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Abstract

The recognition of RNA functions beyond canonical protein synthesis has challenged the central 

dogma of molecular biology. Indeed, RNA is now known to directly regulate many important 

cellular processes, including transcription, splicing, translation, and epigenetic modifications. The 

misregulation of these processes in disease has led to an appreciation of RNA as a therapeutic 

target. This potential was first recognized in bacteria and viruses, but discoveries of new RNA 

classes following the sequencing of the human genome have invigorated exploration of its disease-

related functions in mammals. As stable structure formation is evolving as a hallmark of 

mammalian RNAs, the prospect of utilizing small molecules to specifically probe the function of 

RNA structural domains and their interactions is gaining increased recognition. To date, 

researchers have discovered bioactive small molecules that modulate phenotypes by binding to 

expanded repeats, microRNAs, G-quadruplex structures, and RNA splice sites in neurological 

disorders, cancers, and other diseases. The lessons learned from achieving these successes both 

call for additional studies and encourage exploration of the plethora of mammalian RNAs whose 

precise mechanisms of action remain to be elucidated. Efforts towards understanding fundamental 

principles of small molecule-RNA recognition combined with advances in methodology 

development should pave the way towards targeting emerging RNA classes such as long non-

coding RNAs. Together, these endeavours can unlock the full potential of small molecule-based 

probing of RNA-regulated processes and enable us to discover new biology and underexplored 

avenues for therapeutic intervention in human disease.
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Small molecules have been successfully used to study several mammalian RNA elements in 

disease. These advances encourage exploration of newly discovered RNA interactions with 

therapeutic potential.

Introduction

With the advent of next generation sequencing and the characterization of the human 

genome, the long-standing view of proteins as the only structural and functional building 

blocks of eukaryotic cells has been challenged.1 Namely, the initiation and findings of the 

ENCODE and FANTOM projects that aimed to identify the coding elements of the human 

genome resulted in the unexpected discovery that the majority of human transcripts do not 

code for proteins and are thus non-coding RNAs.2, 3 It was later found that the number and 

diversity of these non-coding transcripts increase with organismal complexity, are highest in 

mammals, and are evolutionarily conserved.4, 5 Highly conserved sequences were also 

unexpectedly identified in untranslated regions (UTRs) of protein-coding transcripts.6 These 

discoveries implied a high degree of functionality in noncoding mammalian transcripts and 

were followed by dedicated efforts to characterize their structure and function.7

Mammalian RNAs as therapeutic targets

Functional studies revealed that mammalian RNAs of varying length and subcellular 

localization have important roles in nearly all cellular processes (Table 1). RNAs were found 

to regulate transcription, translation and the epigenetic landscape as well as alter signalling 

pathways by interacting with individual proteins or protein complexes, lipids, DNA, and 

other RNAs.5, 8-11 In UTRs, conserved cis-regulatory elements were discovered to serve as 

binding sites for antisense RNAs and proteins, thus regulating the stability, localization, and 

translation of mRNAs.12 Importantly, many of these processes are misregulated in a variety 

of human diseases, ranging from cancers to neurodegenerative and neuromuscular diseases.
13-15 The RNAs involved in regulating these processes were found to be differentially 

expressed in disease states. Together, these discoveries have led to an interest in mammalian 

RNAs as therapeutic targets.16, 17 The prospect of targeting a new class of biomolecules and 

thus expanding the “druggable” human genome was met with excitement by the scientific 
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community, resulting in increased efforts towards developing adequate tools to study the 

druggability of these transcripts.

Oligonucleotides as Sequence-targeted Tools for Studying RNA Function in Mammalian 
Systems

Most early successes to target mammalian RNAs were achieved with oligonucleotides, 

which rely on complementary base-pairing with the RNA target of interest in order to 

degrade or functionally inhibit the transcript.18, 19 Antisense oligonucleotides (ASOs), for 

example, were indispensable for validating the therapeutic potential of many RNAs, 

including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) in cancer and 

kidney disease, splice sites in Duchenne muscular dystrophy and spinal muscular atrophy, 

and expanded RNA repeats in Friedrich ataxia.16 RNA-interference- and CRISPR-Cas9-

based methods have also become essential tools in studying RNA function, and several 

recent reviews highlight the properties, utilities, and limitations of these techniques.18, 20, 21 

The potential of oligonucleotide-based technologies is increasingly recognized by the 

pharmaceutical industry, especially as the field begins to find solutions to challenges with 

stability and tissue permeability in vivo.22, 23 Indeed, several companies have successfully 

placed ASO-based therapeutics in clinical trials, four of which have obtained FDA approval.
24, 25

The sequence-based recognition of RNA by oligonucleotides requires the targeted regions to 

be accessible to oligonucleotide binding.26, 27 Hence, regions of RNA that form defined 

structures are difficult to target with these tools.27 For instance, in a recent study of 

expanded repeat RNAs that cause fragile X-associated tremor ataxia syndrome (FXTAS), the 

ASO utilized was incapable of reversing FXTAS-associated splicing defects and even 

displayed some deleterious effects.28 The authors attributed this effect to the significant 

energetic barrier for ASO binding to the self-complementary structure formed by the 

expanded repeat RNA. Additionally, ASOs were shown to have limited success in binding 

RNA regions with low sequence complexity but defined tertiary structure.29 These 

drawbacks highlight the need for complementary tools that could enable the interrogation of 

highly structured RNA regions in disease.

Small Molecules as Structure-targeted Tools for Studying RNA Function in Mammalian 
Systems

For decades, drug-like small molecules have served as invaluable tools for studying 

structure-function relationships and therapeutic targeting of proteins.30-32 While the field of 

protein-targeted drug design has flourished for over 50 years, similar efforts towards RNA 

targeting begun only in the late 1980’s after the realization that several classes of FDA-

approved antibacterial drugs exert their function by binding to bacterial ribosomal RNA.33 

In the years to follow, the appreciation of RNA as a key regulator and target in both bacterial 

and viral infections significantly increased.34-37 In 1998, Czarnik and co-workers reported 

one of the first small molecule inhibitors of the Trans-Activation Response element (TAR) 

RNA and Trans-activator of transcription (Tat) protein complex that led to a reduction of 

HIV-1 replication.38 A notable recent example resulted from a phenotypic screening 

campaign conducted by Merck, which led to a surprising discovery of a small molecule 
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inhibitor of a bacterial riboflavin riboswitch, one of the first riboswitch-targeting ligands 

with an antibacterial effect in a mouse septicaemia model.39 Successful targeting of viral and 

bacterial RNAs has served as proof-of-principle to encourage exploration of endogenous 

structures in mammals.7, 40

As compared to oligonucleotide-based techniques, small molecules offer the unique 

possibility to target specific RNA structural elements. The prospect of utilizing small 

molecules to probe the function of distinct structures is particularly exciting given the recent 

recognition of stable structure formation as a hallmark of mammalian non-coding RNA.41-44 

These structures are known to exist in various cellular compartments, interact specifically 

with other biomolecules, and have major effects on the outcome of various cellular events 

(Figure 1).45

From a pharmaceutical industry perspective, RNA-targeted chemical probes can assist in 

establishing tractability as well as clinical translatability of a specific RNA target.46 The 

tunability of small molecules, in addition to their generally better cellular and tissue 

distribution in vivo poses them as an attractive alternative strategy to oligonucleotide-based 

techniques.47 For certain diseases such as neuromuscular disorders, small molecule-based 

therapies are advantageous over ASO-based therapies because ASO delivery to muscle or 

the central nervous system remains challenging with a few notable exceptions.48-50 As a 

result, the small molecule-based targeting of RNA in disease is an emerging avenue of 

exploration in industry, and several companies aiming to expand the scope of small molecule 

drug targets with RNA were recently established.51

In this review, we will survey disease-associated mammalian RNA classes that have 

successfully been targeted with drug-like small molecules in a biological setting, including 

cell culture and animal models. Aminoglycosides and peptides will be excluded as they have 

different physicochemical properties from the particular classes of small molecules reviewed 

herein and have been extensively surveyed elsewhere.35, 52-57 Additionally, we note that 

several excellent and recent reviews highlight a subset of the small molecules described 

here, as well as those targeting bacterial and viral RNA, while surveying the drug-like 

properties and discovery methods in various in vitro and biological systems.35, 52, 53, 58-61 

This review will thus place a unique emphasis on the specific RNA structural elements or 

RNA-mediated interactions that enable disease-related functions in mammalian systems and 

the phenotypic changes observed upon treatment with targeted ligands. Further, we will 

draw attention to underexplored mammalian RNA targets in which chemical probe 

development can aid our understanding of their precise mechanism of action and therapeutic 

potential. Finally, we will discuss challenges as well as solutions that can advance the field 

and realize the full potential of the RNA revolution.

MAMMALIAN RNAs TARGETED WITH BIOACTIVE SMALL MOLECULES

Selectivity is undoubtedly the largest challenge in RNA targeting. The majority of the RNA 

mass in mammalian cells is composed of ribosomal and transfer RNA (80-90 and 10-15 %, 

respectively).62 Their high abundance, defined structure, and cytoplasmic localization have 

rendered rRNA and tRNA as major obstacles for achieving selectivity when targeting other, 
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less abundant RNA.63 Nevertheless, reports of selective recognition of less abundant RNA 

with phenotypic outcomes in cells and in vivo have risen over the recent decade, and efforts 

to understand the basis of this selectivity are ongoing.58, 64-66 To date, small molecules have 

been found to regulate ~30 unique disease-associated mammalian RNAs apart from the 

ribosome. These RNAs are transcribed from various regions of the genome and can be 

categorized into four general structural elements: expanded repeats, miRNAs, G-

quadruplexes, and splice sites (Table 2). The following sections will briefly discuss the roles 

that these RNA structures and their interactions play in disease networks, followed by select 

small molecules that were shown to specifically modulate those networks, and finally 

important considerations for future work in these areas.

Expanded Repeats

While repeat RNA segments of 20-30 nucleotides are found in healthy cells, expansions of 

several hundred to thousands are hallmarks of some incurable neuronal diseases.67 These 

expansions are thought to promote pathogenesis through several distinct mechanisms, 

including but not limited to: (1) toxic RNA gain-of-function, (2) toxic protein gain-of-

function; and (3) aberrant loss-of-transcript and loss-of-protein function.68, 69 In the first, 

RNA-dominant mechanism, the expanded repeats sequester essential proteins such as 

splicing and transcription factors by localizing them to nuclear foci, thereby causing an 

excess of alternatively spliced isoforms (Figure 2(a)).70 While the nucleotide composition of 

the expanded regions is gene-specific, the majority of these expansions are characterized by 

repeating tri- or hexa-nucleotide motifs that form internal loops with terminal hairpins 

(Figure 2(b)).71

Expanded repeats are the most successfully targeted mammalian RNA class in a biological 

setting to date. The triumphs in small molecule-based targeting of these structures are 

attributed to several factors. These factors include intrinsic properties of the RNA, such as: 

(1) well-defined secondary structure, (2) repeated binding motifs that provide multiple 

binding sites and aid in cellular specificity, and (3) specific localization and molecular 

crowding in nuclear foci.72 In addition, a variety of design and screening methodologies for 

these targets have been established. In silico screening has enabled rational ligand design 

due the availability of solved structures, and in vitro methods such as time-resolved 

fluorescent resonance energy transfer (TR-FRET) and electrophoretic mobility shift assays 

(EMSA) provide measurements of protein displacement from the RNA.73-75 Finally, the 

availability of in vivo mouse and Drosophila models significantly aid in thorough 

assessment of ligand-induced phenotypic changes.73 Indeed, 34 bioactive small molecule 

ligands were discovered only in the last few years.

A current paradigm for small molecule-expanded repeat RNA targeting is the r(CUG)exp in 

type 1 myotonic dystrophy (DM1). One of the characteristic phenotypes of this incurable 

disease is manifested when toxic repeats from the DM1 Protein Kinase (DMPK) locus 

sequester Muscleblind-like protein 1 (MBNL1) away from the canonical splice site, leading 

to splicing defects (Figure 3(a)).13, 76, 77 In 2016, a clinical trial of an ASO-based treatment 

for DM1 was halted due to insufficient target engagement, presumably due to low 

accumulation in muscle,78-80 emphasizing the importance of complementary small molecule 
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approaches such as those pursued by the Disney, Miller, and Zimmerman laboratories.
66, 74, 81-85 Although a variety of small molecule design strategies have been utilized, these 

molecules share the common property of being multivalent and therefore targeting several 

repeating units at a time. This approach is considered particularly advantageous in the case 

of r(CUG)exp because the mean repeat expansion is 4,400, suggesting that even if the RNA 

is not highly expressed, each transcript has the capacity to bind many small molecules.85

To exploit this opportunity, Miller and co-workers utilized a disulfide-based, resin-bound 

dynamic combinatorial chemistry (RBDCC) approach for constructing multivalent ligands.
84 Specifically, a benzo(g)quinolone scaffold-based multivalent ligand was first discovered 

through RBDCC to bind r(CUG)exp in vitro.86 In their follow-up work, further scaffold 

diversification and disulfide replacement with an olefin bioisostere led to the development of 

two bioactive multivalent ligands that were successful in restoring splicing in a DM1 mouse 

model, including DCC11 (Figure 3(b)).84 Similarly, Disney and co-workers conjugated two 

units of a known small molecule binder with an optimized peptide linker, yielding a 

modularly assembled ligand 2H-4KNMe that led to improvement of DM1-associated 

defects in a mouse model (Figure 3(b)).87 Biophysical characterization of ligand-RNA 

interactions in this study revealed that the multivalent ligands have increased residence times 

and faster on rates than their individual binding units, ultimately resulting in bioactivity and 

lending further support for multivalent ligand design to target repeat RNAs.

The successes achieved with multivalent ligands have encouraged novel and creative 

strategies in targeting DM1 repeats. For instance, a synergistic effect in DM1 targeting was 

achieved by Zimmerman and co-workers with a rational design strategy to target both the 

DNA (CTG)exp and RNA (CUG)exp repeats in this disease (Figure 3(b)).81 The resulting 

bioactive ligand, Bisamidinium 9, was able to reverse repeat-induced phenotypes in DM1 

Drosophila models. Additionally, inspired by a recent report of oxidized guanosine residues 

causing translation stalling and its link to neurological disease, Disney and co-workers are 

pursuing small molecule-targeted photochemically induced oxidation of RNA in order to 

directly chemically alter the DM1 repeats.88, 89

Small molecule-based interrogation of expanded repeats has provided valuable insights into 

the RNA gain-of-function pathways that contribute to neurological disease. As mentioned 

previously, however, the pathology of these disorders is complex and involves multiple 

pathways. Emerging evidence of the roles of bi-directional transcription, antisense RNA, and 

repeat-associated non-ATG (RAN) translation further complicate our understanding of 

disease pathogenesis while offering unique opportunities for small molecules that probe 

individual pathways.68 For example, Disney and co-workers recently reported two small 

molecule probes that separately inhibit r(CGG)exp-induced protein sequestration in nuclear 

foci and RAN translation in FXTAS.90 These probes enabled the elucidation of how those 

individual pathways contribute to r(CGG)exp toxicity in this disease. In order to 

independently probe the sequestration of splicing proteins and RAN translation pathways in 

other disorders, it is necessary to conduct phenotype assessments that extend beyond 

measuring nuclear foci dispersion or splicing restoration alone. Together, these efforts may 

lead to the identification of additional RNA-associated drug targets in neurological disease 

and enable combination therapy to achieve synergistic effects.
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Micro-RNAs (miRNAs)

MiRNAs are short (20-25 nt) transcripts that have important cellular functions and are 

misregulated in a variety of human diseases, including cancers, cardiovascular, 

neurodegenerative and autoimmune diseases, as well as diabetes and obesity.91-93 It is 

proposed that their disease-related roles are achieved through two distinct modes of gene 

silencing: mRNA decay or direct translational repression.91, 93-95 The biogenesis of these 

transcripts begins with nucleus-localized primary miRNA (pri-miRNA) hairpins that are 

digested by Drosha to form precursor miRNA (pre-miRNA). The pre-miRNA is then 

transported to the cytoplasm for further processing by Dicer to form a dsRNA molecule that 

can be loaded into the RNA-induced silencing complex (RISC) to bind mRNAs through 

complementary base-pairing and mediate gene silencing (Figure 4(a)).96 While miRNAs are 

involved in multiple diseases, most of the small molecule targeting has been focused on 

miRNAs in cancer. This interest is in part due to the upregulation of select miRNAs in 

cancer, where they act as oncomirs and inhibit expression of tumor suppressors.97 

Additionally, one miRNA can regulate several tumor suppressor mRNAs. As a result, 

inhibition of the processing pathway of one miRNA can lead to a more significant outcome 

as multiple pathways can be affected simultaneously.

Small molecule inhibitors of both Drosha- and Dicer-miRNA interactions have been 

reported by several laboratories, including a number of important studies by Disney and co-

workers. In their laboratory, an RNA motif-small molecule database named Inforna was 

generated using data obtained through 2-dimensional combinatorial screening (2DCS).98, 99 

Inforna was applied to parse secondary structures in miRNAs that can be matched with RNA 

motif-small molecule pairs.99 Precise linking of modules that bind near and in the Drosha 

processing site yielded the multivalent molecule Targaprimir-96. This ligand enabled 

selective targeting of pri-miRNA 96 and subsequent inhibition of Drosha processing in triple 

negative breast cancer (TNBC) cell lines (Figure 4(b)). Notably, similar small molecule-

induced phenotypes were observed in a TNBC xenograft mouse model. In a separate report, 

Disney and co-workers found that ligand Targapremir-210 inhibited Dicer processing of 

pre-miRNA-210 under hypoxic conditions (Figure 4(b)).65 The results of this study led the 

authors to propose general guidelines for specific miRNA targeting to alleviate oncogenic 

phenotypes. Namely, they suggest that (1) binding must occur in a functional site, e.g. Dicer 

or Drosha processing region, (2) the ligand must avidly bind to that site, and (3) both RNA 

abundance and molecule affinity can affect the target occupancy necessary to elicit a 

biological response. It will be interesting to see if these guidelines hold true when applied to 

other biological systems in which different miRNAs play crucial roles.

Despite the reported successes in small molecule targeting of different steps in miRNA 

biogenesis and the emergence of general guidelines for miRNA targeting, no miRNA-

targeted small molecules are reported to be undergoing pre-clinical testing.59 Researchers 

have attributed this issue to similar secondary structures among different miRNAs, as well as 

other cellular RNAs, and a lack of tertiary structure. The impact of the sparse structural 

diversity is supported by the continuous identification of the same small molecule scaffolds 

to target these motifs. For instance, an Inforna-based search conducted to target miRNA-544 

yielded a bis-benzimidazole ligand previously used by Disney and co-workers to target 
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r(CUG)exp.101 Nonetheless, successful miRNA inhibition was achieved by taking advantage 

of high miRNA-544 expression levels and the targeting of a functional miRNA processing 

site. These findings can be further exploited through increased understanding of the 

fundamental basis of differential miRNA molecular recognition by proteins that interact with 

these functional sites.102 Structural insights into these interactions as well as their changes in 

disease are therefore in high demand.97 Indeed, a recent comparative study of mammalian 

RNA hairpins reported novel structure- and sequence-based requirements for efficient 

miRNA processing that change with single nucleotide polymorphisms (SNPs) in human 

disease.103

Lastly, we propose that the development of reliable, function-based in vitro and cellular 

assays that directly reflect miRNA engagement is of high significance. Currently, reporter-

based assays are most commonly used to identify small molecule inhibitors of miRNA-

mediated gene silencing.97 This method typically relies on luciferase activity that is 

suppressed upon miRNA binding to its target sequence in the 3′-UTR of the luciferase gene. 

The luciferase readout can increase if the small molecule leads to decreased miRNA binding 

of the labelled mRNA (Figure 5(a)). While conceptually attractive, this assay fails to provide 

information about direct miRNA engagement or the specific miRNA-protein interaction that 

the molecule may be inhibiting. On the other hand, several methods that measure direct 

miRNA binding are available, including small molecule microarrays developed by 

Schneekloth and co-workers and the aforementioned 2DCS-Inforna approaches developed 

by Disney and co-workers, among others.104-107 These approaches have led to the discovery 

of bioactive ligands, though the mechanisms of action were determined during follow-up 

experiments rather than during the screen. To compensate for these drawbacks, an alternative 

and promising high-throughput screening methodology was recently reported by Garner and 

co-workers.108 This approach enables detection of direct and allosteric inhibitors of Dicer-

mediated miRNA cleavage and may thus be a promising new approach for discovering small 

molecules that target and inhibit specific pre-miRNA processing steps (Figure 5(b)).

G-quadruplexes in 5′-UTRs and Splice Sites

Formation of secondary and tertiary structures in untranslated regions of mRNAs are known 

to influence gene expression, including that of oncogenes.109 The relatively recent discovery 

of G-quadruplex structures in regulatory mRNA regions, particularly UTRs and splice sites, 

has led to increased efforts toward targeting RNA G-quadruplexes.110 G-quadruplex 

structures form upon stacking of cation-stabilized guanine tetrads in close proximity (Figure 

6(a)).111 G-quadruplexes are perhaps best known for acting as translation regulators, 

controlling cap-dependent and independent translation at 5′-UTRs (Figure 6(b)). 

Additionally, the presence of these structures at splice sites or 3′-UTRs can impact the 

production of alternative splice variants or polyadenylation, respectively.112, 113 While the 

lifetime of RNA G-quadruplex structures in cells has recently been questioned by Bartel and 

co-workers,114 the selective activity of G-quadruplex binding ligands in cell culture suggests 

that small molecules may be able to perturb the equilibrium between stem-loop structures 

and G-quadruplexes.115-117 This section will first discuss examples of small molecules that 

have been shown to target G-quadruplexes in 5′-UTRs, followed by the first example of 

targeting a functional G-quadruplex in a splice site.
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As G-quadruplexes are predicted to form in the 5′-UTRs of several known oncogenes, many 

small molecule-targeting endeavours have focused on oncogenes whose protein products are 

considered undruggable. For example, the RAS oncogene is overexpressed in many human 

cancers, and no anti-RAS drugs have reached the clinic.115 In a study by Uesugi and co-

workers, the authors identified a small molecule (RGB-1) that targets a 5′-UTR G-

quadruplex in the NRAS protooncogene (Fig 6(c)).117 In breast cancer cell lines, treatment 

with RGB-1 led to a significant decrease in NRAS protein expression. Additionally, the 

KRAS oncogene was explored for potential G-quadruplex structures by Xodo and co-

workers.115 Using G-quadruplex-prediction software, the authors identified a putative G-

quadruplex motif in the 5′-UTR region, which was then validated in vitro with several 

experimental techniques, including circular dichroism, UV-melting, and EMSAs. This motif 

was found to exist in equilibrium with a stem-loop structure, and the discovered molecule 

(2a) that stabilized the G-quadruplex form was thought to shift this equilibrium to inhibit 

KRAS translation (Fig 6(c)). When administered to pancreatic cancer cells, the molecule 

decreased KRAS protein levels, activated apoptosis, and inhibited colony formation.

While G-quadruplex structures are continuously identified in vitro, verifying the existence 

and function of these structures in biological systems has been difficult.118 For example, the 

equilibrium between competing secondary structures in these regions may be perturbed 

when a G-quadraplex targeted antibody or small molecule is used to test putative G-

quadruplexes. In addition, mutagenesis studies can affect both secondary structure formation 

and protein binding.119 To overcome these challenges, Eperon, Dominguez and co-workers 

developed a strategy in which guanines are substituted by 7-deaza-guanines (7-deaza-G), 

preventing Hoogsteen base-pairing and subsequent G-quadruplex formation while allowing 

the formation of other secondary structures.120 Footprinting of 7-deaza-G-modified RNA 

sequences enabled the identification of several G-quadruplexes in a splice site of the Bcl-X 
gene, whose alternative splice variants are associated with prostate and breast cancer, among 

others.120-122 Eperon and Dominguez soon followed up with a report of a small molecule-

stabilizer (GQC-05) of the G-quadruplex conformation that inhibited the disease-dominant 

splicing pathway of this gene in HeLa cells (Figure 6(c)).118 While the precise mechanism 

by which GQC-05 induces structural and therefore functional changes remains to be 

elucidated, this exciting work suggests that discrete tertiary structures concealed in long, 

unspliced RNA transcripts can indeed be targeted with small molecules in a bioactive 

setting.

As new G-quadruplex structures and their respective small molecule binders are being 

discovered, special care should be taken in designing in vitro experiments to identify 

functional binding events in biologically relevant constructs. As evidenced by the work of 

Balasubramanian and co-workers, positioning of the G-quadruplex-forming segment in a 

sequence that closely resembles its natural context is crucial for drawing conclusions about 

its cellular function.123 Lastly, the continued success in identifying functional G-

quadruplexes in long RNAs and splice sites could be greatly accelerated by the development 

of high-throughput methods to enable fast discovery of these structures.119
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Pre-mRNA splice sites

As mentioned briefly in the previous section, pre-mRNA splice sites present an attractive 

and seemingly tractable target for RNA-targeting small molecules. Even in healthy cells, 

alternative splicing events occur in over 95% of the human genome and generate a diverse 

array of RNA transcripts.124 These events involve skipping or the use of different 5′- and 3′-

splice sites, which rely on complex RNA-protein interactions mediated through small 

nuclear ribonucleoproteins (snRNPs).125 Additionally, splicing can be developmental-, cell-, 

and tissue-type specific. In humans, aberrant splicing is involved in a variety of diseases 

including cancer, hemophilia, cystic fibrosis, and several genetic disorders.126-128 For 

genetic disorders specifically, alternative splicing is considered a favorable point for 

therapeutic intervention because it offers the possibility to target an early step of gene 

expression without altering the genome.127 Finally, targeting the specific disease-associated 

RNAs involved in this process is considered more favorable than targeting protein-centric 

processes, as altering the protein splicing machinery may induce widespread splicing 

changes that in turn generate aberrant and dysfunctional proteins.129 The recognition of 

secondary structure formation in pre-mRNA splice sites has consequently led to increased 

interest in targeting these sites and their associated interactions with small molecules.130

The most promising example of small molecules targeting RNA splice sites is the discovery 

of modulators of the survival motor neuron (SMN2) mRNA in spinal muscular atrophy 

(SMA). The SMN2 gene is a duplicate copy of the SMN1 gene whose expression is lost in 

this disease.127 The SMN2 variant contains an SNP that causes skipping of exon 7 and 

produces an unstable, truncated protein.131-133 Therefore, the goal of therapeutic targeting of 

this gene, as first demonstrated by Krainer and co-workers, is to enhance the production of 

full-length SMN mRNA and protein by promoting exon 7 inclusion (Figure 7(a)).134, 135 

This strategy was tested in the clinic by Ionis and Biogen, and resulted in accelerated FDA 

approval of an ASO, with clinical studies ongoing.136 In 2015, Sivasankaran and co-workers 

at Novartis discovered two small molecule enhancers of exon 7 inclusion via a luciferase-

based SMN reporter screen.137 NVS-SM1 was found to increase the levels of the full- length 

SMN mRNA and protein in human fibroblasts, as well as extend survival in a severe SMA 

mouse model. Detailed mechanistic studies revealed that these molecules act by stabilizing 

the transient double-stranded RNA complex formed by the SMN2 pre-mRNA and the U1 

snRNP complex in the 5′ splice site (ss) of exon 7 (Figure 7(b)). NVS-SM1 is in Phase II 

clinical trials for the treatment of SMA.138 Concurrently, Metzger and co-workers from 

Roche reported a different class of molecules that demonstrated a dose-dependent correction 

of SMN2 splicing to include exon 7.139 In their follow-up mechanistic studies, the group 

utilized a variety of techniques ranging from NMR, SPR, transcriptome-wide RNA-seq, and 

protein chemistry methods to elucidate the rationale behind the surprising specificity of 

these compounds for the SMN2 gene.140 The most potent molecule, SMN-C5, was found to 

bind to two distinct sites. One site was the 5′ ss on exon 7 in SMN2, which is identical to 

the binding site of NVS-SM1. The other site is at a purine-rich exonic splicing enhancer 2 

(ESE2) motif in exon 7 that binds to the hnRNP G protein. The authors hypothesized that 

this additional binding site promotes the specificity of SMN-C5 by dislocating hnRNP G 

and allowing the U1 snRNP complex to bind to ESE2 (Figure 7(b)). Additionally, it was 

proposed that the specific recognition of the RNA-protein interaction at the ESE is enabled 
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by the quaternary structure of this complex. Given the emerging importance of alternative 

splicing in a wide variety of genetic diseases, these findings and their implications offer 

exciting avenues to achieve selective enhancement or alteration of splicing by small 

molecules.

UNDEREXPLORED MAMMALIAN RNA TARGETS FOR SMALL MOLECULE 

INTERVENTION

The four classes of RNA that have been successfully targeted with small molecules inspire 

exploration of more recently discovered mammalian RNA classes or RNA structural 

domains whose exact functions, mechanisms of action, and effects on disease-related 

phenotypes are less characterized. In this section, we will draw attention to underexplored 

RNA classes that are particularly attractive for small molecule-based targeting approaches. 

These highlights involve well-characterized RNA structures with emerging roles in disease, 

as well as RNA-protein or RNA-DNA interactions whose in vitro inhibition by small 

molecules was previously demonstrated and hence offers substantial promise. We note that 

some disease-relevant mammalian RNAs such as tRNA-derived fragments (tRFs) and 

circular RNAs are not highlighted herein as current research suggests that these RNAs lack 

stable structure, which would render oligonucleotide-based approaches more feasible than 

small molecule-based approaches.141, 142

Mammalian Ribosomal RNA

While the ribosome is often considered an obstacle for selective small molecule RNA-

targeting, recent determination of a 3.6 Å X-ray diffraction structure of the human 80S 

ribosome has inspired creative targeting efforts, particularly toward the elevated protein 

synthesis that is a hallmark of cancer.143 After their report of the crystal structure, Peyron, 

Klaholz, and co-workers leveraged its availability to conduct computational modeling 

studies and repurpose a eukaryote-specific antibiotic, cycloheximide, as an anticancer drug.
144 The molecule induced anti-proliferative effects in several cancer cell lines. In addition, 

the misregulation of specific post-transcriptional modifications in the human ribosome in 

cancer was shown to impact tRNA and mRNA binding, impairing translation of mRNAs 

important for cellular transformation.145 Many of these modifications have recently been 

mapped onto the reported 80S ribosome structure, offering new opportunities for structure-

based ligand design to specifically target differentially modified ribosomes in cancer.146, 147

Long non-coding RNAs (lncRNAs)

LncRNAs are classified as transcripts greater than 200 nucleotides, although many are 

several kilobases in length.148 Their diverse and disease-related functions, along with tissue- 

or temporally-restricted expression, make them attractive therapeutic targets.148, 149 While 

low sequence conservation throughout evolution has been interpreted by some as indicative 

of a lack of function, an alternative interpretation is the conservation of structure.150, 151 

Indeed, structural domains of disease-relevant lncRNA that interact with specific proteins or 

protein complexes are continuously identified.42, 152-157 Further, some lncRNA structural 

domains or interactions have evolutionarily conserved functions.151, 158 Given the ability of 

small molecules to detect RNA structural elements and target specific biomolecular 
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interactions, these tools seem perfectly poised to provide new insights into the exciting field 

of lncRNA biology.

With the variety of lncRNA binding partners and complex folds these molecules undergo, 

several types of unique lncRNA targeting avenues emerge: 1) complex structures of lncRNA 

domains, 2) lncRNA-protein interactions, and 3) lncRNA-DNA interactions. Examples of 

potentially targetable lncRNA are discussed below.

LncRNA structural domains

X-inactive specific transcript (XIST): Xist is one of the first discovered and most well 

characterized lncRNAs.159, 160 Xist functions as the major effector of the X chromosome 

inactivation (XCI) process in mammals and has been implicated in oncogenic processes.
161-163 The scaffolding and 3D-organization of Xist necessary for XCI are achieved through 

a complex interactome that consists of hundreds of potential interactions.160 Importantly, 

mutational studies revealed that specific structural domains, namely six tandem hairpin 

repeats (A-F) are crucial for its function in XCI.164 The mechanisms through which 

individual structural domains and protein interactions mediate the functions of Xist are 

currently under investigation.160 Structural insights into the A- and F-repeat region (RepA) 

of Xist by Pyle and co-workers revealed an intricate tertiary architecture within specific 

functional modules.152 Moreover, Weeks and co-workers conducted an in cellulo chemical 

probing study of the entire 18 k.b. transcript and discovered an additional domain in the 3′ 
end that may have a role in Xist localization.165 These valuable findings should accelerate 

the discovery of small molecules that can recognize specific Xist structural elements to 

illuminate their roles in development and disease.

Metastasis-associated lung-adenocarcinoma transcript 1 (MALAT1): MALAT1 is a 

highly abundant nuclear lncRNA that is overexpressed in several human cancers.166 A range 

of functions have been proposed, including regulation of expression and alternative splicing 

of oncogenes.167 Structurally, the recent determination of a 3.1 Å structure solved through 

X-ray diffraction by Steitz and co-workers revealed a bipartite triple helix at the 3′ end.168 

Single-point mutations assumed to disrupt the triple helix stability led to reduced MALAT1 

levels in cells, suggesting a pivotal role of this structure in enabling MALAT1 accumulation.
168-170 Lastly, evidence of selective recognition of the triple helix by a methyltransferase 

protein further supports a functional role of this domain.171 Small molecule-induced 

destabilization of the triple helix could offer significant insights into the role of this structure 

in driving oncogenic phenotypes and encourage its pursuit as a therapeutic target in cancers.

LncRNA-protein interactions

HOX-transcript antisense RNA (HOTAIR): Chang and co-workers first demonstrated that 

HOTAIR is involved in promoting breast cancer metastasis and can be up to 125-times 

overexpressed in patient-derived metastatic breast cancer samples.172 The role of HOTAIR 

in transcription is exerted through its scaffolding of chromatin-modifying complexes 

Polycomb-repressive complex 2 (PRC2) and Lysine-specific demethylase 1 (LSD1), 

presumably localizing these complexes to specific loci. The binding of PRC2 and LSD1 

complexes, which are themselves anticancer targets, have been localized to distinct structural 
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domains at the 5′- and 3′-ends of HOTAIR, respectively.173 HOTAIR was also recently 

reported to function post-translationally by scaffolding ubiquitin proteins.174 

Spatiotemporal, small molecule-based interrogation of individual complex interactions with 

HOTAIR would enable the elucidation of discrete roles and their possible co-dependence in 

driving HOTAIR-associated oncogenic processes.

From a therapeutic standpoint, the possibility of targeting the HOTAIR:PRC2 interaction is 

an attractive anticancer strategy as compared to targeting PRC2 alone because this protein 

complex has been shown to have both oncogenic and tumor-suppresive functions.175 Indeed, 

a recent study by Nephew and co-workers demonstrated the ability of a peptide-nucleic acid 

conjugate to specifically inhibit the HOTAIR:PRC2 interaction, resulting in decreased 

cancer-related phenotypes in ovarian and breast cancer cell lines as well as mice with 

ovarian cancer.176 Further, Faghihi and co-workers conducted an Alpha screen in search of 

small molecule inhibitors of the HOTAIR:PRC2 complex in 2015.177 Though a promiscuous 

intercalator elipticine was identified as a hit, this in vitro study validated the ability of small 

molecules to inhibit lncRNA-protein complex formation and motivates follow-up studies 

with diverse small molecule libraries to fully realize the potential of this strategy.

Second chromosome locus associated with prostate 1 (SChLAP1): SChLAP1 lncRNA 

was initially found to be exclusively expressed in aggressive prostate cancer and was 

recently reported in bladder cancer.178, 179 The oncogenic effects of SChLAP1 on gene 

expression are at least in part exerted through its binding to the switch/sucrose non-

fermentable (SWI/SNF) chromatin remodeling complex.178 This binding event impairs the 

ability of the SWI/SNF subunit SNF5 to bind to the genome, thereby antagonizing its tumor-

suppressive functions in prostate cancer. Specific targeting of the SChLAP1:SWI/SNF 

complex would elucidate whether this interaction is sufficient for SChLAP1-associated 

phenotypes and also represents an attractive therapeutic strategy to target prostate cancer 

without affecting healthy cells.

LncRNA-DNA interactions—Many lncRNAs that regulate transcription hybridize with a 

DNA duplex, resulting in the unique topological structure of a lncRNA-DNA triple helix 

hybrid.180 For example, five triple helix target sites in mesenchymal stem cells were recently 

predicted for HOTAIR, and these binding events were proposed to aid in guiding epigenetic 

modifiers such as PRC2 to relevant loci.181 Similarly, triple helix-mediated changes in 

chromatin structure were reported for lncRNA Khps1.182 This interaction is proposed to 

regulate the expression of the proto-oncogene SPHK1. Likewise, lncRNA Fendrr is known 

to bind to the mouse Foxf1 locus, forming a triple helix hybrid that is predicted to recruit 

PRC2 and in turn inhibit transcription of Foxf1.183 Importantly, Foxf1 is critical for 

embryonic development in mice. Targeting these triple helices with small molecules could 

thus provide valuable insights into whether these structures promote recruitment of 

epigenetic modifiers to target loci or if these processes occur independently, ultimately 

deciphering the mechanisms that enable the roles of these lncRNAs in both oncogenic and 

developmental processes. Promisingly, many examples of ligands that bind this structural 

class in vitro have been reported.184
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Underexplored G-quadruplexes, including lncRNA

As alluded to previously, while the majority of G-quadruplex structures have so far been 

found in 5′- or 3′-UTRs, their existence in splicing regions and non-coding RNA transcripts 

is becoming increasingly recognized.185 The paradigm of a G-quadruplex-containing 

lncRNA is the telomeric repeat-containing RNA (TERRA). This lncRNA has long been 

recognized as an attractive anticancer target and has drawn more attention since the 

discovery that these molecules form G-quadruplexes in vivo.186 This fold was shown to be 

required for telomere heterochromatin formation in cancer cells.187, 188 In 2014, Campos-

Olivas, Gonzalez and co-workers reported selective in vitro ligands for TERRA G-

quadruplexes using a fluorine-NMR screen.189 In 2017, the first bioactive TERRA-targeting 

small molecule was reported by Li and co-workers.190 This quindoline derivative was shown 

to induce DNA damage response and apoptosis, inhibit proliferation and cause G2/M phase 

arrest in osteosarcoma cancer cells. The authors propose that this effect occurred due to the 

molecules ability to stabilize the TERRA G-quadruplex, promoting its interaction with the 

Telomeric Repeat Binding Factor 2 protein, causing it to dissociate from telomeric duplex 

DNA and ultimately inducing a DNA damage response.

This finding offers exciting avenues for designing new or repurposing existing G-

quadruplex-targeted small molecule libraries to further explore the roles of these structures 

in the transcriptome. For instance, recent reports by Cech and co-workers suggest that G-

quadruplexes are the main structural element recognized by the catalytic subunit of PRC2, 

the aforementioned protein complex known to interact with HOTAIR as well as other 

lncRNAs.191 Moreover, functional G-quadruplexes were recently found in other disease-

associated lncRNAs such as GSEC and H19.192, 193 Lastly, therapeutically relevant G-

quadruplexes have been identified in the CD44 gene isoform important for the epithelial-

mesenchymal transition in breast cancer, as well as different non-coding RNAs involved in 

neurodegenerative diseases.194, 195

Underexplored repeats

Expanded repeats are associated with more than 30 neurological disorders and no treatment 

options are currently available.68 While expanded RNA repeats are among the most 

commonly targeted mammalian RNAs with small molecules, several repeat sequences 

remain unexplored and/or have limited examples of successful targeting. With the plethora 

of repeat-focused screening methods available, it could be possible to rapidly identify small 

molecules for the many unexplored repeat RNAs, both to discover novel biology and explore 

additional therapeutic potential.73 For example, small molecules may enable the 

identification and study of higher-order alternative structures that exist in equilibrium with 

hairpin-terminated repeats. Petrucelli, Disney and co-workers recently found that 

r(GGGGCC)exp in frontotemporal dementia/amyotrophic lateral sclerosis (FTD/ALS) exist 

in an equilibrium between hairpin and G-quadruplex structures.196 They identified several 

small molecules that selectively bound to the hairpin structure, leading to the dispersion of 

nuclear foci and inhibition of RNA translation in patient fibroblasts. To continue exploring 

higher-order structure formation in other expanded repeats, structural information on full-

length repeat constructs is in high demand.69
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Unexplored splice variants

As demonstrated by the successes in targeting SMN splice variants, small molecule-based 

modulation of RNA splicing pathways opens up the possibility of myriad interventions to 

understand disease processes. For example, recent work by Lee and co-workers resulted in 

the discovery of novel and race-specific alternative splicing events in aggressive prostate 

cancer.197 Specifically, the group found that a PIK3CD-S variant enriched in African-

American patient samples was associated with increased proliferation, invasion, and 

resistance. Importantly, exon-level variations were the only differentiable factors explaining 

the five-fold higher mortality rate in African-American men with prostate cancer. This 

discovery further challenges the dogma of DNA-level mutations/alterations as primary 

drivers of cancer aggressiveness and further emphasizes the importance of studying aberrant 

RNA splicing events in disease.198, 199

Promoter-associated RNAs (paRNAs)

PaRNAs are a class of non-coding RNA molecules that are thought to function as 

transcriptional regulators of downstream genes in cis.200 Catapano and co-workers recently 

showed that a paRNA in the promoter region of the tumor suppressor E-cadherin has a 

defined secondary structure domain that forms an alternate structure as a result of an SNP, 

which is linked to increased cancer risk.201 This structural rearrangement affects paRNA’s 

interactions with miRNA and epigenetic regulators, downregulating the transcription of E-

cadherin in epithelial cancers. This discovery suggests an underexplored mechanism by 

which SNPs in non-coding regions can impact the epigenetic landscape and therefore human 

disease. Given that the knockdown of paRNA affects proliferation in prostate cancer, the 

authors propose that development of inhibitors for this structured target can enable gene-

selective transcriptional reprogramming.

Small nucleolar RNAs (snoRNAs)

SnoRNAs primarily function by promoting post-transcriptional modifications in ribosomal 

RNA to enable maturation of the ribosome.202 In addition, snoRNAs have recently been 

implied in regulating alternative splicing, mRNA targeting and miRNA production as well as 

tumorigenic processes.203-205 SnoRNAs form well-defined secondary structures, a 

characteristic that poses them as interesting targets for small molecule intervention, although 

their disease-related roles are still emerging and remain to be fully validated.206 A potential 

model system to test their function in tumorigenesis is snoRNA 42 (SNORA42), a 

commonly overexpressed RNA in lung cancer.207 Its knockdown in non-small cell lung 

cancer (NSCLC) inhibited tumorigenicity and apoptosis in a p53-dependent manner. As the 

exact mechanism by which SNORA42 regulates p53 remains unknown, there is an 

opportunity to obtain new insights and establish a paradigm of snoRNA function in cancer.

RNA modifications

RNA modifications are beginning to emerge as important new modulators of RNA structures 

involved in human diseases.208 For instance, 2′-O-methylation, 5-methylcytidine, and 

adenosine-to-inosine modifications modulate disease-related properties in small RNAs such 

as miRNAs, PIWI-interacting RNAs, and tRNA-derived small RNAs. Researchers in this 
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field have expressed the need for chemical probes that can specifically recognize these 

modified structures, which would eliminate time- and resource-intensive antibody 

development.209 Additionally, N6-methyladenosine (m6A) has been implicated in many 

diseases, including cancer and metabolic disease.210 A recent discovery shows that m6A 

RNA methylation on ADAM10 mRNA is critical for tumorigenesis and self-renewal of 

glioblastoma stem cells, implicating this modified RNA as an attractive target for 

glioblastoma treatment.211

Conclusion and Outlook

The field of RNA-small molecule targeting in mammals has significantly advanced over the 

past five years. Continued exploration of both fundamental principles and biological 

applications will further the exponential growth in the discovery of selective RNA-targeted 

ligands with biological activity. From the small molecule perspective, it is important to 

continually identify and validate guiding principles for efficient design of RNA-targeted 

ligands.64 The discovery of these principles may lead to the design of large screening 

libraries enriched in RNA-binding chemotypes that can yield higher hit rates and avoid the 

continuous identification of promiscuous RNA-binding ligands. These efforts can be 

complemented by the simultaneous development of activity- or function-based in vitro 
assays that are efficient, reliable, and RNA-centric. Conducting rigorous assays for 

selectivity and target-engagement, as well as defining specificity landscapes, will also be 

crucial for establishing guidelines for small molecule targeting of RNA moving forward.
26, 212, 213

From the RNA perspective, it is urgent that the community elucidates how to select the 

RNAs best suited for targeting. This work would significantly aid our understanding of the 

limited successes of targeting RNA with small molecules in a biological setting despite the 

many RNAs that have been targeted in vitro. While it is possible that these rules may be 

RNA class-specific, identifying the importance of factors such as: 1) RNA abundance; 2) 

RNA localization; 3) the availability of functional sites for binding; 4) structural rigidity; 

and 5) the complexity of the RNA 3D and/or quaternary structures will be crucial as 

researchers pursue small molecule development for the underexplored RNA classes 

described above. Advances in methods that enable robust characterization of RNA 3D 

structure, dynamics and in-cell interactions, as well as characterization of RNA-ligand 

interfaces, could accelerate our understanding of these principles.214-219

While oligonucleotide-based approaches have been a starting point in validating the 

biological and disease relevance of many mammalian RNAs, many questions remain with 

regards to the role of RNA structural domains and RNA:biomolecule interactions, and these 

questions could be uniquely addressed by utilizing small molecules. The exciting prospect of 

small molecule-based targeting of RNA in disease is increasingly recognized by the 

pharmaceutical industry, as evident in new efforts by Merck, Novartis, and Pfizer as well as 

the establishment of new companies aiming to expand the scope of current RNA drug 

targets.51 In this review, we have surveyed four different mammalian RNA classes that have 

been successfully targeted with small molecules to elicit a disease-relevant biological 

response, proposed emerging targets for small molecule modulation, and identified several 
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areas and future directions that will advance RNA-small molecule discovery. Like many 

others, we believe that progress can be further accelerated by collaborative efforts using 

multi-disciplinary approaches from experts in many areas of science. Hence, we hope that 

this collection of promising results combined with highlights of underexplored RNA targets 

draws the attention and excitement of medicinal chemists as well as computational and 

structural biologists to join the next phase of the RNA revolution.
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Figure 1. 
Example cellular processes and interactions regulated by RNA structures in non-coding 

regions. Left: In the nucleus, structured regions in pre-mRNAs can regulate alternative 

splicing. Structured non-coding RNAs can recruit transcription factors to genomic loci, 

interacting with both proteins and DNA. Formation of tRNA-like structures can promote 

cleavage from a longer transcript and export of the RNA fragment into the cytoplasm. Right: 

In both the nucleus and the cytoplasm, sequence-based changes such as single nucleotide 

polymorphisms (SNPs) or modifications such as m6A can alter RNA structure, which can in 

turn affect RNA function or protein binding. Non-coding RNAs can sequester proteins in 

specific cytoplasmic regions. RNA structures in UTRs can limit translation rates by 

impeding the initiation step. Despite the simple hairpin structures shown for clarity, cellular 

RNAs are known to adopt various complex structures. Adapted from Bevilacqua et al. 

2016.45 Abbreviations: SNP, single nucleotide polymorphism; m6A, 6-methyladenosine; 

UTR, untranslated region.
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Figure 2. 
The RNA processing effect induced by expanded repeats and representative structures of 

single expansions in select diseases. (a) In normal repeat RNA, splicing proteins and 

transcription factors are available for proper processing to mature mRNA isoforms. When 

repeats are expanded in disease, proteins needed for efficient splicing are sequestered, 

leading to excess of mis-spliced mRNA isoforms. Adapted from Todd and Paulson, 2010.70 

(b) Secondary structures of repeat RNA and their associated diseases. Adapted from 

Blaszczyk et al, 2017.71 Abbreviations: N, nucleotide; HTT, Huntington gene; FMR1, 

Fragile X mental retardation 1; DMPK, DM1 protein kinase; ZNF9, Zinc finger protein 9.
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Figure 3. 
Small molecule-based targeting of r(CUG)exp repeats in DM1. (a) CTG expansion in the 

DMPK locus results in the transcription of r(CUG)exp repeats that then sequester MBNL 

proteins, leading to some of the characteristic phenotypes in DM1. Abbreviations: DMPK, 

DM1 protein kinase; MBNL, Muscle-blind protein 1. (b) Representative small molecule 

inhibitors of steps in DM1 repeat pathogenesis.
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Figure 4. 
Small molecule-based targeting of the miRNA biogenesis pathway. (a) Mechanism of action 

of miRNA-mediated gene silencing. (b) Example small molecule inhibitors of miRNA 

biogenesis. Abbreviations: pri-miRNA, primary miRNA; pre-miRNA, precursor miRNA; 

RISC, RNA-induced silencing complex.
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Figure 5. 
Traditional and emerging screens to identify small molecule miRNA inhibitors. (a) A 

standard luciferase-based reporter system used to identify small molecule miRNA inhibitors. 

Increase in luciferase signal indicative of translation is assumed to be caused by small 

molecule binding to miRNA or one if its precursors, thereby reducing binding of the mature 

miRNA to its target sequence. Adapted from Mahato et al.97 (b) A click-chemistry-based 

assay to identify small molecule inhibitors of Dicer-mediated processing. Adapted from 

Garner et al.108 Abbreviations: RISC, RNA-induced silencing complex.
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Figure 6. 
Structure, function, and small molecule binders of G-quadruplexes. (a) Nucleotide 

composition and base-pairing interactions in an RNA G-quadruplex and stacking of multiple 

G-quadruplexes. Adapted from Maiti et al.111 (b) Regulation of cap-dependent and 

independent translation by G-quadruplexes. Adapted from Balasubramanian et al.109 (c) 

Examples of small molecule stabilizers of G-quadruplexes in 5′-UTRs. Abbreviations: M+, 

monovalent metal cation; m7G, 7-methylguanylate; IRES, internal ribosomal entry site; 
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NRAS, Neuroblastoma RAS viral oncogene homolog; KRAS, Kirsten rat sarcoma viral 

oncogene homolog; ss, splice site; Bcl-X, B-cell lymphoma-extra.
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Figure 7. 
Small molecule-induced regulation of the SMN2 splicing mechanism. (a) The splicing 

mechanism of SMN1 (healthy protein) and SMN2 (disease protein) in which Exon 7 is 

included due to a SNP. (b) Small molecules shown to induce Exon 7 stabilization in SMN2 

gene. Abbreviations: SNP, single nucleotide polymorphism; SMN, survival motor neuron; 

ESE, exonic splicing enhancer; hnRNP G, heterogeneous nuclear ribonucleoprotein G; 

snRNP, small nuclear ribonucleoprotein; ss, splice site.
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Table 1

Classes of mammalian RNAs and their lengths, localization, and function.

RNA Class Length Subcellular Localization Function

Micro RNA (miRNA) 20-25 nt Cytoplasm Decay of target mRNA

Piwi-interacting RNA
(piRNA)

26-31 nt Nucleus Directing chromatin modification to repress transcription

Transfer RNA
(tRNA)

70-90 nt Cytoplasm Decoding mRNA sequence during translation

Small nucleolar RNA
(snoRNA)

60-200 nt Nucleus Guide for pre-ribosomal RNA processing and modification

Small nuclear RNA
(snRNA)

100-300 nt Nucleus Splicing

Long non-coding RNA
(lncRNA)

>200 nt Nucleus and Cytoplasm Transcriptional, epigenetic, and translational control

Ribosomal RNA
(rRNA)

2-5 kb Cytoplasm Major component of translation machinery

Messenger RNA
(mRNA)

2-5 kb Nucleus and Cytoplasm Contains regions that both regulate and code for protein synthesis

Abbreviations: nt, nucleotide; kb, kilobase.
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Table 2

Mammalian RNA structural elements in disease that have been successfully targeted with small molecules.

RNA Structural Element Location Disease Association

Expanded repeats Introns, 5′ and 3′ UTRs Huntington’s disease, Fragile X mental retardation 1, Myotonic dystrophy, 
Spinocerebellar ataxia 1

miRNAs N/A Various cancers

G-quadruplexes 5′-UTRs, splice sites Alzheimer’s disease, breast cancer, pancreatic cancer, prostate cancer

Splice sites Exon-intron junctions Frontotemporal dementia, Parkinson’s disease, obesity, spinal muscular atrophy

Abbreviations: UTR, Untranslated region; N/A, not applicable.

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2019 July 01.


	Abstract
	Graphical abstract
	Introduction
	Mammalian RNAs as therapeutic targets
	Oligonucleotides as Sequence-targeted Tools for Studying RNA Function in Mammalian Systems
	Small Molecules as Structure-targeted Tools for Studying RNA Function in Mammalian Systems

	MAMMALIAN RNAs TARGETED WITH BIOACTIVE SMALL MOLECULES
	Expanded Repeats
	Micro-RNAs (miRNAs)
	G-quadruplexes in 5′-UTRs and Splice Sites
	Pre-mRNA splice sites

	UNDEREXPLORED MAMMALIAN RNA TARGETS FOR SMALL MOLECULE INTERVENTION
	Mammalian Ribosomal RNA
	Long non-coding RNAs (lncRNAs)
	LncRNA structural domains
	X-inactive specific transcript (XIST)
	Metastasis-associated lung-adenocarcinoma transcript 1 (MALAT1)

	LncRNA-protein interactions
	HOX-transcript antisense RNA (HOTAIR)
	Second chromosome locus associated with prostate 1 (SChLAP1)

	LncRNA-DNA interactions

	Underexplored G-quadruplexes, including lncRNA
	Underexplored repeats
	Unexplored splice variants
	Promoter-associated RNAs (paRNAs)
	Small nucleolar RNAs (snoRNAs)
	RNA modifications
	Conclusion and Outlook

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1
	Table 2

