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ABSTRACT

The design and discovery of small molecule medicines has largely been focused on a small 

number of druggable protein families.  A new paradigm is emerging, however, in which small 

molecules exert a biological effect by interacting with RNA, both to study human disease biology 

and provide lead therapeutic modalities.  Due to this potential for expanding target pipelines and 

treating a larger number of human diseases, robust platforms for the rational design and 

optimization of small molecules interacting with RNAs (SMIRNAs) are in high demand.  This 

review highlights three major pillars in this area.  First, the transcriptome-wide identification and 

validation of structured RNA elements, or motifs, within disease-causing RNAs directly from 

sequence is presented.  Second, we provide an overview of high-throughput screening 

approaches to identify SMIRNAs as well as discuss the lead identification strategy, Inforna, which 

decodes the three-dimensional (3D) conformation of RNA motifs with small molecule binding 

partners, directly from sequence.  An emphasis is placed on target validation methods to study 

the causality between modulating the RNA motif in vitro and the phenotypic outcome in cells.  

Third, emergent modalities that convert occupancy-driven mode of action SMIRNAs into event-

driven small molecule chemical probes, such as RNA cleavers and degraders, are presented.  

Finally, the future of the small molecule RNA therapeutics field is discussed as well as hurdles to 

overcome to develop potent and selective RNA-centric chemical probes. 
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1.  Introduction 

Most drug discovery campaigns, both past and present, are focused on protein targets.  

Decades of technological advancements and scientific discoveries have been dedicated to 

exploring the proteome and modulating protein activity for therapeutic benefit.  These efforts 

yielded chemical probes to test mechanistic hypotheses, uncover new biology, and manipulate 

biological processes.  Ultimately, this knowledge has been translated into novel and safe 

medicines for a plethora of human diseases.  However, druggable proteins are confined to a small 

set of families.  To expand druggability and increase our understanding of disease biology, many 

have turned to RNA targets.  RNA is best known for its role in translation, where messenger RNAs 

(mRNAs) are translated into proteins via the ribosome, a complex macromolecular machine 

composed of ribosomal RNAs (rRNAs) and proteins, in conjunction with transfer RNAs (tRNAs).  

The functions of RNA, however, go well beyond this critical role in biology.  For example, RNA 

molecules encode unique secondary and tertiary structures that have biological functions on their 

own (acting in cis) or can recruit other factors (RNAs, proteins) to assist in their function (acting 

in trans). 

As many disease phenotypes can be traced back to dysregulation of RNA function, 

various approaches have been employed to target disease-causing RNAs for therapeutic benefit.  

The two most studied modalities are antisense oligonucleotides (ASOs) and small molecules, i.e. 

small molecules interacting with RNAs (SMIRNAs), which fundamentally differ in their modes of 

action.1  ASOs, in general, consist of modified nucleotides, either via the backbone or sugar 

moiety, and are designed by sequence complementarity.  That is, ASOs recognize RNA primary

sequence (Fig. 1A) and hybridize to cognate disease-causing RNAs to: i) sterically block the 

assembly of RNA-protein or RNA-RNA interactions; or ii) promote degradation of the disease-

causing RNAs via Ribonuclease H (RNase H), an endoribonuclease that hydrolyzes the 

phosphodiester bonds of the RNA strand in RNA-DNA heteroduplexes.  Although the design and 
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generation of complementary ASOs for any given disease-causing RNA is rapid and 

straightforward, their binding sites must be accessible, i.e., unstructured.  Both RNA’s 

intramolecular (secondary and tertiary) structures and intermolecular structures with other 

biomolecules can affect ASO binding in cellular context.  

In contrast to ASOs, SMIRNAs recognize unique three-dimensional (3D) RNA 

conformations, or structure.  RNA secondary structure is dictated by its sequence, which restricts 

and directs the formation of intramolecular base pairing, generating helical regions interspersed 

with loops, bulges, and hairpins (Fig. 1B)  (See reference 2 and citations therein for a detailed 

description of structured RNA motifs).  That is, the overall secondary structure of an RNA can be 

viewed as modules of structured elements, or motifs, strung together.  Though built only on four 

nucleotide building blocks, RNA sequence encodes dynamic and sufficiently unique ensembles 

of 3D folds that can be targeted and/or stabilized selectively by small molecules (Fig. 1C).  

Importantly, RNA secondary structure can be predicted or determined accurately from RNA 

sequence.  Secondary structure then constrains available tertiary interactions and thus tertiary 

structure (Fig. 1C).  As tertiary structures are generally weak, they can be disrupted by small 

molecule binding, affecting the RNA’s function.

Small molecules offer several advantages that support their use as a viable modality to 

target 3D folds of structured motifs within RNA.  For example, structurally related analogs can be 

used to define structure-activity relationships (SAR), informing lead optimization for biological 

activity and selectivity.  Moreover, SMIRNAs targeting adjacent structured RNA motifs can be 

covalently linked together, yielding dimeric molecules with increased binding affinity and 

selectivity compared to the individual compounds from which they were derived.1  Finally, 

SMIRNAs can be functionalized with various modules to affect direct cleavage, to induce 

degradation via recruitment of endogenous nucleases,3 or to image disease-causing RNAs 

through on-site synthesis of a Förster resonance energy transfer (FRET) pair.  These features 
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expand SMIRNAs mode of action to explore RNA biology and to provide therapeutic opportunities 

for many human diseases mediated by RNA structures.    

This review highlights three key components required to design high-quality SMIRNAs 

with defined RNA-centric modes of action: 1) state-of-the-art approaches to identify ligandable 3D 

structured motifs within RNA that are evolutionarily conserved and hence likely to be functional; 

2) methods to target structured motifs within RNA; and 3) RNA target validation methods.  We 

also highlight novel modalities developed by converting occupancy-driven SMIRNAs into event-

driven chemical probes (RNA cleavers and degraders), that ablate disease-causing RNAs.  

Finally, we offer an overview of the future challenges that need to be overcome to facilitate the 

design and optimization of potent and selective small molecule RNA therapeutics in a robust and 

rational fashion.  A comprehensive review of targeting disease-causing RNAs extending beyond 

this tutorial can be found in reference 4.

2.  The Role of RNA Structure in Biology & Disease

RNA structure is intimately linked to both normal biology and disease pathology.5  RNA 

structures range from simple loops and bulges to more complex structures such as coaxial 

stacking, pseudoknots, and other tertiary structures.  Indeed, these structures influence and 

dictate human biology, ranging from the regulation of translation, to splice site selection, and 

catalysis.  RNA structure also controls viral replication and infection as well as bacterial gene 

expression (riboswitches).  As these topics have been extensively reviewed, we direct the reader 

to the excellent references below for additional details.  

Not surprisingly, RNA mutation and aberrant expression can trigger disease by causing 

deregulation of normal cellular processes.  For example, transcriptomic studies have revealed 

that microRNAs (miRNAs), small regulatory RNAs that modulate gene expression by binding to 

complementary mRNAs, are commonly dysregulated in tumor tissue, suggesting a mechanism 
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by which cancer cells downregulate tumor suppressor genes or enhance expression of 

oncogenes.  Aberrant expression of miRNAs, whether up- or down-regulated, has been linked to 

many other diseases, including cardiovascular disease, inflammatory and neurodevelopmental 

disorders and liver disease. 

RNA structure has also been implicated in many neurological disorders.  RNA repeat 

expansions cause over 30 human diseases, including Huntington’s disease (HD) [r(CAG)exp], 

amyotrophic lateral sclerosis (ALS) [r(G4C2)exp] and myotonic dystrophy type 1 (DM1) [r(CUG)exp].  

In these disorders, the repeating RNA, often found in intronic or untranslated regions (UTRs), 

form hairpin structures containing repeating structured RNA motifs that interfere with normal RNA 

processing and function.  These structures can sequester RNA-binding proteins, lead to the 

formation of nuclear foci, and undergo repeat-associated non-ATG (RAN) translation.  This 

disruption in normal biology has substantial consequences, leading to disease pathologies that 

are both common and unique to different microsatellite disorders.  

Collectively, regulation and maintenance of RNA structure is critically important to sustain 

normal biology, and identification of novel functional RNA structures (discussed below) featuring 

motifs that can be targeted with SMIRNAs will be critically important to study RNA’s role in disease 

for therapeutic benefit.      

3.  Methods to Identify Functional RNA Structures via Evolutionary Conservation

3.1 Overview of RNA Structure Prediction

An RNA structure is defined by the intramolecular base pairs which form as the RNA 

molecule folds back on itself, i.e., by the helices formed between complementary stretches of 

RNA.  The composite strength of base pairs in a secondary structure are relatively strong 

compared to the weaker interactions that form an RNA’s tertiary structure.  Generally, the 

formation of RNA tertiary structure does not alter the underlying secondary structure and is 
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instead guided by it in a hierarchical manner.  Therefore, the accurate prediction of RNA 

secondary structure is highly valuable when defining a RNA’s structured landscape in order to: i) 

generate biological hypotheses about RNA structure-function relationships; and ii) identify 

structured 3D folds within RNA for modulation with SMIRNAs.  

When predicting a single secondary structure model for a given RNA sequence, the most 

frequently used method is free energy minimization.  This method calculates the most stable 

secondary structure (i.e., the structure with the most negative Go
37) as evaluated from an 

underlying set of experimentally-derived thermodynamic parameters.  The key assumption is the 

base pairing pattern that yields the most stable minimum free energy (MFE) secondary structure 

is also the best representation of the native fold.  The reality of RNA folding is of course much 

more complicated in the cellular milieu, where a multitude of 3D conformations can not only exist, 

but also interconvert, depending on environmental factors and external stimuli.  Therefore, the 

predictions made via free energy minimization methods serve only as a valuable guide for building 

hypotheses as to the structured RNA motifs responsible for the phenotype(s) of interest.  

The accuracy of secondary structure prediction by free energy minimization, however, 

decreases with sequences >700 nucleotides (such as mRNAs or viral genomes).6  For example, 

RNA folding algorithms performed best when the analyzed sequence length was restricted to 

between 100 and 150 nucleotides, thus limiting the analysis to locally stable RNA regions rather 

than calculating the most globally stable structure.  Further, free energy minimization alone cannot 

clearly define whether a structured RNA motif is functional.  

Recently, tools have been developed to predict structured RNA motifs throughout the 

transcriptome.7  These tools consider two hallmarks of functional RNAs: i) unusual structural 

stability; and ii) evolutionarily conserved base pairs.  These approaches focus on finding not only 

well-defined, i.e. stable RNA structures, but also structured elements that are more stable than 

expected for their nucleotide composition (as characterized by the thermodynamic z-score (Eq. 
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1).  Further, if a specific RNA structure is likely to be functional, conservation across homologous 

sequences (as indicated by mutations which retain the secondary structure) should be observed. 

 𝑧 ― score =
MFEnative ― MFErandom

σ #𝐸𝑞. 1

As shown in Eq. 1, the z-score compares the MFE of a sequence within an RNA of interest 

(MFEnative) to the average MFE of a set of randomized RNA sequences (MFErandom), normalized 

by the standard deviation (SD; σ) of the MFE.  That is, a native RNA sequence that is more 

thermodynamically stable (lower MFE) than a set of randomized sequences will yield a negative 

z-score and be considered to form a stable structure.  The z-score reports the number of SDs the 

native MFE is away from the average MFE from random sequences with similar nucleotide 

composition.

Indeed, the most reliable tools to date for computational prediction of functional RNA 

secondary structures from sequence7 incorporate these strategies.  The Moss Lab has recently 

developed a computational method which prioritizes RNA structural characterization and analysis 

followed by conservation analysis.  This method, named ScanFold,8 characterizes the structured 

landscape of any large RNA sequence (Fig. 1D and (Supplementary Table 1)).  In brief, 

ScanFold analyzes RNA sequences using a scanning window approach and reports the results 

of MFE and ensemble-based predictions across the entire sequence.  

Whenever available, the predicted secondary structures are further validated with RNA 

structural data obtained from chemical probing experiments in cells, for example using dimethyl 

sulfate (DMS) or selective 2’-hydroxyl acylation analyzed by primer extension (SHAPE).9, 10  

These chemical probing reagents react with non-canonically paired or single stranded 

nucleotides, modifying the bases in the case of DMS or the sugar moieties of dynamic nucleotides 

in the case of SHAPE.  After modification, the RNAs are then analyzed by RNA sequencing (RNA-

seq), which requires reverse transcription (RT) and polymerase chain reaction (PCR) 

amplification.  Reaction of a nucleotide with a mapping reagent creates a unique signature during 
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reverse transcription, either by preventing readthrough resulting in a “stop” or creating a mutation.  

The reactivity of each nucleotide with the chemical modifying reagent, or the extent of termination 

of the RT-PCR step, is calculated as normalized to untreated RNA.  Increased reactivity indicates 

that the nucleotide is not canonically base paired.  These data can then be used as checks on 

existing structure models or used directly during MFE calculations as a constraint on secondary 

structure predictions.

Base reactivities from structure probing are calculated and can be incorporated as 

constraints during MFE calculations in programs such as RNAfold11 (which ScanFold utilizes) or 

RNAstructure (Supplementary Table 1),6 and are then cross-referenced with ScanFold results.   

Incorporating such data helps to yield biologically relevant models of RNA secondary structure(s).  

Notably, results from chemical probing experiments must be carefully controlled and the statistical 

confidence of the resulting data must be calculated, as various artifacts arising from transcriptional 

noise, limitations of high-throughput experimentation, and computational analysis errors can 

generate erroneous RNA structures.    

To date, ScanFold has been applied to several genomes, including human,12 human 

immunodeficiency virus type 1 (HIV-1) and Zika virus (ZIKV),8 as well as mRNA sequences 

encoding microtubule-associated protein tau (tau)13 and α-synuclein (SNCA),14 the results of 

which are summarized below. 

3.2 Validation of ScanFold: Structured RNA Motifs within HIV-1 and ZIKV

The genomes of ZIKV and HIV-1 are composed of positive (+) sense (protein-coding) 

single-stranded RNA molecules: 10,807 and 9,175 nucleotides (nt) in length, respectively.  Their 

small genomes are translation-competent and, much like mRNAs, are composed of coding and 

non-coding regions, the former flanked by 5' and 3' UTRs.  Because of their relevance to human 

health, these viruses have been studied extensively and were each found to utilize several 
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structured RNA motifs to carry out aspects of their viral life cycles including replication, packaging, 

and translation.  Due to the thorough structural and functional characterization of these viral RNA 

structures, the HIV-1 and ZIKV genomes served as ideal RNA sequences to test ScanFold’s 

ability to detect structured RNA motifs. 

The ScanFold platform, introduced in Andrews et al.,8 accurately identified all known 

functional structures from the HIV-1 and ZIKV genomes and revealed additional potentially 

structured RNA motifs throughout each.  The ideal settings for detecting known structures in HIV-1 

and ZIKV were optimized in this report (where a window size of 120 nt was found to best 

recapitulate known functional models).  In a follow-up report, a detailed description of these 

settings were described to advise researchers using ScanFold on how to adjust settings for any 

RNA sequence.15  An emphasis was placed on practical usage, for quick and accurate 

characterization of an RNA’s overall landscape of structured motifs.  In this follow-up study, it was 

also revealed that ScanFold’s characterizations of HIV-1 and ZIKV agreed with available SHAPE 

probing data, accurately characterizing RNA regions as either housing a uniquely structured RNA 

motif (where low z-score structures correlated with unambiguous experimental results and high 

prediction accuracy) or a more dynamic/loose structure (where more positive z-score motifs 

correlated to experimental results which allow more than one structural interpretation and suggest 

an overall unstructured nature).  These results showed that while ScanFold excels at highlighting 

potential (and known) structured RNA motifs, it can also accurately characterize an RNA’s 

structural landscape.  Importantly, such results can be obtained quickly, easily, and using only a 

single sequence to point investigators towards potentially structured RNA motifs, which are likely 

to be biologically relevant. 

4. Methods to Target Functional, Evolutionarily Conserved Structures 
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The next challenge is to exploit the discovery of evolutionarily conserved structures to 

design small molecules that selectively recognize them and modulate RNA function.  There are 

at least three critical factors for the development of SMIRNAs: i) exploration of diverse chemical 

space to identify privileged chemotypes that selectively bind structured 3D folds within RNA(s); ii) 

complementary exploration of structured RNA 3D folds within disease-causing RNAs that form 

well-defined pockets for small molecule ligands; and iii) development of a bioinformatic platform 

that links i) and ii) and ultimately yields bioactive SMIRNAs against disease-causing RNAs. 

In order to gather data on the first two key factors, we developed the selection-based 

strategy termed two-dimensional combinatorial screening (2DCS) (Fig. 2).1, 16-18  2DCS is a 

massively parallel screening method that probes the interaction of small molecule libraries against 

libraries of structured RNA motifs found within cellular RNAs.  The library-vs-library screen is 

performed by covalently immobilizing or absorbing (dubbed AbsorbArray16) small molecules onto 

agarose-coated microarrays, followed by incubation with a labeled library of RNA motifs (Fig. 2).  

These RNA libraries contain thousands of structured RNA motifs in discrete patterns, featuring 

bulges, hairpins, internal loops, etc.  The screen is performed in the presence of excess 

competitor RNAs that mimic regions common to all RNA library members, DNA and RNA base 

pairs, and/or tRNAs (Fig. 2).  That is, the screen is completed under conditions of high 

oligonucleotide stringency.  This screening format can be performed with structurally related small 

molecules such that SAR can be derived or with diverse chemical matter to expand our 

understanding of chemotypes that confer avidity and selectivity for RNA.  This experimental 

approach is highly advantageous when compared to other small molecule microarray (SMM) 

approaches, which typically screen a single RNA target at a time.19  

RNAs that bind each small molecule are isolated from the surface of the 2DCS microarray, 

amplified, and subjected to RNA-seq analysis (Fig. 2).16  Simultaneously, an aliquot of the RNA 

library that was not incubated with the array is also amplified and analyzed by RNA-seq.  The 

RNA-seq data undergo a rigorous statistical analysis, named High Throughput Structure–Activity 
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Relationships Through Sequencing (HiT-StARTS), where the frequency of each structured RNA 

3D fold bound to the small molecule is compared to the frequency of each structured motif in the 

starting library.17  A pooled population comparison calculates the statistical significance of the 

enrichment, reported as a Z-score (Zobs) (Fig. 2).  We have shown that a Zobs > 8 represents 

an avid RNA motif-small molecule interaction and that the relative affinity of the interactions 

for a given SMIRNA directly correlates with Zobs.17  Importantly, the output of 2DCS and HiT-

StARTS are privileged RNA 3D fold-small molecule interactions, i.e. the RNA affinity landscape 

for each small molecule, which informs ligand design and potential off-targets (Fig. 2).

The third key factor to enable the rational design of SMIRNAs is a bioinformatic pipeline 

to link these privileged interactions to structured 3D folds found in evolutionarily conserved 

regions of cellular RNAs.  Indeed, our lead identification strategy, Inforna (Supplementary Table 

1),20 is this pipeline and has enabled the design of many bioactive small molecules that target 

disease-causing RNAs, as described in Sections 7 & 8.      

  

5. Other Methods to Identify Small Molecules that Bind RNA

 Various other approaches have been developed to identify small molecules that bind 

structured RNA motifs, particularly structure-based design.  As a starting point, structure-based 

design uses NMR spectroscopy or X-ray crystallography to generate an ensemble of 3D 

structures for an RNA motif either in its free form or in complex with a small molecule.  Then, 

virtual small molecule libraries can be docked into this ensemble and predicted hit molecules can 

be ranked according to the free energy of binding to the structured RNA motif.  The accuracy of 

these predictions, however, must subsequently be validated in vitro using various biophysical 

techniques.  Indeed, such combined approaches have been successfully implemented for viral 

RNAs including the hepatitis C virus (HCV) internal ribosomal entry site (IRES) and HIV 

transactivation response element (TAR) RNA.21 
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Besides structure-based design, a variety of other high-throughput screening methods 

have been employed to identify small molecules that bind structured RNA motifs.  However, in 

many cases, such approaches focus on a single RNA target.  That is, a library of small molecules 

is screened against a single structured RNA motif at a time, rather than the thousands of RNA 

motifs probed in a target agnostic fashion as in 2DCS.  These target-centric methods include 

SMMs, which have been used to identify ligands that bind the HIV TAR RNA, among others; 

fluorescent dye displacement assays or the use of a small molecule’s intrinsic fluorescence, which 

was used to identify small molecules that bind the long noncoding RNA (lncRNA) metastasis 

associated lung adenocarcinoma transcript 1 (MALAT1);22 or monitoring the change in 

fluorescence of RNAs containing fluorescent nucleosides23 or end-labeled RNA constructs, which 

identified small molecule binders to a self-splicing group II intron.  

Other emerging high-throughput screening methods for the identification of small 

molecules binding structured RNA motifs include automated ligand identification system (ALIS), 

which identifies RNA motif-small molecule binding partners through affinity-selection mass 

spectrometry (AS-MS), pattern recognition,24 SMM,25 and catalytic enzyme-linked click chemistry 

assay (cat-ELCCA), which can be used to screen for small molecule inhibitors of miRNA 

processing in vitro through the use of a system that amplifies chemiluminescence if processing is 

inhibited.26  Rational design and a variety of other screening methods have also been utilized to 

identify small molecules that bind RNA repeat expansions.27-29  Extensive reviews of these 

methods and the small molecules they identified can be found in the following references: 30-32.  

6.  Target Validation Methods   

One challenge in identifying high-quality SMIRNAs is confirming target engagement and 

to quantify its selectivity for the desired target relative to other RNAs featuring identical, similar, 

or disparate structured RNA motifs.1  Therefore, robust target validation approaches are of key 

importance to: i) confirm that phenotype modulation is a direct cause of the RNA-centric 
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mechanism of action of the SMIRNA, i.e. confirming cellular occupancy of the RNA target; and ii) 

to broadly profile the selectivity of SMIRNAs in a transcriptome-wide manner.  Indeed, various 

target engagement methods have been developed and validated to assess RNA target occupancy 

in vitro and in cells including cross-linking and cleavage-based approaches as well as competition 

experiments between a SMIRNA and an ASO.1  These methods, discussed in detail below, are 

imperative to implement as high-quality SMIRNAs are being developed for current, as well as 

emerging, RNA targets.  

Chemical Cross-linking and Isolation by Pull-Down (Chem-CLIP) is a target validation 

method in which a SMIRNA is appended with nucleic acid cross-linking (e.g. chlorambucil, 

diazirine) and purification (e.g. biotin) modules at positions that do not affect molecular recognition 

(Fig. 3).1, 33  In cells, the Chem-CLIP probe undergoes a proximity-induced cross-linking reaction 

upon binding a structured RNA motif.  Total RNA is extracted and cross-linked RNAs are isolated 

and purified by using the purification module, enriching them in the pulled-down fraction.  The 

RNA targets of the Chem-CLIP probe are then identified via RNA-seq or quantitative (q)RT-PCR 

(Fig. 3).  This method can also be used in a competitive fashion (C-Chem-CLIP) to confirm the 

target occupancy of an unmodified SMIRNA.1  That is, in C-Chem-CLIP, the SMIRNA competes 

for binding to the same RNA target as the Chem-CLIP probe, which prevents crosslinking and 

therefore decreases enrichment of the RNA target.  Additionally, the Chem-CLIP probe can be 

used to map binding sites of SMIRNAs in cells via Chem-CLIP-Map-Seq (Fig. 3).1, 33  Here, after 

cross-linking, the bound RNAs isolated from cells are reverse transcribed, PCR amplified, and 

sequenced.  The binding sites of SMIRNAs on RNA targets can then be identified by 

deconvolution of RT “stops”, which are proximal to the cross-linking sites.  

Complementary to Chem-CLIP is the cleavage-based approach named small-

molecule nucleic acid profiling by cleavage applied to RNA (RiboSNAP; Fig. 3), which has been 

used to confirm target engagement, map binding sites, and profile off-targets of SMIRNAs in vitro 

and in cells.1, 33  In RiboSNAP, a SMIRNA is appended to a nucleic acid cleaving module, such 
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as bleomycin A5,34 at a position that does not contribute to the binding of the SMIRNA to the 

target (Fig. 3).  Attachment of bleomycin A5 via its primary amino group has been shown to 

eliminate off-target DNA cleavage upon amide bond formation.1  Thus, the bleomycin-SMIRNA 

conjugate selectively cleaves sequences proximal to the structured RNA motifs engaged by the 

SMIRNA.  Cellular targets of SMIRNAs are then identified through RNA-seq or RT-qPCR, where 

the abundance of targeted RNAs are reduced as a result of the RiboSNAP probe.  Similarly to C-

Chem-CLIP, the competitive version of RiboSNAP, coined C-RiboSNAP, can also be employed 

to study the parent compound (Fig. 3).  SMIRNAs that compete with the RiboSNAP probe for the 

same RNA binding site will reduce the amount of cleavage.1  Cellular mapping of binding sites 

can also be accomplished with RiboSNAP probes, or RiboSNAP-Map, using RNA target-specific 

RT primers to identify the cleavage site.1 

Although both Chem-CLIP and RiboSNAP have been robustly applied to validate 

engagement of SMIRNAs to various RNA targets, both require chemical functionalization of the 

SMIRNA, which can be laborious, multi-step synthetic procedures.  Therefore, the development 

of label free target validation methods that avoid chemical derivatization of SMIRNAs are highly 

desirable.  As an example, ASO-Bind-Map18 exploits the endogenous activity of RNase H to 

cleave RNA-DNA heteroduplexes instead of derivatizing the SMIRNA (Fig. 3).  To validate target 

engagement and map the binding site of a SMIRNA using ASO-Bind-Map, ASOs are designed to 

span the target RNA binding site such that upon RNA-DNA heteroduplex formation, RNase H 

efficiently cleaves the RNA target.  If binding of a SMIRNA, however, thermally stabilizes the RNA 

binding site or triggers a conformational change that hinders the hybridization of an ASO, 

cleavage will be inhibited, which can be read out using RT-qPCR or RNA-seq (Fig. 3).  ASO-Bind-

Map is advantageous over other reagents that map RNA structure to determine binding sites.  

These modification agents, such as DMS and SHAPE, require highly resident small molecule 

interactions that may not be able to inhibit an irreversible reaction with the chemical modifier.  

Additionally, the sites that react with mapping reagents may not overlap with small molecule 
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binding sites.  Collectively, ASO-Bind-Map can confirm the binding site(s) and selectivity of 

SMIRNAs, both in vitro and in cells.  However, unlike Chem-CLIP and RiboSNAP, this method is 

not target agnostic and cannot be applied across the transcriptome.  

Collectively, the target validation methods presented in this section offer unparalleled 

accessibility to assess RNA target occupancy, profile off-targets, and map binding sites of 

SMIRNAs in vitro and in cells.  Application of these methods early in the development of SMIRNAs 

is key to developing high-quality chemical probes that modulate disease biology with a defined, 

RNA-centric mode of action. 

7. Targeting Disease-Causing RNAs with SMIRNAs, Enabled by Inforna

Structured RNAs have long been linked to disease,5 making them ideal targets for novel 

SMIRNAs.  For example, dysregulation of miRNA expression has been linked to cancers of the 

lung, prostate, and breast, cardiovascular disease, inflammatory disorders, and liver disease.35  

Additionally, neurotoxic proteins such as SNCA14 and tau13 are encoded by pre-mRNAs featuring 

unique 3D structured RNA motifs, further substantiating the therapeutic potential of targeting 

disease-causing RNAs with small molecules.  Our lead identification strategy, Inforna,20 can be 

utilized to assess the ligandability of these disease-relevant RNA 3D folds and rapidly identify 

privileged SMIRNAs that target these structures and affect disease biology. 

7.1 The RNA Structurome of Human miRNA Precursors

As mentioned above, miRNAs regulate a myriad of biological processes and their 

dysregulation triggers a wide variety of human diseases.35  Thus, they are an important class of 

emergent therapeutic targets.  Fortuitously, miRNA precursors fold into accurately predicted 

structures, forming well-defined structured 3D folds that can be recognized by small molecules.  

Indeed, blocking miRNA processing sites could directly inhibit miRNA biogenesis, i.e. reduce 
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mature miRNA levels, and consequently deactivate signaling pathways modulated by mature 

miRNAs.    

Liu et al.36 cataloged all structured motifs formed by human miRNA precursor hairpins in 

an effort to enable lead design by Inforna (Supplementary Table 1).  Over 7000 motifs were 

cataloged, among which small loops, such as 1-nucleotide bulges and 1×1 internal loops, were 

highly represented.  These bulges and loops featured various closing base pairs, increasing the 

overall diversity of structured RNA motifs within the miRNome and hence the ensemble of 3D 

folds amenable to SMIRNA targeting.  

Further, 752 unique functional RNA motifs within Dicer (n=451) and Drosha (n=301) 

processing sites were reported.  Among these, only 10 were identified in other highly expressed 

human RNAs (potential off-targets), rendering the remaining motifs highly valuable as SMIRNA 

binding sites.  That is, there are a plethora of well-defined structured RNA motifs present within 

the Drosha and Dicer processing sites of miRNAs that could be selectively targeted with 

SMIRNAs.  Access to this database of motifs present within human miRNA hairpin precursors is 

accessible upon request (Supplementary Table 1).

7.1.1 Small Molecules that Recognize the 3D Fold of Oncogenic pri-miR-96 

In the inaugural study to validate Inforna as a lead identification strategy, we compared 

the structured 3D folds in all human miRNA hairpin precursors to our database of privileged RNA 

fold-small molecule interactions.20  The hits were further refined by disease-association and 

requiring the small molecule to occupy the Drosha or Dicer processing site.  We studied each 

potential interaction in cells by measuring reduction of mature miRNA levels, affording a hit rate 

of 44%.  

The optimal interaction from this query, as defined by inspection of affinity landscapes, 

was between the Drosha site of pri-miR-96, 5’UUU/3’AUA (1×1 UU internal loop), and monomeric 
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compound 96-SM1 (Fig. 4A).  We therefore studied the effects of 96-SM1 in more detail, 

confirming compound mode of action (inhibition of Drosha processing), de-repression of the 

downstream pro-apoptotic transcription factor Forkhead box protein O1 (FOXO1), and induction 

of apoptosis.  Importantly, knock down of FOXO1 by an siRNA reduced 96-SM1’s activity, 

providing further evidence that the observed rescue of phenotype is through the miR-96-FOXO1 

circuit.  Additional in cellulis selectivity studies via miRNA profiling by RT-qPCR of detectable 

miRNAs showed that 96-SM1 significantly affected only miR-96 levels and was as selective as 

an ASO antagomiR.  

Although 96-SM1 inhibited miR-96 levels in cells, its cellular potency (IC50 of ~ 20 M) was 

not sufficient for in vivo studies.  Numerous examples, including this study, have shown that 

covalently linking monomeric units targeting adjacent structured RNA motifs increases binding 

affinity and potency.1  We therefore used Inforna to identify SMIRNAs that engage motifs adjacent 

to pri-miR-96’s Drosha site.  This search yielded a small molecule binder 96-SM2 (Fig. 4A) of a 

nearby 5’CGA/3’UGG (1×1 GG) internal loop.37  Linking 96-SM1 and 96-SM2 via a peptoid linker 

afforded dimeric compound Targaprimir-96 (in which “Targa” indicates targets and “primiR-96” 

indicates pri-miR-96; TGP-96) (Fig. 4A).  Notably, the optimal length of the peptoid linker was 

experimentally determined to mimic the precise distance between the Drosha site and the 1×1 

GG internal loop.37  Indeed, TGP-96 bound ~40-fold more tightly to pri-miR-96 than 96-SM1 and 

~30-fold more avidly than 96-SM2.  In a triple negative breast cancer (TNBC) cell line, MDA-MB-

231, TGP-96 decreased mature miR-96 levels and increased levels of pri-miR-96, as a result of 

inhibiting Drosha processing at a dose of 50 nM.37  As expected, TGP-96 also boosted levels of 

FOXO1 and triggered apoptosis, but at an 800-fold lower concentration.  Importantly, in this study 

direct target engagement of pri-miR-96 by TGP-96 in cells was demonstrated using both Chem-

CLIP and C-Chem-CLIP.  The TGP-96 Chem-CLIP probe was used in a follow-up study to map 

the exact binding site of TGP-96 within pri-miR-96, the Drosha binding site, which was further 

validated by RiboSNAP-Map.              
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Fortuitously, TGP-96 has a favorable drug metabolism and pharmacokinetic profile.  In 

vivo studies using NOD/SCID mice injected with MDA-MB-231 cells to form breast tumors showed 

that TGP-96 (10 mg/kg) reduced tumor growth by inhibiting miR-96 biogenesis and increasing 

FOXO1.  Collectively, these studies validated Inforna as a lead identification strategy, utilizing 

primary RNA sequence to mine small molecules targeting structured 3D folds within disease-

causing miRNA.  This approach allows for the subsequent modular assembly of identified small 

molecules to improve the potency and selectivity of SMIRNAs.  Ultimately, Inforna provides the 

means of directly connecting structured 3D folds with privileged small molecule interactions.  

Moreover, Inforna’s SMIRNA predictions readily translate into biological activity in disease-

relevant cell lines as a result of the RNA-centric mode of action.

7.1.2 A Small Molecule that Recognizes the 3D Fold of Oncogenic pre-miR-210

One clinical feature of difficult to treat and aggressive cancers is hypoxia, a reduction in 

normal levels of tissue oxygenation.  Tumors with hypoxia exhibit increased resistance to radiation 

and chemotherapy and are associated with increased invasion.  Thus, modulation of hypoxia-

associated pathways is an important therapeutic target.  MiR-210 is key to adaption to a low 

oxygen environment, and its expression under hypoxia is upregulated by hypoxia inducible factors 

(HIFs), as has been demonstrated in oxygen depleted solid tumors.  At the molecular level, miR-

210 represses glycerol-3-phosphate dehydrogenase 1-like (GPDL1), which leads to suppression 

of prolyl hydroxylase (PHD).38  Under normoxic conditions, PHD hydroxylates proline residues in 

HIF-1α, preventing its interaction with HIF-1 therefore blocking the formation of the HIF-1α/HIF-

1β heterodimer, which functions as a turn-on switch for genes that contribute to metastasis.  Thus, 

suppression of PHD due to elevated levels of miR-210 enables adaptation and metastasis of 

cancer cells.38  In MDA-MB-231 TNBC cells, miR-210 levels are upregulated significantly under 

hypoxic conditions compared to normoxic conditions.
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Inforna identified a SMIRNA, Targapremir-210 (TGP-210; Kd ~ 200 nM), that targets the 

Dicer processing site of pre-miR-210, which features a 5’ACU/3’ACU (1×1 CC) internal loop (Fig. 

4B).39  TGP-210 inhibited pre-miR-210 processing by Dicer in vitro and in MDA-MB-231 TNBC 

cells (IC50 ~ 200 nM), as demonstrated by decreased levels of mature miR-210 and increased 

levels of pre-miR-210 and upon compound treatment.39  As a result of inhibiting miR-210 

biogenesis, levels of GPDL1 mRNA were increased, HIF-1α mRNA levels were decreased, and 

apoptosis was triggered selectively in hypoxic MDA-MB-231 cells.38  That is, TGP-210 modulated 

the hypoxic miR-210–HIF-1α axis via GPDL1.  Microarray analysis of all human miRNAs revealed 

that TGP-210 was selective, similar to a miR-210-targeted antagomiR.  Chem-CLIP and C-Chem-

CLIP studies showed direct target engagement of both the TGP-210 Chem-CLIP probe and TGP-

210 itself.39  In particular, the Chem-CLIP probe selectively enriched miR-210, and this enrichment 

was depleted by addition of TGP-210.  As a further measure of selectivity, the enrichment of other 

miRNAs that have motifs recognized by TGP-210 as predicted by Inforna, or RNA isoforms, was 

also measured.  Of these 15 RNA isoforms, only miR-497 contained the same 1×1 CC internal 

loop as miR-210, while the other 14 isoforms featured motifs with weaker affinity for TGP-210.  Of 

these 15 miRNAs, the TGP-210-Chem-CLIP-probe only enriched four, including miR-497; 

however, they were enriched to a lesser extent than miR-210 as they bind TGP-210 less avidly 

or were less abundant.39  Importantly, TGP-210 did not inhibit the biogenesis of these enriched 

miRNAs despite engaging them in cells because binding did not occur in a functional, i.e., Dicer 

or Drosha processing, site or these miRNAs were less abundant and contained weaker affinity 

motifs.  Further, TGP-210 treatment decreased tumor burden in vivo using a NOD/SCID mouse 

model of hypoxic breast cancer.  

Taken together, the study elucidated important insights into SMIRNAs targeting structured 

RNA motifs.  For example, a SMIRNA must engage a functional RNA motif (Dicer site in the case 

of TGP-210; or Drosha) within the disease-causing miRNA, and selectivity can be obtained if the 

target miRNA is expressed at sufficiently higher levels than potential off-targets.               

Page 20 of 50Chemical Society Reviews



21

                

7.1.3 Small Molecules that Recognize the 3D Fold of pri-miR-515, a miRNA with a Pivotal 

Role in Cell Signaling 

Fortuitously for miR-210, potential off-target liabilities were ameliorated because their 

small molecule binding sites occurred outside of processing sites, however, this is unlikely to be 

the case for other RNA targeting endeavors, which begs the question of how to selectively target 

one RNA over another if they harbor the same motif in a functional site.  A case study of pri-miR-

515 and pri-miR-885 sought to provide a general solution to this problem.  The two miRNAs have 

similar loops in their Drosha binding sites, 5’UCA/3’AUU (miR-515) and 5’UCU/3’AUA (miR-885), 

that bind with similar affinity to a small molecule identified by Inforna, Targaprimir-515/885 (TGP-

515/885) (Fig. 4C).  Further, the processing of both is inhibited to a similar extent in MCF-7 cells.20   

In order to selectively target miR-515 over miR-885, Costales et al.40 employed a modular 

approach to exploit the differences in the two miRNAs’ 3D folds.  In particular, pri-miR-515 

features an adjacent 5’UUC/3’GCG loop not present in pri-miR-885 (Fig. 4C).  We therefore used 

Inforna to identify a small molecule lead for this loop.  Tethering the two RNA-binding modules 

via a linker of precise length afforded Targaprimir-515 (TGP-515) (Fig. 4C).  As compared to 

TGP-515/885, TGP-515 was ~250-fold more avid and >3200-fold more selective in vitro, 

validating the modular assembly strategy to bolster binding affinity and selectivity.40  Interestingly, 

TGP-515 did not bind an RNA with only a singular binding site.  This effect can be traced in part 

to TGP-515’s self-structure, acting as a stringency clamp. The increased avidity and selectivity 

observed in vitro translated in cellulis, where TGP-515 inhibited biogenesis of miR-515, reducing 

mature levels and boosting pri-miRNA levels, while not affecting miR-885.40  This selectivity was 

widespread across the miRNome, as determined by RT-qPCR profiling of all miRNAs detectable 

in MCF-7 cells.40  

A key downstream target of miR-515 is sphingosine kinase 1 (SK1) protein that 

synthesizes sphingosine 1-phosphate (S1P), a second messenger involved in migration.  As 
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expected, inhibition of pri-miR-515 by TGP-515 increased levels of both SK1 and S1P.  Further, 

the compound’s effect was reduced by both an siRNA directed at SK1 mRNA and a small 

molecule inhibitor of SK1, validating the compound’s mode of action.  A proteome-wide study 

upon TGP-515 treatment revealed that human epidermal growth factor receptor 2 (HER2) was 

significantly upregulated.  Interestingly, MCF-7 cells are HER2-negative, and these results 

suggest that they may be sensitized to treatment with anti-HER2 precision medicines.  Indeed, 

TGP-515 sensitized MCF-7 cells to Herceptin.  In conclusion, this study provided a general 

strategy to lead optimize a dual-targeting SMIRNA into a single-target, selective compound. 

7.2 Targeting the IRE within the 5' UTR of SNCA mRNA with Synucleozid

7.2.1 Prediction of RNA Structural Motifs within SNCA mRNA that Encodes an IDP

SNCA, or α-synuclein, is a critical component in the pathogenesis of Parkinson’s disease 

and belongs to a class of genes defined as producing intrinsically disordered proteins (IDPs), 

meaning that the proteins do not form a well-defined tertiary structure.  Therefore, SNCA, as well 

as other IDPs, do not feature defined pockets that can accommodate small molecules.  The RNAs 

encoding these proteins, however, could contain structured RNA motifs more amenable to small 

molecule targeting, therefore providing a viable therapeutic alternative.  Indeed, the SNCA mRNA 

contains various structured RNA motifs within its 5′ UTR, known as an iron-responsive element 

(IRE), whose secondary structure was found to be targetable by a small molecule, thus altering 

protein translation.14 

ScanFold was used by Zhang et. al.14 to define the structured motif landscape of all IDPs 

encoding human mRNAs, including SNCA.  In this case, ScanFold results were used to 

determine if these mRNAs were particularly enriched for unusually stable structures (leading to 

lower average z-scores across the entire mRNA sequence).  While IDP-encoding mRNAs overall 

did not appear to be any more enriched with unusually stable structures than the average mRNA, 
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for each IDP mRNA that was scanned, there was at least one region which contained well-defined, 

structured RNA motifs.  The important finding of ScanFold results was that structure-less IDPs 

are produced from intrinsically structured mRNAs, opening up new therapeutic modalities for 

diseases caused by IDPs.  In the SNCA mRNA, for example, 36% of its 3,167 nt contribute to 

structures that generate significantly low z-scores.  These nt are organized into many new 

structured motifs, beyond the known IRE structure that was recently targeted by Zhang et. al.14  

7.2.2 Targeting the SNCA IRE to Selectively Inhibit Translation 

SNCA is an IDP involved in Parkinson’s disease (PD) that contributes to neurotoxicity by 

accumulating in Lewy bodies.  Thus, lowering SNCA protein levels, by preventing its translation, 

could mitigate neurotoxicity in PD.  Since SNCA protein is difficult to target, an alternative method 

to reduce protein levels is to target SNCA mRNA and inhibit translation.  Fortuitously, the 5' UTR 

of SNCA mRNA contains a structured IRE that directly modulates protein production as a function 

of iron levels via iron regulatory protein (IRP).  Using Inforna, a small molecule named 

Synucleozid (Fig. 5) was identified to bind the 5'G_G/3'CAU A bulge in the IRE, along with other 

SMIRNAs.14  Only Synucleozid reduced SNCA levels in cells without affecting SNCA mRNA 

expression, and this reduction conferred cytoprotection against cell death caused by aggregation 

of pre-formed SNCA fibrils.  Furthermore, selective inhibition of translation was observed as the 

compound did not affect the translation of other mRNA sequences featuring IREs with different 

structures in their 5' UTRs, such as amyloid precursor protein (APP) and prion protein (PrP). 

Target engagement was demonstrated and the exact binding site of Synucleozid was 

defined both in vitro and in cells using ASO-Bind-Map.14  Careful design of ASOs spanning 

SNCA’s IRE confirmed that Synucleozid targets the 5’G_G/3’CAU structural motif both in vitro 

and in cells.  Optical melting experiments showed that Synucleozid thermally stabilizes the IRE.  

Cellular mechanistic studies demonstrated that Synucleozid selectively inhibited SNCA’s 

translation via this stabilization, which alters ribosomal loading.  Furthermore, proteome- and 
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transcriptome-wide studies showed that Synucleozid exhibited favorable selectivity at both the 

protein and RNA levels (Fig. 5).  

Importantly, transcriptome-wide analysis of mRNAs that encode IDPs revealed that each 

has structured RNA motifs that could be targeted with small molecules.14  Collectively, these 

studies demonstrate the potential for targeting proteins with poorly defined tertiary structure at the 

level of their structured coding mRNAs.  

7.3 Targeting MAPT pre-mRNA with SMIRNAs

7.3.1 Prediction and Validation of Structured RNA Motifs within Tau’s pre-mRNA

Tau protein, encoded by MAPT, stimulates microtubule assembly and stability, with 

different isoforms playing roles in cytoskeletal plasticity and stability.  Differential expression of 

tau isoforms in the nervous system is involved in the establishment and maintenance of neuronal 

polarity.  Not surprisingly, dysregulation of tau levels, as a result of mutations, leads to several 

neurodegenerative disorders, collectively termed tauopathies, including Alzheimer's and 

Parkinson’s diseases.  They are marked by the aberrant deposition of protein into tau inclusion 

bodies leading to deleterious phenotypes such as neurodegeneration.  As there are currently no 

effective therapeutics for tauopathies, likely due to the fact that is it is an IDP, the selective 

reduction of tau levels provides a viable therapeutic option.  

Chen et al.13 applied ScanFold to tau’s pre-mRNA sequence to explore the existence of 

structured RNA motifs that may be functionally relevant, and potentially targetable with SMIRNAs 

(Fig. 6A).  Novel structured RNA motifs were discovered, especially at exon-intron junctions and 

within the 5′ and 3′ UTRs.  Twenty structured RNA regions were predicted at the exon-intron 

junctions.  The 5′ UTR contained a single predicted region that overlaps a known IRES, while the 

3′ UTR contained eight structured regions.  Additional analyses of these structured RNA motifs 

via luciferase reporters showed their ability to affect stability and splicing of the tau pre-mRNA.  In 
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conclusion, ScanFold successfully identified previously validated structured RNA motifs within 

tau’s pre-mRNA and predicted additional motifs that could be targeted with SMIRNAs. 

7.3.2 Targeting the Tau Exon 10-Intron Junction  

RNA structures at exon-intron junctions can direct the alternative splicing of the MAPT 

(tau) gene.  For example, a mutation at the exon 10-intron junction (+14C>U) causes 

frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) by destabilizing 

the RNA’s structure (Fig. 6B).41  This destabilization enables increased binding of U1 small 

nuclear RNA (snRNA) and increases exon 10 inclusion (Fig. 6B).  This inclusion leads to over-

production of an mRNA encoding four microtubule domains, or 4R tau, which is aggregation-

prone and contributes to the progression of neurodegenerative diseases (Fig. 6B).  Thus, one 

therapeutic strategy is to stabilize the RNA structure at the exon-intron junction with a SMIRNA 

by targeting a structured RNA motif.  Although various studies identified small molecules that 

indeed stabilize the junction, in vitro binding did not translate to rescue of aberrant tau splicing 

observed in FTDP-17.42 

Recently, drug-like small molecules were identified that bind an A bulge, 5'CAG/3'C_G, 

present in the exon 10-intron junction, that rescued endogenous tau splicing in the human 

neuroblastoma cell line Lan5 and in primary neurons from an hTau transgenic mouse model (Fig. 

6B).43  These small molecules were designed from a previously Inforna-derived compound and 

by analysis of chemotypes that confer RNA-binding capacity as determined from the Inforna 

database.43  

Particularly, these studies were initiated by searching for chemically similar small 

molecules related to the substituted 2-phenyl-1H-indole-derived compound discovered via 

Inforna.  We were able to determine the structure of a potent compound, SMIRNA1, that bound 

to the exon 10-intron junction and reduced exon 10 inclusion in a cell-based reporter of exon 10 

splicing (Fig. 5B).  The free and bound RNA structures revealed that the A bulge was dynamic, 
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and its conformation changed upon SMIRNA1 binding.  These observations enabled a facile, 

high-throughput binding assay in which the A bulge was replaced with the nucleobase 2-

aminopurine (2-AP), the fluorescence emission of which changes with its microenvironment, i.e. 

stacked or unstacked in a helix.  We used this assay as well as a cell-based reporter and docking 

to identify three new scaffolds from chemical libraries. 

As SMIRNA1 was unlikely to be blood-brain barrier (BBB) penetrant, two different hit 

expansion strategies were employed to identify potent SMIRNAs with favorable physiochemical 

properties for BBB penetrance, as determined from Central Nervous System Multiparameter 

Optimization (CNS-MPO) scores.44  CNS-MPO scores quantify favorable physicochemical 

properties for BBB penetrance, each on a scale from 0 – 1.  These properties include: lipophilicity 

(cLogP), distribution coefficient at pH 7.4 (cLogD), molecular weight (MW), topological polar 

surface area (TPSA), number of hydrogen bond donors (HBD), and pKa values.  The scores for 

each parameter are then summed; a CNS-MPO score ≥ 4.0 is considered promising for BBB 

penetrance.44  Applying this CNS-MPO score criterion early in the lead identification and 

optimization process increases chances of success for developing CNS clinical candidates.

In one method, a pharmacophore model was generated from SMIRNA1 and chemically 

similar compounds that rescued splicing in a cellular model.  In the second hit expansion method, 

>500 analogs of the three new scaffolds were studied, selected based on their structural similarity 

and CNS-MPO scores.  Of these, SMIRNA2 (Fig. 6B) was the most optimal with enhanced cellular 

potency and improved physiochemical properties.  Indeed, SMIRNA2 rescued aberrant 

endogenous exon 10 splicing in Lan5 cells and in primary neurons from an hTau transgenic 

mouse model.  Importantly, target engagement studies of SMIRNA2 via Chem-CLIP 

demonstrated that it directly and selectively engaged tau pre-mRNA, as RNAs containing other 

bulge motifs, such as mRNAs with IREs that regulate translation and miRNAs with the same A 

bulge, were not enriched.  Thus, Inforna can be integrated with traditional medicinal chemistry 
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strategies for the facile lead optimization of drug-like SMIRNAs with improved physiochemical 

properties.

     

8. Emerging Modalities for Targeted Degradation of Disease-causing RNAs

The studies described above demonstrate the power of Inforna, in concert with 

computational methods to predict evolutionarily conserved and structured RNA motifs, to design 

small molecules that modulate RNA function, provided the SMIRNA binds to a functional site.  

There is ongoing interest, however, to develop new strategies to target any RNA, particularly if a 

functional site has not yet been identified or validated.  Here, we describe two such strategies that 

employ degradation and cleavage, rather than simple binding, of the RNA target: (i) nuclease 

recruitment; and (ii) direct cleavage by conjugation of bleomycin A5 to SMIRNAs.1  These 

cleavage modes of action remove the requirement of the SMIRNA to occupy a functional site as 

it rids the cell of the RNA altogether.  In many cases, discussed below, these small molecule 

degraders and cleavers are more potent and selective than the occupancy-driven compounds 

from which they are derived.3 

8.1 Targeted Degradation via Recruitment of RNase L

Ribonuclease targeting chimeras (RIBOTACs) hijack the cell’s endogenous machinery of 

quality control and degradation pathways to degrade RNA targets selectively.3, 45  RIBOTACs are 

bifunctional, i.e. chimeric compounds, in which one component binds a structured RNA 3D fold 

and the other locally recruits endogenous RNase L to the RNA target.3, 45  In inaugural studies, 

the RNase L recruiting module was based on RNase L endogenous activator, 2’-5’poly(A),45 but 

more recently has been replaced with a small molecule heterocycle.3  

A RIBOTAC was recently developed to target oncogenic miR-21 in cells and in vivo (Fig. 

7A).  MiR-21 is overexpressed in various types of cancers, and its expression negatively 

correlates with survival rate in triple negative breast cancer.  The RIBOTAC is built on 
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Targapremir-21 (TGP-21), a dimer that binds pre-miR-21’s Dicer site and an adjacent U bulge 

simultaneously (Fig. 7A).3  TGP-21 bound pre-miR-21 with ~20-fold greater affinity than the 

monomer from which it was derived 21-SM (Kd = 20 µM for 21-SM and 1 µM for TGP-21).   

Treatment of MDA-MB-231 TNBC cells with TGP-21 reduced mature miR-21 levels and did so 

selectively across the miRNome, as assessed by miRNA profiling.3  Moreover, the expression 

levels of phosphatase and tensin homolog (PTEN) and programmed cell death protein 4 

(PDCD4), downstream targets of miR-21, increased by ~50% upon TGP-21 treatment, ultimately 

leading to reduced invasion of MDA-MB-231 cells.3

To increase potency, TGP-21 RIBOTAC was synthesized by conjugating TGP-21 to a 

heterocyclic small molecule that recruits RNase L (Fig. 7A).3  This RIBOTAC was more potent 

than TGP-21 in cellulis, as assessed by three different metrics: the IC50 for reducing levels of 

mature miR-21 (IC50 ~0.05 µM for TGP-21 RIBOTAC vs 1 µM for TGP-21),3 boosting PTEN and 

PDCD4 levels, and rescuing phenotype (invasion).  This improved potency can be traced at least 

partially to TGP-21 RIBOTAC’s substoichiometric cleavage, degrading 26 molecules of pre-miR-

21 per RIBOTAC molecule.  Notably, cleavage was RNase L-dependent as indicated by both 

gain- and loss-of-function studies.  Both miRNome- and proteome-wide studies showed that TGP-

21 RIBOTAC is indeed selective.  

Comparing the biological activity of TGP-21 and TGP-21 RIBOTAC allowed for direct 

evaluation between the two modes of action, event-driven RNA degradation of RIBOTACs vs. 

occupancy-driven binding of SMIRNAs.  Treatment with TGP-21 RIBOTAC exhibited a faster, 

more active and prolonged reduction of miR-21 levels as compared to TGP-21.  The selectivity of 

TGP-21 (dimer binder), 21-SM (monomeric ligand), and TGP-21 RIBOTAC were compared by 

calculating Gini coefficients from miRNome-wide profiling studies.  Gini coefficients range in value 

from 0 to 1, indicating a non-selective and an exquisitely selective compound, respectively.46  A 

Gini coefficient considers the percent inhibition of each target analyzed by a small molecule, 

ranking the targets by the corresponding percent inhibition; that is selectivity is not scored relative 
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to a particular target, rather over the entire target population.  We point the reader to reference 46 

for details about how Gini coefficients are calculated.  Generally, a compound is considered 

selective if the Gini Coefficient > 0.75.  Our studies showed that selectivity can be improved by 

multivalency as the Gini Coefficients for 21-SM and TGP-21 are 0.52 and 0.68, respectively.  

Selectivity can be further improved by converting a simple binding compound into a nuclease-

recruiting probe, as the Gini Coefficient for TGP-21 RIBOTAC is 0.84.

Importantly, in a mouse model of breast cancer metastasis, TGP-21 RIBOTAC inhibited 

metastasis to lung, quantified by reduction of lung nodules.  This reduction was due to diminished 

levels of pre- and mature miR-21 and increased expression of PDCD4, validating the RNA-centric 

mode of action of TGP-21 RIBOTAC in vivo. 

This study highlighted the comparison of two modes of action that affect cellular levels of 

mature miR-21.  On one hand, occupancy-driven pharmacology exhibited by 21-SM (monomer) 

and TGP-21 (dimer) reduced mature miR-21 levels by interfering with the Dicer processing of pre-

miR-21.  On the other hand, a more potent and selective biological activity was achieved via 

event-driven pharmacology exhibited by RNA degrader TGP-21 RIBOTAC, as a result of 

degradation of pre-miR-21.  Therefore, converting SMIRNAs to RIBOTACs increases potency 

and selectivity in cells, resulting in a more rapid, effective, and prolonged pharmacological effect 

in cells and in vivo.  Interestingly, the catalytic nature of RIBOTACs and its prolonged effect 

suggest that ideal, or even perhaps very good pharmacokinetic (PK) properties might not be 

required to observe a therapeutic effect.    

    

8.2 Direct Cleavage of RNA Targets by SMIRNAs Conjugated to Bleomycin A5

Another method to ablate RNA is direct cleavage through conjugation of bleomycin A5, a 

natural product known to cleave nucleic acids, to a SMIRNA.  Through attachment of a SMIRNA 

at the C-terminal primary amine of bleomycin A5, DNA cleavage is reduced such that off-target 

DNA cleavage does not occur at concentrations required to cleave the desired RNA target.47  This 
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bleomycin-SMIRNA conjugation strategy has been used to cleave RNA repeats in cells33 and in 

vivo47 and various miRNAs in cells.

In one recent example, a bleomycin-conjugated SMIRNA was used to affect the biology 

of an entire oncogenic miRNA cluster through cleavage.48  The pri-miR-17-92 cluster is 

upregulated in various cancers and polycystic kidney disease with the mature miRNAs acting 

synergistically in some diseases.49  Thus, a method to simultaneously affect all six miRNAs within 

the 17-92 cluster could be advantageous.  Interestingly, three of the miRNAs share a common 

Dicer site, 5'G_U/3’CUA: pre-miR-17, pre-miR-18a, and pre-miR-20a (Fig. 7B).  Pre-miR-17 and 

pre-miR-20a also share an adjacent G bulge, while pre-miR-18a contains an A bulge (Fig. 7B).  

Inforna identified a small molecule, SMIRNA3, that binds all three bulges with 30 M affinity (Fig. 

6B).  A homodimer, SMIRNA4, was created to target the two bulges simultaneously (Fig. 7B).48  

As a simple binding compound, SMIRNA4 inhibited the biogenesis of the three miRNAs in TNBC, 

prostate cancer, and polycystic kidney disease cells.  Interestingly, cellular target engagement 

studies, revealed that SMIRNA4 bound both pri-miR-17-92 and pre-miR-17, pre-miR-18a, and 

pre-miR-20a, in agreement with its cellular localization.  The dimer de-repressed the 

corresponding downstream protein in each disease model and rescued phenotype in the two 

systems in which it was studied (breast and prostate cancer).  

Since the occupancy-driven compound demonstrated on-target activity and rescued 

disease-associated molecular defects in an RNA-centric manner, it was an excellent candidate to 

employ the direct cleavage approach by conjugation to bleomycin A5, which would allow for the 

ablation of the entire cluster (Fig. 7B).  Indeed, not only did the SMIRNA-bleomycin A5 conjugate 

SMIRNA4-bleo, reduce levels of all six mature miRNA in the pri-miR-17-92 cluster, but it also did 

so more potently than SMIRNA4 while rescuing downstream circuits in three disease models.  As 

many miRNAs are embedded in clusters, a strategy to cleave a cluster in its entirety could have 

far reaching implications. 
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Interestingly, this study also converted SMIRNA4 into a nuclease recruiting SMIRNA4 

RIBOTAC (Fig. 6B).  In contrast, to the SMIRNA-bleomycin A5 conjugate, SMIRNA4 RIBOTAC 

was only able to cleave pre-miR-17, pre-miR-18a, and pre-miR-20.  This is because RNase L is 

localized to the cytoplasm, meaning SMIRNA4 RIBOTAC can only cleave pre-miRs of the pri-

miR-17-92 cluster that are present outside the nucleus.  Thus, these studies showed that cellular 

localization can be used to tune compound activity.

9.  Conclusions

Although the pharmaceutical industry remains focused on drugging protein targets, many 

companies have begun investigating the tractability of drugging RNA targets.  Indeed, this 

movement towards RNA has been bolstered by the success of the splicing modifier risdiplam, 

and derivatives thereof, that treat spinal muscular atrophy.50  As a result, we are currently 

experiencing a boom in the identification and validation of druggable human disease-causing 

RNAs, made possible by advances in sequencing, computation, bioinformatics, chemical probing 

of RNA structure in vitro and in vivo, biophysical techniques, structural determination by X-ray 

crystallography and NMR spectroscopy, etc.  These interdisciplinary approaches also validate the 

intimate connection between RNA’s 3D structure and its importance in the regulation of biological 

processes.  The ligandability of structured RNA motifs can be achieved by increasingly accurate 

computational prediction tools, which are easier to implement than various RNA secondary 

structure chemical probing methods that can be experimentally costly and laborious.  For 

example, ScanFold8 can rapidly identify biologically relevant structured RNA motifs with high 

probability to form, especially when coupled with chemical probing of RNA structure in cells and 

in functional biological experiments.  The improvement of such tools will offer the scientific 

community a more accessible visual perspective of RNA structure and its associated 3D folds, 

which will ultimately translate into establishing more rational approaches to develop SMIRNAs 

directly from sequence.  However, continued research into the fundamental nature of RNA’s 3D 
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structure and the ensemble of conformations featured by structured RNA motifs is sure to inform 

even more advanced target discovery methods.

In addition to fully understand RNA structure and dynamics, an equally important aspect 

is the identification of chemical matter that potently and selectively interacts with structured RNA 

motifs, i.e. efficient charting of the chemical space for SMIRNAs.  Currently available compound 

libraries are enriched with small molecules designed and optimized for protein targets and the 

fraction targeting RNA, in a selective manner, is currently unknown.  Therefore, screening 

technologies such as 2DCS along with other methods mentioned above, will aid in identifying 

chemical matter that potently and selectively bind structured 3D RNA motifs within disease-

causing RNAs.

Performing such campaigns by iteratively integrating chemoinformatic/machine 

learning/statistical approaches will help populate existing databases, such as Inforna, to: i) 

improve understanding of the physicochemical properties, parameters and chemical features of 

small molecules that mediate RNA binding; and ii) better design tailored-chemical libraries that 

are more prone to interact with structured RNA motifs.   

As previously observed with small molecule chemical probes of protein targets, high 

potency and selectivity in vitro does not always translate into on-target activity in cells or in vivo, 

highlighting the fact that not all chemical matter will be biologically or therapeutically relevant.  

Therefore, applying target engagement techniques to probe RNA target occupancy by SMIRNAs 

in cells will help better prioritize chemical scaffolds to be pursued at various stages of chemical 

probe development.  Collectively, these studies will yield the identification of potent and selective 

SMIRNAs.  An array of techniques to assess target engagement to probe RNA-centric modes of 

action of SMIRNAs have been developed, including Chem-CLIP and Chem-CLIP-Map-Seq,1 

RiboSNAP and RiboSNAP-Map,1 RIBOTACs,3 ASO-Bind-Map,1 and SHAPE.9, 10  

Notably, Chem-CLIP and its competitive version, C-Chem-CLIP, allow for direct 

assessment of target occupancy via covalent crosslinking reactions that either enrich or deplete, 
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respectively, crosslinked SMIRNA-RNA motifs in pull-down fractions.  This technique can be used 

to simultaneously conduct cellular profiling and binding studies and is advantageous over: i) non-

covalent pull down, which lacks precision in which targets are bound in the purification process; 

and ii) competitive profiling with SHAPE or DMS, which leaves many sites unreactive and can 

generate false negatives as the labeling reaction does not occur under equilibrium.  

Taken together, the use of target engagement techniques during early stages of the 

discovery and development process could mitigate off-target effects of SMIRNAs sooner.  

Although optimization of potency and selectivity in vitro is important, more relevant for the 

development of high-quality SMIRNAs is rescue of phenotype via an RNA-centric mode of action, 

i.e. potent and selective engagement of a biologically relevant structured RNA motif with minimum 

off-targets proteome- and transcriptome-wide. 

An ongoing discussion in the field of small molecule RNA therapeutics is the drug-likeness 

of SMIRNAs.  These semi-empirical rules were historically generated from a pool of approved 

drugs over a certain interval of time.  However, new molecular entities (NME) that were approved 

since 2002 are deviating from the traditionally considered drug space.  Moreover, a recent survey 

of the approved oral drug space indicated that parameters such as MW and hydrogen-bond 

acceptors (HBA) have significantly increased over the last 20-year period.  Contrarily, over 

interpretation of ligand and/or drug-likeness metrics might filter out promising chemical 

candidates.  “Drugging” RNA with small molecules is still in its infancy, and using parameters 

derived from protein-targeted drug campaigns to filter out SMIRNAs featuring “undruglike” 

properties might hinder the exploratory research that is necessary to advance the field of small 

molecule RNA therapeutics.  

As previously noted, drug targets are unique; thus, the compounds that successfully target 

them are also unique.  RNA-targeted lead and drug discovery campaigns need to be careful not 

to lose potential candidates due to selection guidelines that are too narrow, particularly for a field 

that is rapidly evolving.  For example, protein-protein interactions (PPIs), featuring relatively large 
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and flat polar surface areas, are traditionally addressed with macrocyclic compounds, that 

typically reside outside the “Rule of Five” (Ro5), i.e. they are “Beyond Rule of Five” (bRo5).  The 

same principle might very well apply to RNAs, where most potent and selective SMIRNAs with in 

vivo activity to date are chimeric compounds, e.g. homo- and/or heterodimers. Interestingly, a 

survey for active ingredients in recently approved bRo5 drugs revealed several examples of 

chimeric compounds, including HCV NS5A homodimeric inhibitors such as Pibentrasvir, 

Ledispasvir, Ombitasvir, Daclatasvir, Elbasvir and Velpatasvir.  Although these derivatives exhibit 

poor drug metabolism and pharmacokinetic (DMPK) properties, including low permeability and 

solubility and high plasma protein binding capacity that limit oral absorption, these liabilities are 

overcome by delivery to target organs by human serum proteins and their high affinity binding to 

the target HCV NS5A protein.  

Conversely, other bRo5 approved drugs act locally, thus avoiding systemic exposure.  The 

most recent example is Tenapanor, a sodium-proton exchange sodium/hydrogen exchanger 3 

(NHE3) inhibitor, approved in 2019 for irritable bowel syndrome with constipation.  Tenapanor is 

minimally absorbed following oral administration in human plasma (below the limit of 

quantification).  To avoid potential systemic toxicity caused by higher doses, Tenapanor was 

designed to be restricted to the lumen of the gastrointestinal tract, where its target, NH3 protein, 

is highly expressed.  Moreover, there is a growing body of evidence for the potential therapeutic 

application of chimeric chemical probes, such as proteolysis targeting chimeras (PROTACs), a 

bleomycin-SMIRNA conjugate (Cugamycin),47 and RIBOTACs.3  Consequently, charting the 

bRo5 chemical space is likely to reveal novel therapeutically beneficial modalities.  

As we continue to identify novel, functional, conserved and structured RNA motifs, these 

emerging modalities will greatly expand on the types of RNAs that can be targeted with SMIRNAs.  

In conclusion, exciting times are ahead with the continued exploration of the potential of small 

molecule chemical probes targeting both functional and non-functional structured RNA motifs to 

explore RNA biology and affect a broad spectrum of human disorders.
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FIGURE CAPTIONS

Fig. 1. Overview of RNA structure and its prediction directly from sequence using ScanFold.  A)  
The primary structure of RNA, i.e. sequence, consists of four bases; two purines, adenine (A) and 
guanine (G), and two pyrimidines, cytosine (C) and uracil (U).  B) The secondary structure of an 
RNA consists of the non-covalent bonds that form between A and U, G and C, or G and U, bases.  
These pairings consist of hydrogen bonds and base stacking interactions which form stems (light 
green) and are often punctuated with internal loops (blue), bulges (pink), and hairpin loops (dark 
green).  C) The tertiary structure of RNA is largely dictated by the base pairs that form the 
secondary structure.  Stems (light green) will form structured A-form helices and internal loops 
(blue), bulges (pink), and hairpin loops (dark green) will be less structured, more accessible 
regions that distort the more rigid helix and offer sites for trans-acting factors to bind in a sequence 
specific manner.  Here, the dotted black line represents the single strand between the two more 
structured hairpins.  D) Identification of structured RNA motifs within the mRNA sequence of MYC 
via ScanFold.  Portions of the MYC mRNA coding region and 3' untranslated region (UTR) are 
depicted with overlapping ScanFold analysis windows below.  In each scanning analysis 
window, ScanFold calculates numerous folding metrics including the minimum free energy 
(MFE), ensemble diversity, and z-scores which are depicted as bar graphs.  It is important to note 
that a window will be represented by a single bar, but the downstream nucleotides (nt) 
(corresponding to the window size) are used to predict the metrics.  ScanFold then determines 
the most stable and significant base pairs and uses them to generate a consensus structure 
(displayed as an arc diagram).  Regions with highly negative z-scores and low ensemble diversity 
indicate regions of presumed function, with one (or few) dominating structures and that may merit 
further, in-depth analyses: e.g. comparative analysis, additional bioinformatics analyses, 
functional assays, and structure probing assays.  These techniques can further characterize and 
validate the biological function of the structured RNA motif.

Fig. 2.  Overview of Two-Dimensional Combinatorial Screening (2DCS) and Inforna.  In 2DCS, 
a small molecule library is spatially arrayed onto a microarray, either through covalent 
attachment or absorption (AbsorbArray).  Compounds are then incubated with a labeled RNA 
motif library, e.g. 3 × 2 internal loops, containing randomized regions that form structured RNA 
motifs found in disease-causing RNAs.  Unlabeled competitor oligonucleotides that mimic 
regions common to all library members, r(AU) and r(GC) base pairs, DNA oligonucleotides, and 
other RNAs are added to eliminate non-specific binding.  Small molecules that bind RNAs are 
excised, amplified by RT-PCR, sequenced by RNA-seq, and analyzed by High Throughput 
Structure–Activity Relationships Through Sequencing (HiT-StARTS).  HiT-StARTS calculates 
the statistical significance of the enrichment of an RNA in the selection, reported as a Z-score 
(Zobs).  Selective small molecule-RNA motif interactions generally exhibit Zobs > 8.  These small 
molecule-RNA motif interactions and their corresponding Z-scores comprise Inforna.  Using 
Inforna, privileged SMIRNAs can be identified for functionally relevant RNA 3D folds within 
disease-causing RNAs, such as miRNAs.  In addition to mining for SMIRNAs with favorable 
affinity landscapes for the RNA target of interest, Inforna can also predict potential off-target 
RNAs.          
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Fig. 3. Methods to validate the targets of SMIRNAs, to study cellular selectivity, and to map 
SMIRNA binding sites within an RNA target.  Schematics of target validation techniques for 
SMIRNAs.  In ASO-Bind-Map, unmodified SMIRNAs are used to prevent hybridization of 
complementary ASOs, thus preventing cleavage.  In Chemical Cross-Linking and Isolation by 
Pull-Down (Chem-CLIP) and related methods (competitive Chem-CLIP (C-Chem-CLIP) and 
Chem-CLIP-Map-Seq), SMIRNAs are functionalized with cross-linking (chlorambucil or diazirine) 
modules and a purification module (biotin) at positions that do not affect binding to the intended 
RNA target.  In small molecule nucleic acid profiling by cleavage applied to RNA (RiboSNAP) and 
its competitive variant, the SMIRNA is appended with the natural product bleomycin A5.

Fig. 4.  Using Inforna to identify SMIRNAs targeting disease-causing miRNAs. A) Schematic 
representation of miRNA biogenesis, where SMIRNA binding can inhibit processing by binding to 
either Drosha or Dicer sites and thereby reduce the levels of the mature miRNA.  Reduction of 
mature miRNA levels results in decreased translational inhibition of target mRNAs by the RNA-
induced silencing complex (RISC).  Thus, SMIRNA inhibition of miRNA biogenesis derepresses 
the miRNA’s protein targets, resulting in phenotype modulation.  Structure of pri-miR-96 and 
chemical structures of monomeric compounds 96-SM1 and 96-SM2 that target 1×1 GG and UU 
internal loops (blue and orange, respectively) in the Drosha processing site.  Covalent attachment 
of 96-SM1 to 96-SM2 via a peptoid linker yields dimeric compound TGP-96, a more potent and 
selective SMIRNA compared to the monomeric units.  Indeed, TGP-96 decreases tumor burden 
in a mouse xenograft model.  B) Secondary structure of pre-miR-210 and chemical structure of 
TGP-210, which targets a 1×1 CC internal loop in the Dicer processing site (highlighted in purple).  
C) Secondary structure of pri-miR-885 and pri-miR-515, with the Drosha processing sites 
highlighted in orange and blue, respectively.  The chemical structures of monomeric TGP-515/885 
and dimeric compound TGP-515 are also shown.  TGP-515 is an example of a potent and 
selective SMIRNA, generated by simultaneously targeting two 1×1 CU internal loops near the 
Drosha processing site.    

Fig. 5.  Mining Inforna to identify Synucleozid, which targets the iron responsive element (IRE) 
within α-synuclein’s (SNCA) mRNA and inhibits translation in cellulis.  The 5’ UTR of SNCA mRNA 
sequence contains ligandable structured RNA motifs within the IRE (highlighted in orange and 
blue).  Mining Inforna for small molecules targeting these RNA motifs yielded potential candidates, 
the most potent of which named Synucleozid binds to the 5'G_G/3'CAU A-bulge of the IRE.  
Among the 3300 proteins detectable in the proteome-wide analysis, only ~ 8% were significantly 
down- or upregulated (p-value < 0.01) upon treatment with Synucleozid (1.5 µM).  Various 
proteins involved in the oxidative phosphorylation pathway, such as the mitochondrial ATP 
synthase subunit beta (ATP5B), NADH dehydrogenase [ubiquinone] iron-sulfur protein 3 
(NDUFS3), cytochrome c oxidase subunit 6B1 (COX6B1), succinate dehydrogenase [ubiquinone] 
flavoprotein subunit (SDHA), and cytochrome b-c1 complex subunit 6 (UQCRH), were 
downregulated upon Synucleozid treatment.  RNA-sequencing (RNA-seq) analysis revealed 
limited off-target effects transcriptome-wide (99.7% of the differentially expressed genes were 
unchanged) following treatment with Synucleozid.  Note: Synucleozid has no effect on SNCA 
RNA levels as its mode of action is binding the RNA and inhibiting its translation.
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Fig. 6.  RNA structure prediction and design of SMIRNAs that target structured RNA motifs within 
tau’s pre-mRNA.  A) Secondary structure prediction via Scanfold of microtubule associated 
protein tau’s (MAPT) pre-mRNA sequence.  The MAPT pre-mRNA is depicted with 5' and 3' UTRs 
(blue regions), introns (solid, black lines), and exons (yellow regions), along with its chromosomal 
location (chr17: 45,894,382-46,028,334).  The 5' UTR contains a single, large, structured region 
that encompasses a known internal ribosome entry site (IRES).  ScanFold predicted structured 
RNA motifs, depicted as hairpins, at exon-intron junctions throughout the MAPT pre-mRNA.  
These structures are expected to affect which regions are effectively spliced out of the final mRNA 
product.  In the 3' UTR, eight structured regions were predicted and presumed to confer regulatory 
effects on mRNA processing.  B) A mutation in MAPT exon 10 (+14C>U, green box around GU 
pair) destabilizes a splicing regulatory element (SRE) at the exon 10-intron junction, resulting in 
increased inclusion of exon 10 and increased production of 4R tau.  This form of tau is prone to 
aggregation, triggering neurotoxicity.  Chemical similarity searching identified SMIRNA1 that 
binds the A bulge of the exon 10-intron hairpin (highlighted in purple).  Further optimization of 
SMIRNA1 yielded compound SMIRNA2 with improved properties.  Both compounds stabilize the 
SRE’s RNA structure at the exon 10-intron junction, consequently increasing production of 3R tau 
and reducing production of the aggregation-prone 4R form.  

Fig. 7.  Developing SMIRNAs into chimeric probes that degrade and cleave disease-causing 
miRNAs.  A) Inforna identified 21-SM that targets the Dicer processing site within pre-miR-21 
(highlighted in blue).  From monomeric 21-SM, the dimeric compound TGP-21 was generated to 
target the Dicer processing site and an adjacent bulge (highlighted in orange).  A RIBOTAC probe 
(TGP-21 RIBOTAC) was then synthesized by appending dimeric compound TGP-21 with a small 
molecule that recruits endogenous RNase L.  TGP-21 RIBOTAC more potently and selectively 
inhibits mature miR-21 levels as a result of the selective RNase L-mediated degradation of pre-
miR-21.  B) Inforna identified SMIRNA3 that binds structured RNA motifs (highlighted in green, 
blue and orange), within the Dicer sites of pre-miR-17, -18a, and -20a in the miR-17-92 cluster.  
Dimeric compound SMIRNA4 was generated from monomeric SMIRNA3 units connected via a 
peptoid linker.  SMIRNA4 simultaneously targets adjacent bulges present in pre-miR-17, -18a, 
and -20a, respectively.  SMIRNA4 was appended with bleomycin A5 as a cleaving module, 
yielding SMIRNA4-bleo and with an RNase L recruiting module, generating SMIRNA4 RIBOTAC.  
SMIRNA4-bleo selectively ablated the pri-miR-17-92 cluster resulting in a reduction of all mature 
miRNAs from this cluster.  In contrast, SMIRNA4 RIBOTAC only degraded pre-miR-17, pre-miR-
18a, and pre-miR-20, as RNase L is cytoplasmic and its interaction is restricted to RNAs present 
in the cytoplasm.
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Key Learning Points

 Aberrant RNA structure contributes to the pathology of numerous human diseases 

 Structured, evolutionarily conserved RNA motifs can be predicted directly from sequence 
with the state-of-the-art computational tool, Scanfold 

 Inforna decodes these evolutionarily conservedRNA 3D folds with small molecules to 
provide high-quality chemical probes

 Robust target engagement techniques are necessary to validate RNA-centric modes of 
action 

 Emergent therapeutic modalities include RNA-targeted degraders and cleavers that 
destroy disease-causing RNAs
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