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Abstract

Many RNAs are processed into biologically active transcripts, the aberrant expression of which 

can contribute to disease phenotypes. For example, the primary microRNA-17–92 (pri-miR-17–

92) cluster contains six microRNAs (miRNAs) that collectively act in several disease settings. 

Herein, we used sequence-based design of structure-specific ligands to target a common structure 

in the Dicer processing sites of three miRNAs in the cluster, miR-17, miR-18a, and miR-20a, 

thereby inhibiting their biogenesis. The compound was optimized to afford a dimeric molecule 

that binds the Dicer processing site and an adjacent bulge, affording a 100-fold increase in 

potency. The dimer’s mode of action was then extended from simple binding to direct cleavage by 

conjugation to bleomycin A5 in a manner that imparts RNA-selective cleavage or to indirect 

cleavage by recruiting an endogenous nuclease, or a ribonuclease targeting chimera (RIBOTAC). 

Interestingly, the dimer-bleomycin conjugate cleaves the entire pri-miR-17–92 cluster and hence 

functionally inhibits all six miRNAs emanating from it. The compound selectively reduced levels 

of the cluster in three disease models: polycystic kidney disease, prostate cancer, and breast 

cancer, rescuing disease-associated phenotypes in the latter two. Further, the bleomycin conjugate 

exerted selective effects on the miRNome and proteome in prostate cancer cells. In contrast, the 

RIBOTAC only depleted levels of pre- and mature miR-17, −18a, and 20a, with no effect on the 

primary transcript, in accordance with the cocellular localization of RNase L, the pre-miRNA 

targets, and the compound. These studies demonstrate a strategy to tune RNA structure-targeting 

compounds to the cellular localization of the target.
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INTRODUCTION

RNA is most commonly targeted with antisense oligonucleotide-based modalities (ASOs), a 

strategy developed in the late 1970s by Paul Zamecnik and co-workers.1,2 Since this 

landmark discovery, much activity in the area has shown that RNA biology can be affected 

by simple binding of the ASO or by recruiting endogenous RNase H to cleave the RNA 

strand in the RNA-DNA hybrid.3 RNA interference (RNAi) has also emerged as an 

important oligonucleotide-based approach that targets an RNA for destruction; that is, 

triggering RNA degradation is RNAi’s only mode of action.4 Both ASOs and RNAi have 

achieved success in the clinic as FDA-approved medicines.5 CRISPR-based strategies to 

target RNA are rapidly emerging and have the potential to impact how diseases are treated.6

Each oligonucleotide-based approach recognizes RNA via sequence, and various studies 

have shown that unstructured regions are their ideal target sites.7 Approximately 50% of 

nucleotides in an RNA target are unstructured or noncanonically paired, leaving 

approximately half of its sequence unavailable for targeting purposes.8 Further, structured 

regions have been shown to regulate RNA function and processing9 and many directly 

mediate disease biology. Thus, a complement to the sequence-based recognition of 

oligonucleotides is structure-based recognition by organic ligands.10 Indeed, various studies 

have shown that RNA can be targeted with structure-binding small molecules, compounds 

that can decipher biology and can be developed into preclinical candidates.11–13 A strategy 

for the sequence-based design of structure-specific ligands, named Inforna, has been 

developed for RNA targets.14,15 This approach has been deployed successfully to rescue 

phenotypes associated with various diseases, to exploit known biology, to provide chemical 

probes to understand novel RNA biology,16 and to develop lead medicines.17–20

Herein, we used Inforna to design a ligand that targets the primary microRNA 17–92 cluster 

(pri-miR-17–92), a direct transcriptional target of c-MYC.21 This noncoding RNA encodes 

six different microRNAs (miRNAs): miR-17, −18a, −19a, −19b-1, −20a, and −92a-1. 

Upregulation of the miR-17–92 cluster has been observed in numerous diseases, from 

various cancers22–25 to fibrosis.26 Furthermore, the downstream effects are disease-

dependent and linked to which members of the cluster are aberrantly expressed.27 Indeed, 

the miRNAs produced can act individually or synergistically to affect multiple pathways.
21,28 Thus, this cluster and the miRNAs that comprise it are important targets of chemical 

probes and lead medicines. Our sequence-based design approach afforded a single 

compound that inhibits the biogenesis of three miRNAs in the cluster that share structural 
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similarities, miR-17, −18a, and −20a. We next employed two strategies to change the 

compound’s mode of action from simple binding to cleavage: (i) direct, oxidative cleavage 

by conjugation of bleomycin A5 to our lead compound, which improved potency by ~10-

fold. The compound degraded the entire miR-17–92 cluster and hence rescued miR-17–92-

mediated phenotypes in prostate cancer and triple negative breast cancer (TNBC) cells; and 

(ii) cleavage by recruitment of an endogenous nuclease or a ribonuclease targeting chimera 

(RIBOTAC). Interestingly, the RIBOTAC inhibited biogenesis of miR-17, −18a, and −20a by 

binding and cleaving their pre-miRNAs, not the entire cluster, traced to the colocalization of 

the RIBOTAC, targets, and the endogenous nuclease.

RESULTS

Design, Optimization, and In Vitro Analysis of Compounds Targeting pri-miR-17–92.

Since the discovery of the miR-17–92 cluster,29 its role in disease has become increasingly 

apparent and diverse. Upregulation of the miR-17–92 cluster is associated with more than 14 

different cancers,27 including osteosarcomas23,30 and retinoblastoma.22,31 Elevated levels of 

one member of the cluster, miR-92a, inhibits angiogenesis in ischemic cardiovascular 

endothelia,32 while its upregulation in CD4+ T cells stimulates an autoimmune response.33 

Consequently, the miR-17–92 cluster is a high priority target for therapeutic intervention. 

We therefore focused our efforts on designing compounds that inhibit the biogenesis of the 

miR-17–92 cluster by inspecting the structures found at the Drosha and Dicer processing 

sites of each encoded miRNA. We have previously shown that binding these functional sites 

inhibits miRNA processing in situ and in vivo.3,15,17,18,34,35 Fortuitously, three miRNAs in 

the miR-17–92 cluster have the same U bulge (5′G_U/3′CUA) in their Dicer sites, miR-17, 

miR-18a, and miR-20a (Figure 1, yellow boxes). Both miR-17 and miR-20 have an adjacent 

1-nucleotide G bulge (5′GGU/3′C_A) while miR-18a has a related purine bulge, 5′GAU/

3′C_A (Figure 1, blue boxes).

A previous study that explored the RNA-binding capacity of various ligands showed that 

compound 1 (Figure 2A) preferred to bind all three of these bulges with Kd’s ranging from 

30–40 μM.35 No binding was observed between 1 and RNAs in which the bulges were 

mutated to the corresponding GC or AU base pairs.35 These data suggested a facile route to 

compound optimization via dimerization of 1 to afford a single molecule that binds both 

bulges simultaneously.20 Fortuitously, 1 contains a chemical handle for dimerization, an 

azide moiety that can be conjugated to alkyne-displaying scaffolds via a Cu-catalyzed 

Hüisgen 1,3-dipolar cycloaddition.36,37 We conjugated 1 to peptoids displaying two alkynyl 

groups separated by 2–9 propylamine spacing modules, as informed by previous studies.38 

(See Supporting Information for synthesis and characterization.)

To identify an optimal dimer that displays the RNA-binding modules that most potently 

targets the pre-miRNAs, the library was screened for activity in a cell-based luciferase 

reporter assay. It is known that peroxisome proliferator-activated receptor α (PPAR-α) 

mRNA is translationally repressed by miR-17.39 Thus, a construct with luciferase fused to 

PPAR-α’s 3′ untranslated region (UTR)39 was used to assess inhibition of miR-17 

biogenesis in HEK293T cells (Figure S1). A locked nucleic acid (LNA) oligonucleotide 

targeting miR-17 (LNA-17) was used as a positive control, increasing luciferase activity by 
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1.6(±0.1)-fold; no effect was observed with a scrambled LNA oligonucleotide (Figure S1). 

Of the eight dimers synthesized and tested, the most potent compound contained three 

propylamine spacers (or compound 2; Figure 2A), which had an IC50 of ~10 μM in the 

luciferase-based assay (Figure S1). The number of propylamine spacing modules in the 

optimal compound is in agreement with previous studies for spanning three base pairs 

between bulges or internal loops.38

In Vitro Evaluation of 2.

As 2 showed optimal activity among the dimers, it was further characterized in vitro and in 

situ. We first measured the affinity of 2 for a model RNA that contains the two bulges in and 

adjacent to pre-miR-17’s and pre-miR-20a’s Dicer site. A 250-fold boost in affinity relative 

to 1 was observed, affording a Kd of 120(±20) nM (Figure 2B). No measurable binding was 

detected to RNAs in which the two bulges were mutated to base pairs (Figure 2B). Single 

mutations of the bulges, either the U bulge to an AU pair or the G bulge to a GC pair, 

weakened the avidity of 2 to 15(00B13) and 19(±5) μM, respectively, ~2-fold more avid than 

the binding of 1 which is due to stochastic effects.35,40 As expected, based on the similar 

avidity of 1 for the three bulges in premiR-17, −18a, and −20a, 2 exhibited similar affinity 

for a mimic of pre-miR-18a [124(±22) nM] while no saturable binding to the corresponding 

fully paired RNA was observed (Figure 2B).

Since 2 bound model constructs of pre-miR-17, pre-miR-18a, and pre-miR-20a with similar 

affinity, we next studied its ability to inhibit Dicer processing of all three pre-miRNAs in 

vitro. As expected, 2 inhibited Dicer processing of each to a similar extent, with an IC50 of 

~1 μM (Figures S2, S3). To study the effect on 2’s binding site within pre-miR-17 and as a 

secondary assessment of selectivity (binding studies being the first), we completed a 

mutational analysis in which each bulge in and nearby the Dicer sites was individually and 

then collectively replaced with the corresponding base pair. These changes were tolerated by 

Dicer (Figure S2). The mutations, however, significantly reduced (in the case of the G to GC 

pair mutation) or ablated (in the cases of the U to AU pair mutation and the double mutant) 

2’s inhibitory activity (Figure S2). Likewise, when the U bulge in pre-miR-18a was 

converted to an AU pair, 2 was unable to inhibit Dicer processing at the concentrations 

tested, up to 1 μM (Figure S3B). Further, 2 had no effect on the Dicer processing of the other 

three miRNAs in the cluster, pre-miR-19a, pre-miR-19b-1, or pre-miR-92a-1 (Figure S4). 

Altogether, these studies support that 2 is a specific RNA-binding compound, targeting the 

Dicer site and an adjacent bulge in pre-miR-17, pre-miR-18a, and pre-miR-20a, and that 2 
does not inhibit Dicer itself.

Effect of 2 on the pri-miR-17–92 Cluster in TNBC Breast Cancer Cells.

In the TNBC cell line MDA-MB-231, miR-17 and miR-20a are highly expressed and 

together silence zinc finger and BTB domain containing 4 (ZBTB4) mRNA, thereby 

triggering an invasive phenotype (Figure 1C).24 Notably, miR-17 and miR-20a have 

identical seed sequences, or the sequences that form complexes with targeted mRNAs, to 

repress their translation (5′-AAAGUGC). Thus, both miR-17 and miR-20a inhibit ZBTB4 

in TNBC cells and knockdown of both is necessary to allow robust activation of ZBTB4’s 

tumor suppressor functions. Loss of ZBTB4 has been correlated with shorter relapse-free 
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survival of breast cancer patients making ZBTB4 a therapeutically important target.24 Thus, 

we studied if 2 could inhibit biogenesis of the targeted miRNAs and an invasive phenotype 

in MDA-MB-231 cells. Compound 2 selectively decreased the levels of mature miR-17, 

−18a, and −20a dose dependently, while not affecting the levels of the other miRNAs in the 

cluster (Figure 3A). The reduction in mature miRNA levels by 2 at 500 nM (~40–50%) was 

similar to the reduction observed for an LNA (50 nM) targeting the mature sequence of 

miR-20a (48(±6)%) but less than that observed for miR-17 (85(±5)%) (Figure 3B).

We next studied the effect of 2 on pri-miR-17–92, pre-miR-17, and pre-miR-20a levels. 

Depending on its cellular localization, 2 could engage the pri-miRNA or the pre-miRNAs to 

reduce mature miRNA levels. It is known that the 17–92 cluster folds into a compact tertiary 

structure and that alterations in this structure affects the processing of the primiR-17–92 

transcript.41,42 Although 2 localized mainly to the cytoplasm, fluorescence was also detected 

in the nucleus, suggesting that it could inhibit processing of the pri-miRNA as well as pre-

miR-17, −18a, and 20a (Figure S5). Indeed, 2 increased pri-miR-17–92 levels by 50(±6)%, 

as determined by RT-qPCR using primers upstream of all six miRNAs (p < 0.05; Figure 3C). 

[Notably, direct engagement of pri-miR-17–92 by 2 was confirmed via a competition 

experiment between 2 and a 2-bleomycin conjugate in which 2 restored pri-miR-17–92 

levels (vide infra).] Thus, the increase in pri-miR-17–92 levels observed is due to 

engagement of the primary transcript in the nucleus, likely affecting its overall structure and 

its global processing.

If 2 only engaged pri-miR-17–92 and inhibited its biogenesis, then a decrease in pre-miRNA 

levels is expected. If, however, 2 directly binds and inhibits processing of both the pri- and 

pre-transcripts, two outcomes are possible: (i) no change in pre-miRNA levels are observed. 

That is, the reduction in pre-miRNA levels due to inhibition of pri-miRNA processing and 

the boost in pre-miRNA levels due to inhibition of Dicer processing are similar and thus 

cancel each other out; or (ii) an increase in pre-miRNA levels is observed because Dicer 

processing is inhibited to a greater extent than Drosha processing. In accordance with the 

last possibility and its presence in the cytoplasm (Figure S5), 2 increased levels of pre-

miR-17 by 1.4(±0.04)-fold (p < 0.01) and pre-miR-20a by 2.0(±0.2)-fold (p < 0.05) (as 

determined by RT-qPCR using primers specific for each pre-miRNA; Figure 3D). [Note: RT-

qPCR primers that amplify pre-miRNAs cannot distinguish between the processed, 

cytoplasmic pre-miRNA and the pre-miRNA in the context of the pri-miRNA; thus, the 

increase observed is a combined effect of changes in the levels of the cluster and the pre-

miRNA of interest.] These results were confirmed by absolute quantification of mature, pre- 

and primiR-17–92 levels (Figure S6A).

We next investigated 2’s effect on miR-17 and −20a’s downstream target ZBTB4.24 Indeed, 

2 increased Zbtb4 mRNA levels by 1.4(±0.2)-fold at 500 nM (p < 0.05) (Figure S6B) and 

ZBTB4 protein levels by 1.7(±0.2)-fold (p < 0.05) at 500 nM, similar to the effect observed 

upon treatment with 100 nM of LNA-17 (Figure S6C). Previous studies have shown that 

derepression of ZBTB4 via inhibition of miR-17 and miR-20a decreases the invasive 

properties of breast cancer cells.24 We therefore studied if 2 could rescue this phenotype in 

TNBC cells. Similar to LNA-17 treatment (Figure S6D), 2 inhibited the invasive 

characteristics of MDA-MB-231 cells (Figure 3E). Interestingly, this effect can be traced to 
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inhibition of miR-17 and miR-20a biogenesis by 2 as levels of other miRNAs predicted to 

regulate expression ZBTB4 by TargetScan were unaffected (Figure S6E).43 These data 

support that the observed rescue of phenotype is via 2’s inhibition of the miR-17/20a-

ZBTB4 circuit.

Effect of 2 on the pri-miR-17–92 Cluster in Autosomal Dominant Polycystic Kidney Disease 
(ADPKD).

Autosomal dominant polycystic kidney disease is the most common genetically defined 

kidney disease, ultimately leading to renal failure.39 Recent studies have shown that miR-17, 

−19a, −19b-1, and −20a from the miR-17–92 cluster are upregulated in cystic kidneys, 

which in turn repress PPAR-α and aggravate cyst growth (Figure 1D).39 Thus, the effect of 2 
was evaluated in WT 9–12 cells, an immortalized cell line generated from renal epithelial 

cell from proximal and distal tubules of ADPKD patients.44 Similar to our studies in 

DU-145 (vide infra) and MDA-MB-231 TNBC cells, 2 decreased expression of its cognate 

targets, miR-17, miR-18a, and miR-20a, dose dependently (by 55(±6)%, 52(±9)%, and 

59(±13)%, respectively, at 500 nM), with no effect on miR-19a, miR-19b-1, and miR-92a-1 

(Figure S7A). As expected, reduction of mature miR-17 levels by 2 derepressed PPAR-α 
expression, increasing protein levels by 2.7-fold at 500 nM (Figure S7B). Importantly, these 

studies show that reduction of miR-17 and miR-20a levels alone are sufficient to derepress 

PPAR-α, as levels of miR-19a and −19b-1, which also regulate PPAR-α,39 were unaffected 

by 2 treatment (Figure S7A).

Effect of 2 on the pri-miR-17–92 Cluster in the Prostate Cancer Cell Line DU-145.

The pri-miR-17–92 cluster, particularly by the overexpression of miR-18a, promotes 

prostate cancer.45 Thus, we evaluated the inhibitory effect of 2 on the biogenesis of the 

miR-17–92 cluster in the prostate cancer cell line DU-145. As expected, based on its in vitro 

binding affinity and activity, application of 2 inhibited the biogenesis of miR-17, −18a, and 

−20a, decreasing mature miRNA levels of each (Figure 4A). As little as 100 nM of 2 was 

sufficient to significantly inhibit production of the mature miRNAs: by 49(±9)% for miR-17 

(p < 0.05); by 49(±8) for miR-20a (p < 0.05); and by 58(±11)% for miR-18a (p < 0.01) 

(Figure 4A). Importantly, 2 did not affect levels of miR-19a, −19b-1, and −92a-1, which it 

does not bind. LNA-18a reduced miR-18a levels by 27(±5)% (Figure 4B). We previously 

studied 1, the monomer from which 2 is derived, for reducing miR-18a levels in DU-145 

cells.35 The reduction in mature miR-18a levels observed upon treatment with 100 nM of 2 
is similar to that upon treatment with 10 μM of 1,35 or a 100-fold increase in potency.

Consistent with studies in MDA-MB-231 TNBC cells, 2 increased levels of pri-miR-17–92 

by 51(±6)% and pre-miR-18a by 23(±0.05)% (Figure 4C,D). These results, in conjunction 

with the decreased levels of mature miR-18a, support the hypothesis that 2 inhibits 

processing of the priand pre-miRNA. To validate these observations, we measured the 

effects of compounds treatment on mature and pre-miR-17, −18a, and −20a was well as pri-

miR-17–92 levels by absolute quantification, which is in agreement with relative 

quantification data (Figure S8A).

Liu et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Downstream Effects of 2 in DU-145 Prostate Cancer Cells.

In DU-145 cells, miR-18a translationally represses serine/threonine-protein kinase 4 

(STK4).45 A previous study showed that an antagomir directed against miR-18a increased 

STK4 protein levels and triggered apoptosis via STK4-mediated dephosphorylation of 

protein kinase B [also known as AKT serine/threonine kinase (AKT)]. Treatment of DU-145 

cells with 2 increased levels of Stk4 mRNA by 22(±7)% (Figure S8B) and STK4 protein by 

65(±7)% (Figure S8C). To determine whether 2 can trigger apoptosis, Caspase 3/7 levels 

were measured upon 2 treatment. Indeed, 2 triggered apoptosis, increasing Caspase 3/7 

activity by 41(±8)% at 500 nM (Figure 4E). An LNA targeting miR-18a increased Caspase 

3/7 activity by 24(±8)% while no effect was observed for a scrambled control (Figure S8D).

To confirm that 2 triggered apoptosis by the miR-18a-STK4 circuit, we (i) overexpressed 

pri-miR-17–92 via a plasmid and (ii) knocked down STK4 via an shRNA. As expected, both 

overexpression of the cluster and knock down of its downstream target (STK4) reduced 2’s 

ability to trigger apoptosis (Figure S8E). The activity of 2 was unaffected upon transfection 

of a control plasmid or scrambled shRNA (Figure S8E). These observations support the 

hypothesis that 2 induced apoptosis in a miR-17–92 cluster- and STK4-dependent manner.

Collectively, these studies show that 2’s inhibition of the processing of three pre-miRNAs 

derived from the pri-miR-17–92 derepressed their downstream targets to alleviate oncogenic 

phenotypes in two different cellular models of disease, prostate cancer and breast cancer. 

Compound 2 also shows promising activity in an ADPKD model and will be the subject of 

further investigation.

Compound 2 Directly Engages the pri-miR-17–92 Cluster In Situ, as Determined by Chem-
CLIP.

A previously developed method named Chemical Cross-Linking and Isolation by Pull-down 

(Chem-CLIP) was used to assess direct target engagement of 2 (Figure 5A).35,46,47 To 

enable these studies, 2 was equipped with a diazirine module, a photo cross-linking group 

that reacts with nucleic acids upon irradiation, and a terminal alkyne that can react with 

biotinazide, used for isolation and purification (compound 3, Figure 2A). A control 

compound, 4, which lacks the RNA-binding modules but retains the reactive diazirine and 

alkyne on the peptoid backbone, was also synthesized (Figure 2A).

DU-145 cells were treated with 500 nM of 3, followed by isolation of 3-RNA adducts. A 

2.4-fold enrichment of pri-miR-17–92 was observed, as compared to its levels in the lysate 

prior to pull-down, while no significant enrichment was observed for cells treated with 4 
(Figure 5B). Interestingly, these results suggest that 3 directly engaged the primary transcript 

in the nucleus. We also measured enrichment using RT-qPCR primers complementary to 

pre-miR-18a, as overexpression of miR-18a represses apoptosis in prostate cancer cells via 

STK4. Indeed, 3 enriched pre-miR-18a by 2.8-fold in Chem-CLIP studies; no significant 

enrichment of pre-miR-18a was observed with 4 (Figure 5C). Finally, to further confirm that 

the parent compound 2 engages the same sites as the Chem-CLIP probe 3, a competition 

experiment (C-Chem-CLIP) was completed by pretreating DU-145 cells with varying 

concentrations of 2, followed by dosing with 3. Indeed, these studies showed that 2 reduced 
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the amount of pri-miR-17–92 pulled down by 3 in a dose-dependent manner, demonstrating 

that the two compounds bind the same sites (Figure 5D).

Targeted Cleavage of the pri-miR-17–92 Cluster.

On the basis of cellular localization, RT-qPCR, and Chem-CLIP analyses, 2 inhibited the 

biogenesis of only those miRNAs that it bound, namely miR-17, miR-18a, and miR-20a. 

Since all members of the miR-17–92 cluster are implicated in disease, it would be desirable 

to have a compound that inhibits generation of all mature miRNAs in the cluster (Figure 

6A).27 We therefore studied destruction of the precursor and primary transcripts by 

equipping 2 with a bleomycin A5 cleaving module. We have shown that conjugation of 

bleomycin A5 to an RNA-binding compound allows for the programmable cleavage of the 

desired RNA target in cells and in an animal model.19,48,49 That is, this approach can direct 

cleavage selectively to the RNA target with which the RNA-binding compound interacts 

while directing cleavage away from DNA, bleomycin’s canonical target. RNA-selective 

cleavage is afforded by conjugation of bleomycin A5′s free amine, which contributes to the 

recognition of DNA.19,49,50 Thus, we synthesized a 2-bleomycin A5 conjugate, 5, and its 

control compound 6, which lacks RNA-binding modules (Figure 6B).

Compound 5 was assessed for its ability to cleave pre-miR-17 in vitro. As expected, based 

on our in vitro binding and Dicer processing studies (Figures 2B and S2), 5 specifically 

cleaved pre-miR-17 nearby its Dicer processing site in a dose dependent manner with an 

IC50 of ~500 nM. (Figure S9A). In contrast, no dose-dependent cleavage was observed with 

control compound 6, which lacks RNA binding modules (Figure S9A). When the U bulge at 

the Dicer site and the adjacent G bulge were mutated to AU and GC base pairs, respectively, 

no cleavage due to the compound was detected (Figure S9B). These results collectively 

demonstrate specific binding of 5 at the designed site, the Dicer processing site and adjacent 

bulge. Although conjugation of bleomycin A5′s amine to RNA-binding molecules has been 

previously shown to reduce DNA cleavage overall and ablate cleavage at active 

concentrations that cleave the desired RNA target,19,49,50 we assessed whether 5 or 6 
cleaved plasmid DNA to a greater extent than bleomycin A5 itself. Bleomycin A5 

significantly cleaved DNA with as little as 100 nM of compound (Figure S9C, blue line), 

while at the same concentration 5 did not significantly cleave the DNA (Figure S9C, red 

line). Compound 6 had attenuated DNA cleavage capacity relative to parent bleomycin A5 at 

100 nM concentration (Figure S9C, green line). Thus, 5 is an RNA-specific cleaver in vitro.

Cleavage of the pri-miR-17–92 Cluster by 5 in MDA-MB-231 TNBC Cells.

Compound 5 was delivered to MDA-MB-231 cells to assess its ability to cleave both pri-

miR-17–92 and its cognate pre-miRNAs. Notably, cellular localization studies showed that 5 
can be found throughout the cell, with enhanced fluorescence observed in the perinuclear 

space (Figure S5). Indeed, 5 cleaved pri-miR-17–92, reducing its levels by 33(±8)% at 100 

nM, with control compound 6 having no effect (Figure 7A). We next completed a 

competitive cleavage experiment between 2 and 5. If the two compounds bind the same site 

within pri-miR-17–92 then increasing concentrations of 2 should diminish cleavage in this 

competition experiment. Indeed, 2 restored pri-miR-17–92 levels in a dose-dependent 

fashion (Figure 7B). Mirroring these results, 5 (500 nM) diminished pre-miR-17 levels by 
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33(±7)%, pre-miR-20a by 46(±6)% (Figure 7C), and all six mature miRNAs from 40(±7) to 

25(±15)% (Figure 7D). We corroborated our relative analysis by conducting absolute 

quantification of mature, pre- and pri-miRNA levels (Figure S10B).

Reduction of miR-17–92 levels derepressed both ZBTB4 mRNA and protein, by 36(±16)% 

and 62(±11)%, respectively, (500 nM of 5, Figure 7E,F). Further, 5 diminished the invasive 

characteristics of MDA-MB-231 cells (Figure 7G). As described for 2, we completed studies 

to investigate if 5 indeed acts along the miR-17–92-ZBTB4 axis by overexpressing 

primiR-17–92 or ablating ZBTB4 with an shRNA. Indeed, both types of experiments ablated 

5’s ability to derepress ZBTB4 mRNA and its anti-invasive phenotype (Figure S10C–G).

To assess 5’s selectivity, we identified miRNAs that contain the same motifs as those 

targeted by 2 in the miR-17–92 cluster and those predicted by Inforna to bind 2 [dubbed 

RNA isoforms (n = 30); Table S2]. All 30 miRNAs only contain a single binding site for 1, 

four of which are located in a Dicer site and one in a Drosha site (Table S2). Treatment of 5 
did not affect the levels of any of these miRNA isoforms, underscoring 5’s selectivity for the 

cluster (Figure S10H). The well-known oncogenic miR-2151 contains an A bulge in its Dicer 

site and a U bulge four base pairs downstream; three base pairs separate the bulges in pre-

miR-18a and they are in different orientations (same side of the helix in pre-miR-21 and 

opposite sides in pre-miR-18a (Table S2). Further the A and U bulges in miR-21 have 

different closing base pairs than premiR-18a and are predicted by Inforna to bind 1 weakly. 

Indeed, 5 had no effect on mature miR-21 levels (Figure S10H). Collectively, these data 

support that (i) 5 directly cleaved the pri-miR-17–92 transcript and induced an anti-invasive 

phenotype that is dependent on the downregulation of the cluster and ZBTB4 derepression 

and (ii) its selectivity is due to precise display of the RNA-binding modules at a distance that 

mimics the distance between the bulges, three base pairs.

Cleavage of the pri-miR-17–92 Cluster by 5 in DU-145 Prostate Cancer Cells.

Treatment of DU-145 cells with 5 decreased the levels of pri-miR-17–92 dose-dependently, 

with significant cleavage observed with as little as 10 nM of compound. No change in pri-

miR-17–92 levels were observed with control compound 6 up to the highest concentration 

tested (500 nM), indicating selective cleavage of the cluster by 5 (Figure 8A). Competitive 

cleavage studies (completed at a constant concentration of 10 nM of 5, the approximate 

IC50) showed that 2 restored pri-miR-17–92 levels in a dose dependent fashion, validating 

that they both bind the same site within the target (Figure 8B). Furthermore, 5 also 

diminished pre-miR-18a levels by 40(±4)% at 100 nM (Figure 8C) and levels of all miRNAs 

within the cluster with treatment with as little as 10 nM compound, except for miR-92a-1 

where inhibitory effects were significant at 100 and 500 nM concentrations (Figure 8D). In 

agreement with studies of the pri-miRNA, 6 did not affect levels of mature miRNAs within 

the cluster except miR-19a, which decreased by ~50% at 500 nM (Figure S11A), consistent 

with results obtained from absolute quantification (Figure S11B). This is likely due to the 

stretches of AU pairs in its hairpin precursor, which were shown previously to be a target of 

bleomycin A5 itself.50
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The effect of the 5 on the levels of miR-18a’s downstream target (STK4) in DU-145 cells 

and on phenotype was also assessed. Indeed, application of 5 (500 nM) increased levels of 

Stk4 mRNA by 19(±4)% (Figure 8E) and protein levels by 2.6-fold (Figure S11C). Further, 

the compound triggered apoptosis in DU-145 cells, as measured via induction of Caspase 

3/7, with statistically significant effects observed with as little as 10 nM compound (Figure 

8F), consistent with its effect on pri-miR-17–92 levels (Figure 8A). Control compound 6 did 

not induce apoptosis, as expected (Figure S11D). We compared the IC50’s of 2 and 5 for 

knockdown of mature miR-18a or induction of apoptosis, enabling small molecules to cleave 

the desired target increased potency by ~10-fold (Figures 4A vs 8D and 4E vs 8F).

Similar to the studies completed for 2 (Figure S8C), we studied whether 5’s rescue of 

phenotype is due to inhibiting the miR-18a-STK4 circuit via cleavage of the primary 

transcript. Indeed, overexpression of the cluster from a plasmid attenuated 5’s activity, as 

assessed by cleavage of pri-miR-17–92, derepression of STK4 mRNA, and activation of 

Caspase 3/7 (Figure S11E–G). Interestingly, while the STK4 shRNA had no effect on 5’s 

ability to cleave pri-miR-17–92, it ablated derepression of Stk4 mRNA and activation of 

Caspase 3/7 (Figure S11H–J). Taken together, these data support that 5’s activity is a direct 

result of downregulating the pri-miR-17–92 cluster and that induction of apoptosis is 

dependent on derepression of STK4.

Selectivity of 5 in DU-145 Cells.

To assess the selectivity of 5 cleavage on the miRNome, the levels of all expressed miRNAs 

in DU-145 cells (n = 373) were measured upon treatment with 500 nM of 5 by RT-qPCR. As 

shown in Figures 8G and S11K, the most affected miRNAs were those derived from the 

cluster, with no statistically significant effects on noncluster miRNAs, RNA isoforms, or 

miR-21. As mentioned above, none of these RNAs has two bulges separated by the same 

distance as in pre-miR-17, −18a, or −20a. Collectively, these studies suggest that 5 is a 

selective cleaver of the miR-17–92 cluster among the miRNome.

We next assessed whether 5 has selective effects on the proteome. Global proteomics 

analysis showed that only 9/3730 (0.24%) proteins were significantly affected by 5 treatment 

(Figure S12A), and only four were correlated with changes in mRNA levels (Figure S12B). 

Among down-regulated proteins, zinc finger CCCH domain-containing protein 7A 

(ZC3H7A) was found to be abnormally expressed in pancreatic ductal adenocarcinoma 

(PDAC) and mutation of ZC3H7A is related to metastasis of PDAC.52 Interestingly, 

programmed cell death 1 ligand 1 (PDL1), a known to be a target of miR-17,53,54 was 

upregulated, although its cell surface expression was not affected, as assessed by 

immunohistochemical staining and flow cytometry (Figure S12C–E). The BRI3 binding 

protein (BRI3BP), a pro-apoptotic protein that increases drug-induced apoptosis by 

increasing cytochrome c release and improving Caspase-3 activity,55,56 was also 

upregulated. Please see the Supporting Information for a detailed discussion of this 

proteomics analysis (Figure S12).
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Design and Evaluation of a miR-17-, miR-18a-, and miR-20a-Targeting RIBOTAC.

We developed an alternative strategy to target members of the miR-17–92 cluster for 

destruction by recruiting an endogenous nuclease via a ribonuclease targeting chimera 

(RIBOTAC).3,57,58 A RIBOTAC comprises an RNA-binding small molecule, in this case 2, 

conjugated to an RNase L-recruiting module, in this case, a recently discovered heterocycle, 

affording RIBOTAC 7 (Figure 9A).57 RNase L functions in innate immunity and is 

expressed at minute levels in all cells as an inactive monomer. It is activated and dimerized 

upon viral infection and has inherent substrate specificity, preferring 5′UA and 5′UU steps.
59,60 RIBOTACs locally recruit RNase L to the desired target to effect selective cleavage.
3,57,58

We therefore assessed whether the pri-miRNA, pre-miRNAs, or both are targeted for 

degradation by RIBOTAC 7. Interestingly, fluorescence microscopy showed that 7 was 

dispersed throughout the cell but notably in the cytoplasm where the pre-miRNA targets and 

RNase L also reside (Figure S5). These results suggest that 7 could trigger cleavage of 

premiR-17, −18a, and −20a, which bind 2, but not the cleavage of pri-miR-17–92 as RNase 

L is not detectable in the nucleus. That is, cleavage only occurs in the cytoplasm where all 

three components of the ternary complex are present, i.e., 7, its RNA targets, and RNase L. 

Notably, 7 was taken up to a similar extent as 2 in both DU-145 and MDA-MB-231 cells 

(Figure 9B).

To study if this is indeed the case, we measured the levels of mature miRNAs, pre-miRNAs, 

and the primary transcript of the 17–92 cluster in MDA-MB-231 TNBC cells upon treatment 

with 7. Indeed, 7 reduced the levels of mature miR-17, miR-18a, and miR-20a dose 

dependently, with no effect on the levels of the other three mature miRNAs in the cluster 

(Figure 9C). Consistent with our hypothesis, 7 (500 nM) decreased levels of pre-miR-17, 

pre-miR-18a, and premiR-20a by 31(±3)%, 19(±4)%, and 36(±3)%, respectively (Figure 

9D), while pri-miR-17/92 levels were unchanged (Figure 9E). To corroborate these data, the 

effect of 7 on levels of the cluster, whether mature, pre-, or pri-miRNAs, was also measured 

in DU-145 cells. The same trends were observed; that is, only the pre-miRNAs that bind 2 
were degraded, as evidenced by reduced levels of their mature (Figure 9F) and pre-miRNAs 

(Figure 9D). No effect on pri-miR-17/92 levels was observed (Figure 9E). The changes 

observed in both cell lines were verified by absolute quantification (Figure S13).

DISCUSSION

The most common way to target an RNA is the binding of ASOs to unfolded or unstructured 

regions.7,61 However, much of the biology of an RNA is due to its structure.62–64 Indeed, we 

have used sequence-based design to afford a simple binding compound that is structure-
specific. The compound’s mode of action was then extended to cleave the desired target 

selectively either directly by conjugation to bleomycin A5 or indirectly by conjugation to an 

RNase L-recruiting module, or RIBOTAC. Application of the bleomycin cleavage strategy to 

the targeting of the miR-17–92 cluster enabled cleavage of the nuclear primary transcript, 

thereby reducing levels of all encoded mature miRNAs. These results, taken together with 

the application of this strategy to cleave r(CUG) repeat expansions in vivo,19 demonstrate 
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the generalizability of this method to enhance the bioactivity of RNA targeting ligands. 

Given that ~25% of all miRNAs are embedded in clusters and their roles in disease,28 

developing strategies to eliminate a cluster in its entirety could have far reaching effects. 

Further, we demonstrate that cleavage can be tuned to a cellular compartment, such that only 

a single or a few miRNAs in a cluster can be marked for decay. RIBOTAC 7 selectively 

cleaved pre-miR-17, pre-miR-18a, and pre-miR-20a, those that bind 2 from which it is 

derived, reducing levels of only their encoded mature miRNAs. That is, no effect was 

observed on the three other members in the pri-miR-17–92 cluster or the primary transcript 

itself. Collectively, our studies suggest that the cleaving module can be customized for each 

target based on its cellular localization and the site adjacent to the RNA binder’s binding 

site, as both bleomycin50 and RNase L59,60 have inherent substrate preferences. Importantly, 

both the RIBOTAC and bleomycin approach remove the requirement of molecular 

recognition of a structure located at a functional site (such as a Dicer or Drosha processing 

site). Rather, any structure-specific ligand can be imbued with the ability to cleave the target, 

thereby inhibiting its downstream function.

Many ligands developed to target RNA are likely to interact with sites that will not affect the 

biology of the target. That is, although interactions at these sites may be selective, they will 

not elicit a biological effect. The ability to imbue compounds with the capacity to degrade an 

RNA target will likely enhance the number of bioactive ligands as triggering decay will 

affect the biology of a target, regardless of whether the compound binds to a functional or 

nonfunctional site.

There is much to be learned about designing small molecules that bind to RNA targets in 

cells and modulate biology. The observation that the targeted degradation can selectively 

modulate disease pathways and on-target phenotypes in several disease settings suggests that 

these approaches can be used to broadly provide chemical probes. The development of these 

probes is a first and important step in developing precision medicines to leverage known 

biology into therapeutic modalities.
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Figure 1. 
Schematic of the pri-miR-17–92 cluster and its downstream targets. (A) Schematic of the 

polycistronic pri-miR-17–92 cluster’s secondary structure. Interestingly, miR-17, miR-18a, 

and miR-20a share a common structure at their Dicer sites, the 1-nucleotide bulge 5′G_U/

3′CUA targetable with 1 (yellow boxes). Adjacent targetable motifs are present in all three 

miRNAs, 5′GGU/3′C_A in miR-17 and miR-20a (blue box) and 5′GAU/3′C_A in 

miR-18a (green box). (B) In DU-145 prostate cancer cells, miR-18a represses STK4, which 

inhibits apoptosis. (C) In triple negative breast cancer cells, overexpression of miR-17 and 

miR-20a induces an invasive phenotype. (D) In polycystic kidney disease, miR-17, miR-19a, 

and miR-19b are upregulated, triggering cell proliferation and cyst formation.
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Figure 2. 
Design of a dimeric compound that binds to miR-17’s Dicer site. (A) Chemical structures of 

compounds used in these studies. Compound 1 is the parent monomer targeting each motif; 

2 is the dimer with three propylamine spacing modules in the peptoid backbone, allowing 

specific binding to each miRNA’s Dicer site; 3 is a Chemical Cross-Linking and Isolation by 

Pull-down (Chem-CLIP) probe that contains a diazirine reactive module and click handle for 

conjugating biotin, enabling pull-down for assessing target engagement; 4 is the Chem-CLIP 

control probe that lacks the RNA-binding modules to assess nonspecific reaction of the 

diazirine. (B) Secondary structures of the model RNAs used in binding studies and the 

corresponding affinities for 2. Note that “miR-17 Dicer site” and “miR-18a Dicer site” are 
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comprised of sequences native to the corresponding RNA. Other RNAs contain mutations 

that convert the bulges to base pairs.
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Figure 3. 
Bioactivity of dimeric binder 2 in MDA-MB-231 triple negative breast cancer cells. (A) 

Effect of dimeric binder 2 on the levels of mature miRNAs derived from the miR-17–92 

cluster in MDA-MB-231 cells, as determined by RT-qPCR. (B) Effect of LNAs on miR-17 

and miR-20a levels, as determined by RT-qPCR. (C) Effect of 2 on pri-miR-17–92 levels 

shows a 50% increase in its levels. (D) Effect of 2 on pri-miR-17–92, pre-miR-17, and pre-

miR-20a levels, as determined by RT-qPCR. (E) Effect of 2 on the invasive properties of 

MDA-MB-231 cells caused by aberrant expression of miR-17 and miR-20a. Representative 

images of invasion assays from 2-treated and untreated MDA-MB-231 cells. Errors are 

reported as SEM *, p < 0.05; **, p < 0.01; ***, p < 0.001, as determined by a Student t test.
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Figure 4. 
Bioactivity of dimer binder 2 in DU-145 prostate cancer cells. (A) Effect of 2 on the levels 

of mature miRNAs derived from the miR-17–92 cluster in DU-145 cells, as determined by 

RT-qPCR. (B) RT-qPCR of an LNA targeting miR-18a shows a modest effect on miR-18a 

levels. (C) Effect of 2 on pri-miR-17–92 levels shows a 50% increase in pri levels. (D) Effect 

of 2 on pre-miR-18a levels, as determined by RT-qPCR. (E) Effect of 2 (500 nM) on 

phenotype (apoptosis), as measured by Caspase 3/7 activity. Errors are reported as SEM *, p 
< 0.05; **, p < 0.01; ***, p <0.001, as determined by a Student t test.
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Figure 5. 
Studying target engagement via Chemical Cross-Linking and Isolation by Pull-down (Chem-

CLIP) and Competitive-Chem-CLIP (CChem-CLIP) in DU-145 cells. (A) Schematic of the 

Chem-CLIP target engagement methodology. (B) Enrichment of the pri-miR17–92 transcript 

by 3 in Chem-CLIP studies, as compared to the lysate prior to pull-down. (C) Pull-down of 

pre-miR-18a by 3, as compared to the lysate prior to pull-down. (D) C-Chem-CLIP studies 

in which DU-145 cells were cotreated with 3 and increasing concentrations of 2, which 

dose-dependently reduced the amount of pri-miR-17–92 pulled down. Errors are reported as 

SEM *, p < 0.05; **, p < 0.01; ***, p < 0.001, as determined by a Student t test.
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Figure 6. 
Designing a small molecule to directly cleave pri-miR-17–92. (A) Schematic of targeted 

degradation of the cluster with a cleaving compound. (B) Structures of the 2-bleomycin A5 

conjugate, 5, and control compound 6 that lacks the RNA-binding modules.
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Figure 7. 
Bioactivity of dimer-bleomycin conjugate 5 in MDA-MB-231 triple negative breast cancer 

cells. (A) Effect of cleaving compound 5 and negative control compound 6 on pri-miR-17–

92 levels in MDA-MB-231 cells, as determined by RT-qPCR. (B) Competition experiment 

between dimer binder 2 and 5 and their effect of pri-miR-17–92 levels, as determined by RT-

qPCR. (C) Effect of 5 on pre-miR-17 levels, as determined by RT-qPCR. (D) Effect of 5 on 

the levels of mature miRNAs derived from the miR-17–92 cluster, as determined by RT-

qPCR. (E) Effect of 5 on Zbtb4 mRNA levels, a direct target of miR-17, as determined by 

RT-qPCR. (F) Effect of 5 on ZBTB4 expression in MDA-MB-231 cells. (G) Effect of 5 on 

the invasive characteristics of MDA-MB-231 cells, due to repression of ZBTB4. Errors are 

reported as SEM *, p < 0.05; **, p < 0.01; ***, p < 0.001, as determined by a Student t test.
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Figure 8. 
Bioactivity of the dimer-bleomycin conjugate 5 in DU-145 prostate cancer cells. (A) Effect 

of cleaving compound 5 and negative control compound 6 on pri-miR-17–92 levels in 

DU-145 cells, as determined by RT-qPCR. (B) Competition experiment between dimer 

binder 2 and 5 and their effect of pri-miR-17–92 levels, as determined by RT-qPCR. (C) 

Effect of 5 on pre-miR-17 levels, as determined by RT-qPCR. (D) Effect of 5 on the levels of 

mature miRNAs derived from the miR-17–92 cluster, as determined by RT-qPCR. (E) Effect 

of 5 on Stk4 mRNA levels, a direct target of miR-18a, as determined by RT-qPCR. (F) Effect 

of 5 on Caspase 3/7 activity, an indicator of apoptosis which is impeded in DU-145 cells due 

to repression of STK4. (G) Profiling of 373 miRNAs in DU-145 cells shows that only 

mature miRNAs derived from the 17–92 cluster are significantly affected, with miR-17 and 

−18a being the most significantly affected. Note that profiling was completed after a 6 h 

treatment period to minimize downstream effects as the compound induces apoptosis. All 

other data were collected after at 24 h treatment period. Errors are reported as SEM *, p < 

0.05; **, p < 0.01; ***, p < 0.001, as determined by a Student t test.
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Figure 9. 
Bioactivity of RIBOTAC 7 in MDA-MB-231 TNBC and DU-145 prostate cancer cells. (A) 

Structure of RIBOTAC 7, generated by coupling dimer binder 2 with a small molecule that 

recruits RNase L discovered previously.57 (B) Cellular permeability of 2 (dimer binder), 5 
(dimer-bleomycin conjugate) and RIBOTAC 7 at 5 μM. (C) Effect of 7 on the levels of 

mature miRNAs from the 17–92 cluster in MDA-MB-231 TNBC cells, as determined by 

RT-qPCR. (D) Effect of 7 on pre-miR-17, −18a, and −20a levels in MDA-MB-231 and 

DU-145 cells, as determined by RT-qPCR. (E) Effect of 7 on pri-miR-17–92 in MDA-

MB-231 TNBC and DU-145 prostate cancer cells, as determined by RT-qPCR. (F) Effect of 

7 on the levels of mature miRNAs from the 17–92 cluster in DU-145 prostate cancer cells, 

as determined by RT-qPCR. *, p < 0.05, **, p < 0.01, ***, p < 0.001 by a Student t test. All 

errors are reported as SEM.
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