involve either a screening of a
chemical library or rational drug design, both of which involve
inclusion of structural information about the intended biological
target. However, in the case of miRNA, it must be noted that due
to the paucity of structural information, targeting miRNA with
small molecules has often been done using a screening procedure,
although the availability of accurate 3D modelling may enable
efforts to complement the screening strategies (discussed later).
One of the earliest reports of using small molecules for the
possible inhibition of miRNA function was the design and
development of helix-threading peptides® which can bind to pre-
miRNA. Although a functional outcome for their inhibitory
capacity was not demonstrated, these peptides formed the
beginnings of the foray of small molecules in miRNA
knockdown and inhibition. The first use of small molecules for
inhibition of miRNA activity was reported in an in vitro
fluorescence- based assay developed for screening compounds

1o which could inhibit pre-miRNA let-7 processing by the Dicer

enzyme >*. The major disadvantage of this approach is the use of
the pre-miRNA as the reporter with a fluorophore and quencher

This journal is © The Royal Society of Chemistry [year]
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Fig.3 A) Schematic illustration of prototypical RNA secondary structures which are enriched for in the miRNA biogenesis pathway especially in the pre-
miRNA (adapted from ref 50). B) High-throughput screening strategy using a luciferase based cellular screen (adapted from ref 65). A vector containing a
validated target of miR-122 placed downstream of a luciferase reporter is stably integrated into a test cell line where miR-122 levels are high. The cells are
s then treated with a library of compounds in a high-throughput format using microplates. Small molecule candidates are then identified based on relative
luciferase levels (an increase). C) Identification and characterization of Streptomycin as an inhibitor of miR-21 function (adapted from ref 68)
Streptomycin binds to a secondary structure (bulge — indicated by shaded nucleotides in grey) near the terminal loop and inhibits the processing by Dicer,
thus reducing mature miRNA levels. D) Functional inhibition of miRNA function revealed through western blot analysis of a validated target (PDCD4) of
miR-21. The efficacy of Streptomycin mediated inhibition is comparable to that of LNA based ASO mediated inhibition of miR-21 function.

10 attached to the ends of the pre-miRNA, which may interfere with improved the method based on BRCA (branched rolling circle

the Dicing activity itself * and hence confounding the results of amplification)*’, thus omitting the need for artificial fluorescent
the assay. Moreover it was not clear if the compounds tested in- labelling in the pre-miRNA. As an alternative strategy, we
vitro would inhibit specific miRNA function in vivo. The 2 recently developed in vitro assay °® using a molecular beacon
advantage of using minimal in vitro platforms of screening is the which is independent of the pre-miRNA and is complementary to
15 scalability of the assay in a high throughput manner. To the mature miRNA produced upon Dicer cleavage. Using this
overcome the drawbacks mentioned above, the same group beacon based screen, we identified potential inhibitors of miR27a

This journal is © The Royal Society of Chemistry [year] [iournal], [year], [vol], 00-00 | 6
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Fig.4 A schematic illustration of a systems approach to small molecule inhibitor discovery. Cell lines are treated with small molecule candidates and high
through put miRNA profiling using multiplex qPCR or next generation sequencing will reveal miRnome wide perturbations which can be then
deconvoluted using network analysis to discover specific subsets of responsive miRNA to each candidate drug. The structural basis of this perturbation
5 can be estimated by computational interrogation of secondary structure similarity between members of a given subset — a high similarity score would
indicate that the perturbation (in this case inhibition/down regulation) may operate via a mechanism similar to that of Streptomycin inhibiting pre-miRNA

dicing.

and validated these candidates with downstream biological
assays.

10 A generic modifier of the miRNA and siRNA pathways was also
discovered " using a cell based screen which led to the
identification of compounds which could affect miRNA/siRNA
output albeit non-specifically. This compound was later
characterized to bind to and affect protein components of the

1s miRNA biogenesis pathway **. The first specific small molecule
inhibitor was identified in a study *® where the authors screened a
library of over 1000 compounds to test inhibition of activity of
miR-21 (oncomir) using a luciferase based assay. After screening
at a treatment concentration of 10 uM, the azobenzene derivatives

20 discovered here were elucidated to be non generic and were able
to target miRNA-21 transcription (but not miRNA maturation)
specifically when compared to other control miRNAs used in the
assay. However its miRnome wide specificity remains untested.
Following this, another study characterized small molecule

»s modifiers of miRNA-122 ® which is known to be causally
associated with Hepatitis (where its levels are high) and
hepatocellular carcinoma (where its levels are reduced). The
authors again used a high throughput luciferase screening of
about 1300 compounds from the NCI (National Cancer Institute)

30 developmental  therapeutics They  discovered
transcriptional regulators (compounds which could both activate
and inhibit miRNA-122 expression) of miRNA-122 which did
not affect the general miRNA Dbiogenesis pathway.
Independently, another screen of about 530 compounds led to the

35 identification of poly-L-lysine (PLL) and trypaflavine (TPF) as
generic inhibitors of miRNA biogenesis pathway °'. Further
investigation showed that PLL was able to inhibit pre-miRNA

program.

processing by binding to Dicer and TPF could inhibit mature

miRNA/siRNA loading onto the AGO2 of the RISC complex.
40 Another example generic modification of the RISC activity was
demonstrated subsequently using an in vitro fluorescence
polarization assay enabling the identification of aurintricarboxylic
acid, suramin and oxidopamine as potent RISC loading
inhibitors®.
Although all the above examples discuss the general potential of
small molecules for miRNA knockdown, most (with the
exception of the helix threading peptides and the candidates from
the in vitro screens) do not interact directly with the miRNA. In
search for the molecules with specificity directly to miRNA,
Chirayil et al ®* screened a combinatorial library of N-substituted
oligoglycines (7680), commonly called peptoids employing a
microarray format against the precursor miR-21. Using this
approach functional groups that contribute towards binding
affinity and specificity with the miR-21 precursor were identified,
ss leading to synthesis of compounds having better binding
potential. These compounds were determined to have binding
affinities in range exhibited by Drosha to its substrates. However,
the functional inhibition of miRNA-21 using these candidate
peptoids is yet to be reported. The same group in a recent study **
identified a peptoid ligand (out of 14,024 N-substituted
oligoglycines) which can bind to the apical loop of pri-miRNA 21
and inhibit Drosha processing.
As described, the development of high-throughput cell based
screening assays (Fig 3b) ® and microarray format (as above)
will enable identification of novel miRNA activity inhibitors
from the several available chemical libraries. However from a
therapeutic and clinical standpoint, such a process is,
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Fig.5 A complementary strategy to identify direct targets and off-targets of small molecule candidates. In conditions where the small molecule can be
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washed using stringent conditions, and bound RNA can be competitively eluted using the same small molecule. The bound RNA can be then subjected to
5 next generation sequencing to identify all possible direct targets and off-targets. This method should be broadly applicable to screen for off-targets of

RNA binding drugs which are currently in use. .

costly®®. To circumvent this, a more recent approach in the
pharmaceutical industry exploits the polypharmcological
potential of approved drugs for drug repurposing or drug
10 repositioning®’. We hypothesized that one can theoretically
screen the array of FDA approved RNA binding drugs for
miRNA inhibitory activity. We screened 15 FDA-approved
aminoglycoside antibiotics for their potential to inhibit miR-21
function. Aminoglycosides are well known RNA secondary
15 structure binders. Using a low throughput luciferase assay, we
identified that Streptomycin (a well know tuberculosis drug) is a
potent inhibitor of miR-21 function *}(independently another
group identified pre-miRNA binding aminglycosides using an in-
vitro binding assay without testing further in vivo effects®.
20 Further molecular characterization using a combination of
biochemical (Fig 3¢) and computational methods revealed that it
binds to a bulge close to the terminal loop and structurally
hinders pre-miRNA (Fig 3d) processing by Dicer in a dose
dependent manner as show by q-RT-PCR. Other related oncomirs
25 (8 out of 9) which were tested were relatively unaffected by
streptomycin  giving clues to its empirical specificity.

w
=5

Nevertheless our results indicated that streptomycin in general
can be used as a scaffold for designing and development of more
specific small molecule ligands for miR-21 knockdown. The
study also raised the possibility of each aminoglycoside antibiotic
having a specific miRNA target(s). Independently, Vo and
colleagues 7° have reported the synthesis of bimodal molecules
consisting of neomycin and nucleobases which target oncomirs -
miR 372 and miR-373 and inhibit their Dicer mediated
maturation and thus showed anti-proliferative activity.

On the contrary when such small molecules are tested, with a
view of inhibiting miRNA function, the question of specificity
always takes prime importance. We thus formulated an alternate
workflow to deconvolute this contradiction which does not
involve the tedious luciferase based screening for each miRNA of
interest. We speculated that global profiling of miRNA using
high throughput RT-PCR profiling post drug treatment would a
provide list of miRNA which are differentially affected. By
computationally interrogating structural similarity, we would be
able to filter down to drug specific miRNA subsets and further
scrutinize their selectivity (Fig 4). To directly identify binding

This journal is © The Royal Society of Chemistry [year]
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w

miRNA, small molecule based pull downs or affinity purification
(Fig 5) coupled with next generation sequencing may be used.
This strategy is built on prior important work which used small
molecule coupled beads to bind RNA and identify them on
microarrays’”. Current work in the laboratory is focused on
deriving such potential scaffolds using the above framework and
combining these scaffolds with moieties which impart high
specificity and selectivity (Manuscript in preparation). These
scaffolds can then be used to synthesize bimodal molecules as

20 reported recently. In parallel, the availability of 3D modelling of
pre-miRNA structures” and advances in molecular docking
platforms like DOCK™ will accelerate preliminary virtual
screening of several molecules computationally in a high
throughput manner (VHTS — virtual high throughput screening -

»s discussed in **%). A recent study "> employed this approach and
identified a potent inhibitor (ACIMMYR2 from a library of 1990
compounds) of miR-21 maturation.

@
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Rational ‘bottom-up’ approach

As an alternate approach altogether, Disney and colleagues
devised a novel strategy to identify RNA and ligand binding
partners simultaneously, called 2-DCS 7® (two dimensional
combinatorial screening). The method utilizes a small molecule
microarray (agarose) against which a library of RNA secondary
structures (loops, bulges etc) is titrated (Fig 6a). This screening
enables the simultaneous probing and identification of specific
RNA-ligand interactions. Given that the library space
encompasses all possible combinations of sequence-structure,
screening and identification against multiple ligands would
generate an enormous amount of interactions and their affinities
thereof. For the sake of analysis and specific identification, the
authors then developed a statistical method”’ to derive features of
the RNA sequence which contribute to the high affinity binding
for any given ligand. Thus, sequence-structure features which can
bind to any given ligand with high affinity can be gauged from 2-
DCS of vast libraries of RNA vs. Ligands which is stored in a
database (Figbb). For identification of miRNA targeting
molecules, the authors intuitively developed Inforna”' —
pipeline which combines these two methods. Very briefly, using
the computed sequence-features and cross referencing it in the
context of pre-miRNA (Fig 6b and 6¢), the authors were able to
identify a benzamidole based lead molecule which could inhibit
the Dicer mediated maturation of miR-96. The specificity of the
molecule was confirmed by conducting a miRnome wide RT-
PCR which surprisingly revealed it had greater discriminatory
power over a sequence based LNA ASO against miR-96. Again
using 2-DCS, the same group identified a guanidylated neomycin
B (G Neo B) inhibitor of miR-10b"®. In this case, the G Neo B
bound to the Drosha processing site inhibited the maturation into
precursor and mature forms.

a

Small molecule based restoration of miRNA

As indicated above, efforts of small molecule based modulation
of miRNA levels have been inclined to inhibit candidate miRNA
which are over-expressed. While restoration of mRNA levels
using oligonucleotide based approaches are straightforward,
using small molecules for the same purpose is non-trivial. It can
be envisaged that a rational design of small molecules to
upregulate specific miRNA at present is not possible, and the few
studies which have identified small molecule candidates for
specific miRNA have been a result of high throughput screens®
or global upregulators of miRNA expression’’.

Outlook — Opportunities and Challenges

Nucleic acids as drug targets offer potential solutions to the
limited druggability of the proteome ** *°. Although, a few drugs
(e.g. Cisplatin, Doxorubicin and Acylovir amongst others) are
currently being used in clinical scenarios for the treatment of
cancer, targeting DNA poses several restrictions due to its
relative conformational uniformity. RNA — which is more than a
mere information bearer — functions by folding into a variety of
simple to complex shapes to create structural modules influencing
almost all sequence dependent functions like splicing, translation

1

1

1

00

05

S

and turnover of RNA *°. Tt can be thus surmised that RNA offers
more targetable chemical space making them excellent choices as
drug targets ** %,

It is evident that the ‘miRNA burden in disease etiology
will only increase as more sensitive detection and profiling
technologies emerge. As mentioned earlier, strategies for
targeting miRNA are guided not only by basic gene function
discovery, but also by the need for therapeutic intervention in
many  pathophysiological conditions and diseases.
Oligonucleotide based targeting of miRNA has been at the
forefront of such an endeavour with varying degrees of success,
limited by the constraints of delivery and good pharmacokinetics
and pharmacodynamics. Despite these impediments LNA based
ASOs have been tested clinically, with promising results. These
shortcomings however, do not hinder the use of ASOs as tools for
functional characterization of miRNA in non-clinical setups.
Efforts focussed on circumventing problems posed by such
constraints, have led to the exploration of small molecules as an
alternative approach to target miRNA.

> 5, 34d, 81

A comparative note on off-target effects

Conventional wisdom suggests that ASO based strategies should
have lesser off target effects as compared to other approaches due
to the inherent and direct sequence complimentarity as a pre-
requisite. ASO moieties with a mean length equal to that of the
mature miRNA and chemical modifications (like LNA) which
improve binding affinity (hence specificity) afford more on-
targeting capabilities. However despite such a fundamental
advantage, side effects due to off targeting may arise from
imperfect pairing between the ASO and partially complementary
sequences in the transcriptomic space akin to siRNA off-
targeting®. Another potential source of off-targeting and
undesired effects involves the non-specific responses of cells and
animal models to the delivery systems® used for oligonucleotide
based therapeutics. On the other hand small molecules modulate
miRNA levels either by direct or indirect binding
(transcriptional® or RISC protein machinery modulation)®.
Direct binding typically will depend on the availability of cognate
secondary structures as binding pockets for the small molecule
moiety. Such secondary structures like loops and bulges are
abundant in the miRnome and transcriptome thus potentially
hindering their use as miRNA-specific moieties prompting more
thorough investigations of identified lead small molecules for
miRNA modulation. Although, till date no small molecule
candidate has been promoted to clinical trials, a direct
comparison of a recently identified lead molecule against miR-96
and a LNA modified ASO against the same has shown promising
results of similar specificities’".

Future Prospects

In the context of the human genome alone, there are
approximately 1900 miRNAs * which have been identified.
However, terms of functional non-protein coding
transcriptional output, miRNAs form only the tip of the iceberg.
The advent of next generation sequencing has heralded a
tremendous increase in cataloguing of the transcribed genome (>
85%) in the form of thousands of non-coding RNAs *. Long non-
coding RNAs (IncRNAs) which form a major proportion of these,

in
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serve as functional regulatory RNA molecules influencing gene
expression in almost identical ways as proteins do 6. More
importantly, the mechanisms by which IncRNAs appear to exert
their function seem to centre on a bipartite manner involving both
sequence and higher order secondary and tertiary structures *¢*’.
Further, the evolutionary conservation of IncRNAs across
different species seems to be guided by principles of structure
rather than plain sequence *°. Their functional importance is
highlighted further with their increasing ascription to various
diseases ®. Although at a nascent stage, non-coding RNA
functional discovery has caused a re-examination of our views of
RNA biology. Collectively, it is clear that non-coding RNA serve
as a rich sink of secondary structures within the cellular milieu,
prompting two immediate conjectures — Firstly, functional
perturbation of IncRNA function may be explored by the use of
small molecules. Second and more important, is the realization
that any small molecule drug targeting miRNA can have a
potential cross talk with other non-coding RNAs of unforeseen
functions *°. In parallel, it is possible that side effects of many
RNA binding drugs may also funnel through this mechanism
(currently being explored in the lab). One straightforward method
to identify off-target binding sites would be to use a pull down
based strategy as explained in the previous sections (Fig 6).

In this article, we have tried to highlight the present state of the
field and various strategies which have been tried so far. Within a
short span of time, rapid progress has been made, and small
molecules hold a great translational potential. However, the field
is still at its infancy, and more combinatorial and
multidisciplinary approaches, including animal studies and
evaluation of potential side effects are called for.
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