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It is well established that microRNA (miRNA) dysregulation is
involved in the development and progression of various dis-
eases, especially cancer. Emerging evidence suggests that small
molecule and peptide agents can interfere with miRNA disease
pathways. Despite this, very little is known about structural
features that drive drug-miRNA interactions and subsequent
inhibition. In this review, we highlight the advances made in
the development of small molecule and peptide inhibitors of
miRNA processing. Specifically, we attempt to draw attention to
peptide features that may be critical for interaction with the
miRNA secondary structure to regulate miRNA expression. We
hope that this review will help to establish peptides as exciting
miRNA expression modulators and will contribute towards the
development of the first miRNA-targeting peptide therapy.
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Introduction

Over the past two decades, work on non-protein coding RNAs
has led to some of the most important progress in understanding
and regulating cell biology and human health. From the transfor-
mative impact of guide RNAs in therapeutic gene editing,’ to the
first approval of short-interfering RNA (siRNA)-based drugs
(Onpattro® (patisiran), Givlaari® (givosiran), Oxlumo® (luma-
siran) and inclisiran (Leqvio®)) by the US Food and Drug Admin-
istration (FDA),>> and the growing pipeline of approved
antisense oligonucleotide (ASO) drugs,® it appears that we are
on the cusp of a revolution in which patient outcomes will be
improved by RNA-directed medicines. Concurrently, small mole-
cules and peptides, the traditional cornerstones of drug discov-
ery, are also undergoing a renaissance due to technological
innovations. This has facilitated their exploitation as modulators
of traditionally ‘undruggable’ macromolecular targets, including
RNA and RNA-protein interactions.”™’

Mature microRNAs (miRNA) are evolutionarily conserved,
single-stranded, small non-coding RNAs (~22 nucleotides in
length) that regulate post-transcriptional gene expression.'’
The first known miRNA, lin-4, was reported in 1993 as a regulator
of development in the roundworm Caenorhabditis elegans.'''?
The first known human miRNA, let-7, was identified around
7 years later, with several subsequent studies showing wide-
spread expression of small RNAs in Metazoa.'*** Since then,
miRNA sequences have been identified in at least 271 organisms:
38,589 hairpin precursors and 48,860 mature miRNAs have been
deposited in the miRbase online repository.'®

Dysregulation of miRNA processing or expression has been
implicated in the development and progression of a wide array
of human diseases, including cardiovascular disease (CVD),'”
neurodegenerative diseases,'® dermatological conditions,'® and
cancer.””?! Given the role of miRNAs in pathological processes,
it is unsurprising that the modulation of miRNA activity has
been the subject of extensive fundamental and translational
research.

Conventional inhibition of miRNAs relies on chemically sta-
bilized antisense oligonucleotides (ASOs), which have been
reviewed elsewhere.”” Indeed, miRNA-targeted ASOs such as
MRG-106 (cobomarsen) and miravirsen have entered phase II
clinical trials for the treatment of cutaneous T cell lymphoma
and hepatitis C, respectively.”*** However, they have yet to gain
FDA approval. It seems that this lack of approval appears is pri-
marily due to toxicity concerns associated with the off-target
effect of miRNA-targeted ASOs and the requirement for complex
ASO delivery systems.®**

In recent years, attention has shifted towards alternative
miRNA-targeting therapies, particularly towards the small drug-
like molecules and peptides employed to inhibit RNA molecules
that have defined secondary structures, including human
immunodeficiency virus (HIV).?®?” As outlined below, miRNA
biogenesis features hairpin structures that are amendable to
ligand binding to block oncogenic miRNA maturation, or in
some cases to enhance the expression of tumor-suppressing
miRNAs.”®?? Hence, peptides and small drug-like molecules have
emerged as potential therapeutics that could be exploited for the
development of miRNA-processing inhibitors.

Therefore, this review discusses the successes and limitations
in targeting secondary miRNA structures using small-drug-like
molecules, the progress in peptide-based modulation of onco-
genic miRNAs, and our understanding of peptide and miRNA
interactions. Finally, we consider the outlook for the future of
peptides and peptidomimetics in the development of miRNA-
targeting cancer therapies.

Biogenesis of miRNA

The canonical pathway of miRNA biogenesis is a multistep pro-
cess that includes both nuclear and cytoplasmic cleavage events
performed by the ribonuclease III enzymes, Drosha and Dicer,
respectively (Fig. 1). The canonical pathway for miRNA genera-
tion begins in the nucleus with the transcription of primary
miRNA (pri-miRNA) by RNA polymerase II (pol II). The tran-
scribed pri-miRNA is polyadenylated and capped. Structurally,
pri-miRNA consists of a stem (33-35 base pairs), a terminal loop,
and single-stranded RNA segments at both the 5’ and 3’ sides
(Fig. 1).°9?! The pri-miRNA is cleaved by a complex consisting
of the RNase III enzyme Drosha and the DGCRS protein to yield
the hairpin precursor miRNA (pre-miRNA; approximately 70
nucleotides).**** Subsequently, pre-miRNA is exported from
the nucleus to the cytoplasm by the exportin 5 (XPOS5) and
RanGTP complex.**

In the cytoplasm, the pre-miRNA is processed by the RNase III
enzyme Dicer and RNA-binding protein TRBP to remove the ter-
minal loop, producing a mature miRNA duplex.’>° The miRNA
duplex consists of the 5p and 3p strands, which arise from the 5’
and 3’ end of the pre-miRNA hairpin, respectively.’” Once the
miRNA duplex unwinds, the miRNA strand that is deemed the
guide strand is loaded onto the Argonaute protein (AGO), with
the aid of Hsp70 and Hsp90 chaperone proteins,*® to form the
miRNA-induced silencing complex (miRISC). The guide strand
is selected depending on the thermodynamic stability at the 5’
end of the miRNA duplex or the presence of a 5’ uracil.*”** Until
recently, the passenger strand (miRNA*) was thought to be
degraded, but it is now clear that miRNA* can accumulate to
functionally relevant levels and can regulate target tran-
scripts.**~** Non-canonical pathways of miRNA biogenesis have
also been reported. These typically employ a combination of pro-
teins that differs from those used in the canonical pathway and
can be grouped into Drosha/DGCR8 and Dicer-independent
pathways. These pathways have been reviewed elsewhere.'*?’

Once the miRISC complex has assembled, the miRNA binds to
mRNA at the complementary 3’ untranslated region (3'UTR); this
primarily induces mRNA degradation by targeting the transcripts
to processing bodies (P-bodies) and inducing mRNA decay
through decapping, deadenylation and exonucleolytic degrada-
tion.** This accounts for the majority of miRNA-mediated target
gene suppression. In some cases, miRNA may mediate transla-
tional repression instead, but this only contributes to 10-25%
of all miRNA-mediated activity.***

Targeting oncogenic microRNAs in cancer

The roles of miRNA in cancer pathogenesis can be subcategorized
into two groups: oncogenic and tumor-suppressing miRNAs,
both of which have been targeted for the development of novel
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FIG. 1

Stages of microRNA biogenesis: from transcription by RNA polymerase Il to miRNA maturation and mode of action. Created with BioRender.com.

anticancer therapies.®** This review, however, focuses on pro-
gress in developing oncogenic miRNA-targeted small drug-like
molecules and peptides. To date, the majority of reported peptide
and small-molecule inhibitors of miRNA processing target pre-
miR-21 or pre-miR-155. This is probably because the mature miR-
NAs miR-21-5p and miR-155-5p, which arise from those precur-
sors, are two of the most extensively studied oncogenic miRNAs
and have a well-established role in the development and progres-
sion cancer.*

miR-21 was one of the first miRNAs to be identified in the
human genome and displays strong evolutionary conservation.'*
Extensive profiling revealed miR-21 elevation in various solid
cancers and hematological malignancies.*” Furthermore, a com-
prehensive microarray study across 540 samples from lung,
breast, colon, gastric, pancreatic and prostate cancer found that
miR-21 was upregulated in all six solid tumours.*® The oncogenic
role of miR-21 stems largely from its anti-apoptotic contributions
to tumor pathogenesis and other stages of carcinogenesis.*’ Typ-
ically, miR-21 modulates the function of key tumor suppressor

genes, including PTEN, PDCD4, SPRY1, SPRY2, TIMP3 and
TP63, which are downregulated when miR-21 is
overexpressed.’”’!

Fundamental and translational interest in miR-155-5p stems
from cancer-related and immunological roles that have been
reviewed recently.’” Depending on the cellular context, both
oncogenic and tumor-suppressor roles have been defined for
miR-155-5p.>* The cancer and immunological axes of miR-155-
5p are intricately linked as the roles played by miR-155 in
immune cells underlie its association with hematological malig-
nancies, such as diffuse large B-cell lymphoma (DLBCL), acute
myeloid leukemia, acute and chronic lymphocytic leukemia,
and mantle cell lymphoma.>®> However, miR-155-5p has also
been implicated in non-hematological neoplasms, including
glioma, non-small cell lung cancer, colorectal cancer, hepatocel-
lular carcinoma and breast cancer.’* An example of oncogenic

miR-155-mediated downregulation of important tumor suppres-
sor genes in cancer cells is the repression of WEE1, which
encodes a checkpoint kinase that plays an important role in
the DNA damage response and cell cycle regulation.’® Other
key mRNA targets that are downregulated by miR-155-5p include
SHIP1, HDAC4, RHOA, SOX6 and TP53INP1.°%°” Notably, miRa-
gen Therapeutics developed a locked nucleic acid (LNA)-based
miR-155 inhibitor (MRG-106; Cobomarsen) for cutaneous T-
cell lymphoma, specifically mycosis fungoides.”* However, a
phase 2 clinical trial of the compound (NCT03713320) was ter-
minated prematurely and no plans for further development are
evident.

Design of molecules to bind miRNA secondary

structures
When designing and developing RNA-directed small molecules
and peptide therapeutics, the key structural features of RNA that
can be targeted using bioactive molecules must be understood.
Typically, RNA molecules such as pri-miRNA and pre-miRNAs
exist as A-form RNA helical structures, which have deep and nar-
row major grooves and shallow and wide minor grooves. When
the RNA A-form helical structure is fully base-paired, the RNA
grooves are sterically inaccessible and difficult to target using
small molecules or peptide-based therapeutics. Nevertheless,
structural studies suggest that perturbations in the A-form RNA
helix can lead to the formation of various secondary RNA struc-
tures, including hairpin loops, internal loops and bulged regions
(Fig. 2). The formation of secondary RNA structures, due to mis-
matches and unpaired bases, widens the RNA grooves to create a
surface-exposed binding pocket that can be accessed by small
molecules and peptide therapeutics.*®

In support of this, the bulge near the hairpin loop of HIV-1
trans-activating response (TAR) RNA is crucial for TAR interac-
tions with the arginine-rich segment of the Tat protein. The ini-
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Loop Loop
Drug Discovery Today
FIG. 2

Schematic representation of the different RNA structures: RNA duplex,
internal loop, bulge and hairpin loop. Typically, perturbations in RNA
structures—the internal loop, bulge and hairpin loop—are targeted by
small molecules and peptide. Created with BioRender.com.

tial recognition of the arginine side chains prompts a conforma-
tional change in the TAR RNA major groove that promotes Tat—
TAR interactions.*”°° Following this discovery, disruption of this
RNA-protein interaction was considered a potential anti-HIV
strategy. Given that aminoglycosides had previously been
reported to bind RNA structures, they were screened for their
ability to disrupt Tat-TAR interactions. Neomycin was shown
to bind TAR RNA non-competitively in the minor groove, to
induce a conformational change of the RNA structure and to
reposition key TAR functionalities away from the major groove,
limiting Tat-TAR interactions.®’ Subsequently, the first D-Tat
peptide was reported to bind in the major groove of TAR RNA

and thus to inhibit Tat-TAR interactions competitively. This
was one of the first peptidomimetics reported to target an RNA
structure.”” Following the initial discoveries, various groups have
designed several types of peptidomimetics to target the apical
loop region of HIV-1 TAR RNAs, including branched,®* o-
helical,”® and cyclic B-hairpin peptidomimetics.®® Together,
these studies have helped to establish the validity of peptide-
based targeting of RNA secondary structure for the development
of novel therapeutics.

Small molecule-based inhibitors of microRNA

processing

Small molecules have proven to be useful tools for the modula-
tion of miRNA moieties.®®> Small molecules act by targeting
miRNA transcription, miRNA biogenesis and the function of
mature miRNA.°%®” In this review, we focus on the development
of pri-miRNA- and pre-miRNA-targeted small molecules.

The design and discovery of small molecules that selectively
bind and inhibit miRNA processing has proven challenging
due to a limited understanding of the structural motifs that pro-
mote selective recognition of and affinity for RNA structures. To
compensate for this lack of understanding, the ‘rules’ that are
regularly applied in the development of small molecules that tar-
get proteins and macromolecule have largely been ignored.®®®
This approach has yielded several small-molecule inhibitors of
miRNA processing that function by binding to the stem-loop
of pre-miRNA or pri-miRNA. This list includes small molecules
that target pre-miR-21,%"7° pri-miR-96, 7"""? pre-miR-155,”* pre-
miR-372,”* pre-miR-10b,”* and pre-miR-210 (Fig. 3).”° Thus
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FIG. 3

Small molecules reported to bind and inhibit the function of various miRNA secondary structures. Note: there are various other small-molecule
inhibitors of miRNA processing that are not included in this figure. This figure merely aims to highlight that small molecules have been reported to bind and

inhibit the function of various oncogenic miRNAs.
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FIG. 4

Design of lead small molecules that target RNA secondary structures (such as those of pri-miRNA and pre-miRNA), using information on RNA motif-
small molecule interactions stored in the Inforna database. Figured reused with permission.”® Copyright 2021 American Chemical Society.

miRNA precursors have been established as valid therapeutic tar-
gets for small-molecule-mediated inhibition of miRNA matura-
tion and function. These studies also helped to further our
understanding of the features and characteristics of small mole-
cules that facilitate their association with pre-miRNA. This has
led to the rational structure-based design of pre-miRNA- and
pri-miRNA-binding small molecules.

The interaction between streptomycin 1 and pre-miR-21
was the first reported modulation of miRNA secondary struc-
ture using a small molecule, probably mediated by the pres-
ence of a bulged region in the secondary structure of pre-
miR-21 that created an ideal binding pocket.”” Using this
information, Vo et al. hypothesized that aminoglycosides can
be adapted to regulate pre-miR-372 and pre-miR-373, which
are implicated in gastric cancer.”* Therefore, after identifying
neomycin as a complete inhibitor of pre-miR-372, Vo and
co-workers chemically modified neomycin with artificial bases
and discovered a potent pre-miR-372 inhibitor 2 with a ICsg
of 2.42 uM (Fig. 3).”* This was one of the first reported exam-
ples of the rational structure-based design of a miRNA-targeted
small molecule, using previous literature on RNA-small mole-
cule interactions rather than the cellular assays typically
employed in the discovery process. However, although amino-
glycosides are the main class of small molecules reported to
bind a variety of miRNA secondary structures,®”’*7° they
interact with RNA nucleotides in a non-specific manner.*®’”
Therefore, the therapeutic utility of aminoglycoside derivatives
in the selective modulation of oncogenic miRNAs is
questionable.

Employing an alternative strategy, Disney and co-workers
combined the sequence information for various pri-miRNA and
pre-miRNA available on miRBase with data on all previously
reported interactions between small ligands and RNA secondary
structural motifs to create a computational tool called Inforna
(Fig. 4).>¢7%79 This tool can be used to predict the interaction
of novel small molecules and the stem-loop structure of pre-
miRNA and pri-miRNA structures. The data obtained can be
employed to design novel modulators of miRNA expression.
What makes computational tools such as Inforna particularly
exciting is the impact they have had on our understanding of
the use of small molecules to target pri-miRNA, pre-miRNAs
and RNAs in general, given that such nucleic acids were not pre-
viously considered amenable to targeting by small molecules. As
an example, the Disney group successfully designed non-
aminoglycoside small-molecule inhibitors of pri-miR-96 process-
ing (4 and §) using Inforna (Fig. 3). Both of these small mole-
cules were reported to inhibit miR-96 biogenesis selectively in
MCEF-7 breast cancer cells, with micro- and nanomolar affinities,
respectively. Notably, 4 was reported to be ineffective against
149 other profiled miRNAs, including precursors of miR-182
and miR-183, which are transcribed from the same pri-miRNA
transcript as miR-96. This indicates that the ligands functioned
exclusively by targeting pri-miR-96, rather than other elements
of miRNA biogenesis.”"”®”? Furthermore, the knockdown of
miR-96 mediated by 4 and § increased FOXO1 expression in
MCE-7 cells, subsequently increasing apoptosis. Following this,
Inforna was also used to develop a highly selective pre-miR-210
targeting ligand 6, which was shown to downregulate miR-210
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levels in cellular and mouse tumor models.”® Together, these
data suggest that, despite the concerns related to aminoglyco-
sides, small molecules can be designed to be highly selective
towards the targeted miRNA secondary structures.

Furthermore, on the basis of the high selectivity of the pri-
miR-96 and pre-miR-210 binding small molecule (4, § and 6),
it is clear that small drug-like molecules can be designed to be
highly specific for the target miRNA. Previously, this was a major
concern associated with targeting miRNAs using small mole-
cules. The large difference in the surface area of small drug-like
molecules (typically < 150 A%) compared to that of RNA grooves
(1100-1500 A?) also raises concerns about the activity of small
molecules in comparison to larger bioactive molecules, such as
peptides, proteins and oligonucleotides. These larger molecules
can facilitate competition for larger macromolecular interfaces,
i.e. RNA and RNA-protein interfaces, which is difficult to mimic
with small molecules.® Therefore, although small molecules are
invaluable tools for probing the function of miRNAs in various
disease states, they may not be able to facilitate the level of com-
petitive interaction with pre-miRNAs required for therapeutic
use. We thus turn now to the use of peptides to inhibit miRNA
production for therapeutic ends.

One further area in which small-molecule approaches to mod-
ulating miRNA expression have been explored relates to RNA-

binding proteins (RBPs). Several RBPs have been shown to regu-
late miRNA biogenesis selectively, as reviewed elsewhere.®' This
has offered up novel paradigms for controlling the biogenesis
of mature miRNAs by targeting RBP interactions. For instance,
using a large-scale chemical screen, Sliz and colleagues®” identi-
fied six compounds that inhibited Lin-28 homolog A (LIN28A)
interactions with let-7 precursors, thus relieving LIN28A-
dependent blockage of let-7 maturation. Likewise, Michlewski
and co-workers®® very recently reported an innovative RNA
pull-down confocal nanoscanning strategy that identified quer-
cetin as a small molecule disruptor of HuR binding to pri-miR-
7, thus elevating mature miR-7 levels. Nevertheless, it remains
to be seen whether these RBP-targeted strategies to elevate
miRNA can compete in translational pathways with the direct
enhancement of miRNA using miRNA mimics.

Peptide inhibitors of microRNA processing

Peptides occupy the chemical space between ASO and small-
molecule-based miRNA inhibitors. They have greater molecular
weights and typically occupy a larger area than small drug-like
molecules, and so can facilitate competition for larger macro-
molecular interfaces such as RNA and RNA-protein interfaces.®
In addition, peptides can be specifically designed to adopt highly
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FIG. 5

Structures of precursor miRNAs (pre-miRs). A. The full-length sequences of pre-miR-21 and pre-miR-155. The red sequences represent mature miR-21-5p
and miR-155-5p, whereas the purple sequence represents mature miR-21-3p and miR-155-3p, respectively. B. Molecular model of a truncated version of pre-
miR-21, spanning G22 to C52. Reported by Shortridge et al.®® using solution NMR-based molecular modelling (PDB: 5UZT modelled in Chimera).
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TABLE 1

Structure and activity of peptide (and peptidomimetic) inhibitors of miRNA processing.

No Structure Targeted miRNA Binding affinity Microprocessor Reference
Kp (1LM) inhibition
1C50 (UM)
8 9@ Pre-miR-39 16.5 + 6.9 N/A 96
gy T, e
9 Pre-miR-23b 23+ 06 N/A 98
10 Pri-miR-21 120 N/A* 929
T
1 ALWPPNLHAWVP Pre-miR-21 0.0127 0.5 92
12 Cyclo(RVRTRGKRRIRRpP) Pre-miR-21 0.2 10 80
(head to tail cyclized)
13 pgrc*kpkrrrratc*rav Pre-miR-21 N/A 0.54 93
(*disulfide bridge)
14 LKKLLKLLKKWLKLKG Pre-miR-155 0.047 0.77 88
15 Pre-miR-155 0.515 22.0 920
- Njfi
Pre-miR-21 0.78 + 0.08 38-48 91

16 £<
W 2

L,
@m

stabilized secondary structures that can interact with RNAs in a
protein-like manner, which is difficult to mimic using small
molecules.®*®* These peptide characteristics have previously led
to the development of therapeutic peptides that disrupt intracel-
lular protein—protein interactions (PPIs); Imfinzi (AstraZeneca;
approved in 2017) is an example that targets PD-1-PD-L1 interac-
tions to treat non-small lung cancer.**~*’ Prior to the application
of peptides, it was difficult to disrupt such macromolecular inter-
actions using traditional methods. Thus, peptides may have sim-
ilar success in the regulation of oncogenic miRNA by targeting
and preventing protein—-RNA interactions such as Dicer- or
Drosha-mediated pre-miRNA or pri-miRNA cleavage processes.
The exploitation of peptides to regulate the expression of
oncogenic miRNAs is, however, widely underexplored. To our
knowledge, only nine peptides and peptidomimetics have been
reported to bind to miRNA. Out of these, seven were reported
to inhibit the function of the oncogenic miRNAs miR-21 and
miR-155 (Fig. 5). The peptides and peptidomimetics (Table 1)
functioned primarily by binding to grooves at the junction of
the hairpin loop and the double-stranded RNA region of pri-

miRNAs or pre-miRNAs, thereby preventing Drosha- or Dicer-
mediated cleavage processes.

The exploitation of peptide inhibitors of miRNA processing
has been slow, largely because of a limited understanding (and,
therefore, difficult prediction) of the peptide characteristics that
drive peptide-miRNA interaction at the targeted stem-loop junc-
tion of pre-miRNA and pri-miRNA. This issue prevents the devel-
opment of highly selective miRNA-targeting peptides using
structure-based design approaches. Instead, to date, the discovery
of miRNA binding peptides has primarily been achieved through
high-throughput screening methods, including the use of
microarrays,**®’  electrophoretic ~ mobility  shift  assays
(EMSA),%9%0 the catalytic enzyme-linked click chemistry assay
(cat-ELCCA),”! and phage display.”*’ The peptides discovered
through these screening methods were reported to bind the
respective miRNA targets selectively with nano or micromolar
affinities. Insight into the key peptide motifs that enable specific
miRNA binding may help to facilitate the structure-based design
of highly selective miRNA-binding peptidomimetics that have
picomolar binding affinities.
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FIG. 6

MicroRNA-targeting peptides. A. Schematic representation of the helix threading peptides (HTP) bound to the RNA duplex. The N-terminus interacts in the
minor groove while the C-terminus interacts in the major groove. Reprinted and adapted with permission from Gooch and Beal.’® Created with
BioRender.com. B. Schematic representation of how the biochemical assay, cat-ELCCA, may be used to identify peptide inhibitors of miRNA processing. HRP,
horseradish peroxidase; mTet, methyltetrazine; TCO, trans-cyclooctene. Figure reused with permission.”’ Copyright 2021 American Chemical Society.

MicroRNA-targeting helix threading peptides

The helix threading peptides (HTPs; 8 and 9; Table 1) reported
by the Beal group were the first class of peptides reported to
bind to miRNA.’* This class of peptides incorporate known
RNA and DNA intercalators, such as quinoline and acridine,
into a peptide sequence. The heterocyclic core of the HTP
directs the peptide to the RNA site that is predisposed to thread-
ing intercalation. At the binding site, the intercalator is inserted
between nucleic acid base pairs while the peptide appendage

passes or ‘threads’ through the RNA duplex in the opposite
grooves of the RNA secondary structure (Fig. 6a).”*® Beal and
co-workers’®?” determined that, as a minimum, single-base
bulges on both RNA strands towards the 3’ end of the interca-
lation site were necessary to maintain HTP-binding affinity.”®°’
By defining the minimal binding parameters required for HTP:
RNA duplex interaction, these researchers were able to
identify-two HTPs that bound pre-miR-39°° and pre-miR-
23b,%® respectively.
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Early work by Gooch et al.”® identified the ability of HTPs to
bind pre-miRNAs, such as pre-miR-39, due to the invariable pres-
ence of bulges, mismatches, and loops in the pre-miRNA duplex.
Following this proof-of-concept study, the same group demon-
strated that macrocyclic peptides, in comparison to their linear
peptide counterparts, had high binding affinities for target RNAs.
This is probably because peptide cyclization restricts the confor-
mational flexibility, which in turn reduces the entropic penalty
paid upon RNA binding and increases HTP selectivity for the
RNA binding site. This is reflected by the 7-fold lower disassocia-
tion constant (Kp) of a macrocyclic peptide 9 (Kp = 2.3 uM) com-
pared to that of a linear peptide 8 (Kp = 16.5 uM).”*°” This work
did not investigate the activities of 8 or 9 in inhibiting micropro-
cessing, but it was the first example of selective peptide-miRNA
interactions and kick-started the exploitation of peptides as ther-
apeutically active inhibitors of miRNA processing.

Peptoids that inhibit pri-miR-21

The first peptidomimetic discovered to bind and inhibit miRNA
function was reported by Diaz et al. (Table 1).%° The peptoid
(N-substituted oligoglycine) was identified through a microarray
screen of a library of 14,024 peptoids. The design of this library of
compounds was informed by the structure-activity relationships
reported for a previously identified ‘hit’ compound (structure not
shown).”” In the previous work, the central arginine residue was
identified as being vital for binding to pri-miR-21. The presence
of two C-terminal monomers, in this instance two glycine resi-
dues, also contributed to target affinity. Thus, the library of pep-
toids that was synthesized retained the central arginine residue
while two variable peptoid monomers were substituted on either
side of the arginine. This led to the discovery of 11 lead com-
pounds, and out of these, peptoid 10 had the lowest disassocia-
tion constant (Kp = 12 uM; Table 1). Thus, peptoid 10 was further
analyzed for microprocessing inhibiting activity. The peptoid
was found to abrogate Drosha’s microprocessor capabilities com-
pletely at 250 uM concentration, preventing the formation of
pre-miR-21 and the maturation of miR-21.

The selectivity of 10 was further investigated to confirm that
it could bind to pri-miR-21 in a sequence-specific manner. At
250 pM concentration, the peptoid was found to decrease pre-
miR-16 expression by less than 10%, whereas pre-miR-21 expres-
sion was completely abrogated. These findings indicate that 10
acted in a sequence-specific manner and did not act by inactivat-
ing the Drosha microprocessor.*” This inhibitory activity is lower
than desired, and thus it is evident that there is potential for fur-
ther ligand optimization. Following on from the work by the
Beal group, however, this study provided proof-of-concept that
peptidomimetics could be designed to target and inhibit miRNA
function selectively.

Peptidomimetics that inhibit pre-miR-21 and pre-miR-
155

Subsequent to the discovery of miR-21-targeted peptoids, a range
of other peptides and peptidomimetics have been reported to
inhibit the maturation of miR-21%"7'""* and miR-155. **°° Note-
worthy examples include a type II B-hairpin mimetic (12) and an
o-helical peptide (7), which were reported, by Shortridge et al.®°

and by Pai et al.,*® respectively, to inhibit pre-miRNA maturation.
Another group reported an interesting head-to-tail cyclized y-sub
stituted-N-acylated-N-aminoethylamino acid (y-AA) pep-
tidomimetic (15), which inhibited pre-miR-155 maturation and
which showed enhanced stability towards proteolysis, enhanced
cell permeability properties and increased selectivity in compar-
ison to linear peptides.”” Interestingly, the Garner group
employed their in-house cat-ELCCA to identify a cyclic lipodep-
sipeptide that could bind and inhibit Dicer cleavage of pre-miR-
21.9],100.

The structural constraint of peptides and peptidomimetics,
such as 12, 15 and 17, reportedly enhance their binding selectiv-
ity for the targeted macromolecule surface when compared to
linear unstructured peptides.®>’° Nevertheless, a comparison of
peptide—pre-miRNA binding affinities suggested that the linear
peptide 11 (Kp = 0.0127 pM), which reportedly did not form a
defined secondary structure, was more selective towards its
respective pre-miRNA target than more structured peptide coun-
terparts.”” This may be explained by the propensity of 11 to
adopt relatively stable turn motifs due to prolyl bond isomerism.
This is particularly prevalent where a proline side chain can
interact with an adjacent aromatic residue through CH-n interac-
tions, thereby stabilizing the cis-prolyl conformer.'! Thus, the
‘Trp-Pro-Pro’ motif of peptide 11 may give rise to peptidylprolyl
cis or trans conformers, leading to the formation of a favorable
stable secondary structure; for example, a turn motif centered
around the Pro-Pro sequence may be essential to engage the
pre-miR-21 target.'! The ability of the peptide to form a turn
motif would explain why peptide 11 had the lowest miRNA
binding affinity and ICsg seen in this study. This needs to be con-
firmed experimentally and is a possible new consideration in
inhibitor design.

Understanding what drives peptide-pre-miRNA
interactions

Molecular modelling studies, employing solution NMR analysis
and docking, have been reported for three out of five of the
pre-miRNA binding peptidomimetics.®”**°> These studies are
crucial in identifying peptide—pre-miRNA interactions that inhi-
bit Dicer cleavage, as this information can inform the rational
design of future miRNA-targeted peptide therapies. Current data
from the limited number of molecular modelling studies that
have been performed indicate that the peptide-binding pocket
is situated near the stem-loop junction of pre-miR-21 and pre-
miR-155, near the Dicer binding site (Fig. SA).

More specifically, NMR analysis indicated that peptide 12
bound to the major groove of pre-miR-21 by straddling the
A29 bulge, with specific contact in the lower helix and secondary
contact with loop residues. Furthermore, amino acid residues
that are positively charged at physiological pH, Arg and Lys,
interacted with the negatively charged phosphate backbone of
the pre-miR-21.%" Meanwhile, Bose et al.”* used a docking model
to probe pre-miR-21-peptide 11 interactions, and concluded that
the ‘ALWPPN’, ‘W10’ and ‘P12’ residues interacted with the pre-
miR-21 residues G32 to G35 and U43 to C46. Further enzymatic
‘footprinting’ confirmed this mode of interaction. In addition,
the A29 bulge also proved crucial for pre-miR-21-peptide 11
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interactions; peptide 11 was shown to have very low binding
affinity towards a pre-miR-21 mutant without the A29 bulge.’”
This was consistent with a previous binding study on small mole-
cules that indicated that the A29 bulge in pre-miR-21 was impor-
tant for ligand-binding activity.®® Specific peptide-miR-155
interactions were only reported for peptide 14. Solution NMR
studies indicated that upon peptide 14 binding, there were large
chemical perturbations (Ad,.x > 0.01 ppm) in pre-miR-155 bases
U28-G31, C36, A38 and G41. This suggested that peptide 14
bound to pre-miR-155 at the stem-loop junction, where the
peptide-pre-miR-21 interactions described above also occurred.
Further molecular modelling studies suggested that both
hydrophobic and hydrophilic amino acid side chains of amphi-
philic peptide 14 interacted with pre-miR-155 bases or with
phosphate groups through electrostatic, hydrogen bonding and
van der Waals interactions.®®

Finally, at least two of the reported peptidomimetics (12 and
14) functioned by binding to the major groove of the targeted
pre-miRNA.*®® This may explain why the Dicer-inhibiting activ-
ity of the peptides was significantly lower than the binding affin-
ity of the peptides, where these were reported (Table 1). Given
that the Dicer enzyme reportedly binds to the minor groove of
pre-miRNA, the low inhibitory activity of the peptides could be
due to a lack of direct competition between the ligands and the
Dicer complex.'?*!'%?

Evidently, the data available to tell us what drives peptide—
pre-miRNA interactions and the subsequent inhibition of
miRNA maturation is limited. A greater pool of molecular mod-
elling data for various types of peptides that inhibit miRNA pro-
cessing is required to reveal fully the peptide features that drive
miRNA interaction and inhibition. Such data will improve our
understanding of peptide-miRNA interactions and will allow
the structure-based design of future miRNA-targeted peptide
therapeutics. Nevertheless, the limited number of molecular
docking and solution NMR studies conducted to date suggest
that, as might be predicted, perturbations in the secondary
miRNA structure near the hairpin region are critical for pep-
tide-miRNA interactions and to inhibit miRNA maturation.
This is a step in the right direction towards increased under-
standing of peptide-miRNA interactions and brings us closer
to the exploitation of peptides in the development of miRNA-
directed drugs.

Tools that facilitate the discovery of miRNA-targeted
peptides

To accelerate the discovery of pre-miRNA-targeted peptide inhi-
bitors of miRNA processing, Garner et al.”’ developed cat-
ELCCA. This is a high-throughput screening (HTS) biochemical
assay that depends on a click chemistry reaction with modified
horseradish peroxidase (HRP) to detect biomolecular events
through the generation of an amplified chemiluminescence sig-
nal. To identify peptides that bind and inhibit pre-miRNA, the
group designed Dicer cat-ELCCA, which monitors the integrity
of the terminal loop of immobilized pre-miRNA. In the absence
of a peptide inhibitor, the Dicer enzyme cleaves the pre-miRNA
terminal loop, leading to no chemiluminescent signal. By con-
trast, the presence of a peptide inhibitor prevents cleavage of

the pre-miRNA terminal loop, yielding a chemiluminescent sig-
nal (Fig. 6b).”"

Previously, cat-ELCCA has been employed to identify small-
molecule inhibitors of miRNA processing.'?%!%* To discover a
peptide inhibitor of miRNA maturation, a library of approxi-
mately 30,000 pre-fractionated marine natural product extracts
(NPEs) were screened, leading to the discovery of a family of
RNA-binding lipodepsipeptides, known as surfactins, which
had previously been studied for their antibacterial, antifungal
and antiviral properties. The fraction with the highest inhibitory
activity was further purified and the structures of the peptides
were determined by MS, MS/MS and 1D and 2D NMR experi-
ments. This identified peptide 16, which was shown to bind
pre-miR-21 (Kp 0.78 £ 0.08 uM) and to inhibit their subsequent
maturation (ICso 13-48 pM).”! The ability of the surfactins to
bind pre-miR and to inhibit miRNA activity is surprising, given
that surfactins are largely hydrophobic and do not contain aro-
matic or positively charged residues, two of the most commonly
reported characteristics of miRNA-binding peptides (Table 1).

Toxicity concerns related to peptide 16 limited the further
application of this peptide. Furthermore, peptide 16 was shown
to be only moderately selective for pre-miR-21 when compared
to pre-let-7d. More broadly, concerns related to the toxicity
and selectivity of RNA-targeted peptides have been a key bottle-
neck in the progression of this field of research. Thus, these con-
cerns will need to be addressed before miRNA-targeted peptides
may be considered as potential therapeutics. Nonetheless, the
development and application of cat-ELCCA in the discovery of
a peptide that inhibits miRNA processing is ground-breaking. It
eliminates the need to isolate completely and purify compounds
prior to testing, which is often a laborious process. In the future,
it would allow the rapid screening and identification of miRNA-
targeting peptides. To date, the largest cat-ELCCA screen
involved a library of approximately 130,000 compounds, but
the group predicts that this technology could be used for the
HTS of 1,000,000 compounds.'®* This could significantly acceler-
ate the identification of classes of peptides that bind and inhibit
miRNA function, could further our understanding of the peptide
features that drive peptide-miRNA interaction, could eliminate
toxicity and selectivity concerns and could lead to the develop-
ment of novel miRNA-targeted therapies.

Cellular activity of peptide inhibitors of miRNA

processing

In addition to assessing the ability of peptide inhibitors to target
Dicer processing, the cellular activity of the peptides was also
examined. Peptides 11, 12, 14, 15 and 16 were shown to down-
regulate targeted mature miRNAs at a cellular level. It was
expected that the cellular knockdown of oncogenic miR-21 and
miR-155 expression would increase the expression of the mRNA
target genes and promote apoptotic cell death. To this end, pep-
tide 11 was demonstrated to increase moderately the expression
of PCDD4 and PTEN, both tumor-suppressing genes that are
known targets of miR-21, in MCF-7 cells.'”® Peptide 11 also
increased the extent of apoptosis by 30% in MCEF-7 cells and
reduced cell invasion and migration by up to 50% and 30%,
respectively. Meanwhile the control peptide had no effect on cel-
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lular apoptosis, invasion, or migration.”” The overexpression of
miR-155 is associated with the resistance of cancer cells to apop-
tosis.'° Amphiphilic peptide 14 was reported to stimulate cellu-
lar apoptosis through the generation of caspare-3, indicating that
peptide 14 induced apoptosis in MCF-7 cells through caspase-
dependent pathways.*® Similarly, the ability of peptide 15 to
mediate miR-155 knockdown and to upregulate FOXO3a expres-
sion was determined. The miR-155 target, FOXO3a, is a key
tumor-suppressing gene. Loss of FOXO3A function is associated
with increased resistance to apoptosis in cancer cells.'”” In
MCE-7 cells, treatment with peptide 15 led to an increase in
FOXO3A expression and increased cell apoptosis by 12%.°° This
showed that, by targeting pri-miRNA and pre-miRNA processing,
peptides are able to modulate the expression of mature miRNAs
at a cellular level. Thus, they can regulate the expression of target
genes whose dysregulation may play a key role disease.

Conclusions and future perspectives

Traditionally, miRNA secondary structures were considered
undruggable and unsuitable for drug discovery efforts because
complex 3D structures with protein-like folds were thought to
be pre-requisites for the ideal drug target. Fortunately, these early
views were largely disregarded, and as evidenced by this review,
strides have been made in establishing RNA secondary structures
as valid drug targets. Peptidic drugs in particular have shown
great potential for the future development of miRNA-directed
therapies. A plethora of future work is required, however, to pro-
vide an understanding of peptide-miRNA interactions before the
first peptide inhibitor of miRNA processing can be approved for
clinical use.

To further advance the understanding of peptide-miRNA
interactions, with the goal of bringing miRNA-directed peptide
therapies to the market, more work is required from a medicinal
chemistry perspective. Specifically, now that peptide-based inhi-
bitors of miRNA processing have been identified, further studies
are needed to identify which amino acid moieties in the inhibi-
tor facilitate interactions with the nucleobases or backbone of
the miRNA. For example, techniques, such as alanine-scanning
mutagenesis of known miRNA inhibitors could help to identify
the amino acids and motifs that are crucial for peptide affinity,
and could help to reveal which features drive peptide-miRNA
interaction. In addition, out of the eight peptide inhibitors of
miRNA processing that have been reported, three are likely to
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