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Abstract

Herein, we describe the precise cellular destruction of an oncogenic noncoding RNA with a small 

molecule—bleomycin A5 conjugate, affording reversal of phenotype and a facile method to map 

the cellular binding sites of a small molecule. In particular, bleomycin A5 was coupled to a small 

molecule that selectively binds the microRNA-96 hairpin precursor (pri-miR-96). By coupling of 

bleomycin A5’s free amine to the RNA binder, its affinity for binding to pri-miR-96 is >100-fold 

stronger than to DNA and the compound selectively cleaves pri-miR-96 in triple negative breast 

cancer (TNBC) cells. Indeed, selective cleavage of pri-miR-96 enhanced expression of FOXO1 

protein, a proapoptotic transcription factor that miR-96 silences, and triggered apoptosis in TNBC 

cells. No effects were observed in healthy breast epithelial cells. Thus, conjugation of a small 

molecule to bleomycin A5’s free amine may provide programmable control over its cellular 

targets. Few approaches are available to define the binding sites of small molecules within cellular 

RNAs. Our targeted cleavage method provides such an approach that is straightforward to 

implement. That is, we determined experimentally the site cleaved within pri-miR-96 in vitro and 

in cells; these studies revealed that the site of cleavage is the precise site for which the small 

molecule cleaver was designed and in agreement with modeling. These studies demonstrate the 

potential of sequence-based design to provide bioactive compounds that precisely recognize and 

cleave RNA in cells.
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The ENCODE Project revealed that over 70% of our genome is transcribed into RNA.1 

These RNAs, particularly those that are noncoding, have diverse functions.1 Small molecule 

targeting of RNA, however, has been challenging, except for RNAs that fold into globally 

ordered, highly defined three-dimensional structures such as ribosomes and riboswitches.2–4 

More recently, it has been shown that pre-mRNAs in complexes can be targeted and 

stabilized with small molecules.5,6 Most RNAs, however, do not have highly complex long-

range folds but do have extensive two-dimensional (secondary) structures including motifs 

such as hairpins, internal loops, and bulges that could be targeted with small molecules.7,8 

Indeed, small molecules have been discovered that target biological RNAs that contain these 

folds such as microRNA precursors (miRNAs).9–11 Furthermore, approaches to study the 

cellular binding of small molecules to RNA targets are needed to support mechanism of 

action studies.

To provide rational approaches to target RNA with small molecules, we developed a 

sequence-based approach dubbed Inforna.12 In particular, Inforna enabled the design of a 

small molecule (Targaprimir-96, 1, Figure 1A) that selectively targets the Drosha 

endonuclease processing site of oncogenic primary microRNA-96 (pri-miR-96).13 MiRNAs 

are non-coding RNAs that play pervasive roles in biology, and their aberrant expression or 

mutation can be causative of disease. They are initially produced as precursors (pri-miRNA) 

that are processed by the nuclease Drosha followed by translocation to the cytoplasm as 

precursor microRNAs (pre-miRNAs). Pre-miRNAs are cleaved by the cytoplasmic nuclease 

Dicer to produce mature miRNAs that bind to the 3’ untranslated regions (UTRs) of mRNAs 

and repress translation. Application of 1 to triple negative breast cancer (TNBC) cells 

inhibited the production of mature miR-96, derepressed proapoptotic transcription factor 

Forkhead box protein O1 (FOXO1) that the miRNA repressed, and triggered apoptosis 

(Figure 1B).13

To expand the functional repertoire of small molecules that target RNA from simple binding 

to selective cleavage, bleomycin A5 was conjugated to 1, affording 2 (Figure 1). Bleomycin, 

a natural product used for treatment of cancer, cleaves DNA14,15 but also cleaves RNA, as 

pioneered by the Hecht group.16,17 Bleomycin contains four domains: (i) a metal ion-

binding domain that activates O2 and leads to nucleic acid cleavage;18–21 (ii) a DNA-binding 

domain, which affects cleavage efficiency;22 (iii) a linker region between the metal ion-

binding and DNA-binding domains, which also affects cleavage efficiency;23–27 and (iv) a 

carbohydrate domain that facilitates cellular uptake.20 We chose bleomycin A5 as the 

cationic dimethyl sulfonium in the C-terminal DNA-binding domain has been replaced with 

a butyl-1,4-diamine side chain. This modification serves two purposes: (i) facile conjugation 

of the terminal primary amine to RNA-binding modules containing carboxylates; notably, 

Li and Disney Page 2

ACS Chem Biol. Author manuscript; available in PMC 2019 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acylation of the butyl-1,4-diamine side chain (cationic) with a small molecule affords an 

uncharged linkage; and (ii) reduction of DNA binding affinity,28–30 as the cationic side 

chain, known to drive binding to DNA, has been acylated and is no longer charged. In 

addition, it has been shown that increasing the size and hydrophobicity of bleomycin A5’s 

butyl-1,4-diamine side chain further decreases DNA binding affinity and the extent of 

cleavage.28–30 Conjugation of an RNA-binding module is therefore likely to alter bleomycin 

A5’s binding and cleavage preferences toward RNA, as we have observed in the selective 

cleavage of expanded r(CUG) repeats.31

The secondary structure of oncogenic pri-miR-9632 was analyzed to determine if it might be 

a suitable target for bleomycin-mediated cleavage (Figure 1B). Previously, it has been shown 

that bleomycin can cleave AU pairs in RNA,33 and indeed AU pairs are present adjacent to 

pri-miR-96’s Drosha site. Thus, conjugation of bleomycin to compound 1 could provide a 

selective cleaving small molecule, provided that the bleomycin is positioned toward these 

AU pairs. As previous studies have shown that the 3,5-di-tert-butylbenzyl benzimidazole 

module in 1 binds the 1 X 1 UU internal loop in the Drosha site (teal oval; Figure 1),12 

conjugation of bleomycin A5 to 1 (2; Figure 1A) places the cleaving module near the 

neighboring AU pairs. Control compound 3 (Figure 1A), which lacks the RNA-binding 

modules, was also synthesized.

The sites of cleavage by 2 and 3 were studied in vitro by using primer extension with a 

radioactively labeled primer after reaction (Figure S1). In the presence of 2 and Fe2+, a site 

of selective cleavage was observed adjacent to the Drosha site, as predicted; that is, cleavage 

at this site was not observed when pri-miR-96 was treated with Fe2+ alone or 3 and Fe2+ 

(Figure S1). (Note: Bands that appear in the “0” (untreated) and “Fe2+” (treated solely with 

Fe2+) were not considered as they are due to “RT stops” and not to compound treatment.) To 

further assess the ability of 2 and 3 to cleave nucleic acids, they were tested for cleaving 

DNA. As shown in Figure 2A, 2 cleaved DNA with 5-fold lower efficiency than 3 at 

concentrations ≥500 nM, as calculated by comparing the percentage of DNA plasmid 

cleaved by both compounds (p < 0.05). Thus, conjugation of bleomycin to an RNA binder 

significantly reduced its ability to cleave DNA in vitro, as expected based on previous 

reports.30 To confirm our in vitro cleavage results, we measured the affinities of 1, 2, 3, and 

bleomycin A5 for pri-miR-96 and DNA by microscale thermophoresis (MST;34,35 Figure 

2B). In agreement with in vitro cleavage studies, 1 and 2 bound avidly to pri-miR-96 with 

Kd’s of 39 ± 18 nM and 64 ± 11 nM, respectively, while saturable binding to 3 and 

bleomycin A5 was not observed (Kd > 30 μM). In contrast, no saturable binding of 1, 2, or 3 
to DNA was observed (Kd > 30μM); however, bleomycin A5 bound DNA with a Kd of ~1 

μM. Collectively, these results indicate that modification of bleomycin A5’s side chain, 

whether by an RNA-binding module or a peptoid linker, greatly reduced its affinity for DNA 

as expected30 and that 2 selectively bound pri-miR-96 in the low nanomolar concentration 

range.

This phenomenon was also observed in cells, as studied by assessing DNA damage using an 

antibody for the gamma H2A histone family, member X (γ-H2A.X),36 a marker for DNA 

double stranded breaks visualized as nuclear foci. In agreement with in vitro DNA cleavage 

(Figure 2A), 3 caused ~2.3-fold more DNA damage than 2 (500 nM of 2 or 3; Figure 2C), as 
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calculated by comparing the average foci number per cell for each compound. Collectively, 

these data show that pri-miR-96 can be cleaved to a greater extent by 2 than DNA is cleaved 

within a concentration window; that is, the targets that are cleaved by bleomycin can be 

attenuated by addition of an RNA-binding module at midnanomolar concentrations both in 
vitro and in cells, vide infra.

Next, the effect of 2 on pri-miR-96 and mature miR-96 levels in MDA-MB-231 TNBC cells 

was measured via RT-qPCR To study the cleaving effects of 2, the compound was first 

complexed with Fe2+ (1 equiv), diluted into growth medium, and then added to cells. While 

both compounds reduced mature miR-96 levels (Figure 3A), 1 increased the level of 

primiR-96, while 2 decreased it (Figure 3B), as expected based on their designed mode of 

action, simple binding and cleavage, respectively. When 2 was prepared in the absence of 

Fe2+, no statistically significant effect was observed on pri-miR-96 levels (Figure S3); 

mature miR-96 levels were reduced upon treatment with 500 nM compound as expected 

based on 2’s binding properties (p < 0.05). These data suggest that the cleavage of pri-

miR-96 contributes to the downregulation of mature miR-96. Control compound 3 had no 

effect on mature or pri-miR-96 levels (Figure S4). To further confirm 2’s mode of action, a 

competition cleavage experiment was completed in which increasing concentrations of 1 and 

a constant concentration of 2 were delivered to MDA-MB-231 cells. [Note: both compounds 

show similar levels of cell permeability at 500 nM as determined by flow cytometry (Figure 

S5).] Results show that the cleavage caused by 2 is effectively competed off when 1 was 

added (Figure 3C). Each of these results supports the hypothesis that 2 is targeting 

primiR-96 for destruction.

In cancer cells, miR-96 suppresses apoptosis by silencing the production of pro-apoptotic 

transcription factor FOXO1.32 Thus, inhibition of miR-96 by 2 should increase the amount 

of FOXO1 and trigger apoptosis. Indeed, the amount of FOXO1 protein in MDA-MB-231 

cells was increased by ~1.8-fold when treated with 500 nM of 2 (Figure 3D). The effect of 2 
on phenotype (suppression of apoptosis)12,13,32 was then assessed by using both Annexin/PI 

staining and Caspase assays. Importantly, 2 induced apoptosis in MDA-MB-231 cells 

(Figure 3E (red) and Figure S6) and had no effect on MCF- 10a healthy breast epithelial 

cells in which pri-miR-96 is not expressed in measurable amounts (Figure 3E, blue). Further, 

the apoptotic effect of 2 was reduced in cells in which pri-miR-96 was overexpressed from a 

plasmid (Figure 3E, green). We also measured the effect of 2 on other miRNAs, including 

miR-10b, which was previously shown to be a target of bleomycin A5,33 oncogenic 

miR-21,37 and all other miRNAs predicted to target the FOXO1 3’ untranslated region 

(UTR) by TargetScan.38 None of these targets was affected (Figure S7).

One of the beauties of antisense is that the oligonucleotide’s on- and off-targets can be 

inferred by depletion of an RNA’s levels. To determine whether 2 can be used in target 

profiling studies akin to antisense, an unbiased profiling experiment (RiboSNAP; small 

molecule nucleic acid profiling by cleavage applied to RNA) on the 349 miRNAs expressed 

in MDA-MB-231 cells was completed. The data from these studies are presented as a 

volcano plot, a logarithmic plot of fold change vs statistical significance (Figure 4A). 

Importantly, these studies show (i) miR-96 levels were affected to the greatest extent and 

were the most statistically significant, illustrating 2’s remarkable selectivity. This result is of 
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great interest considering that 2’s mode of action is RNA cleavage. Evidently, conjugation of 

bleomycin A5 to 1 does not alter 1’s selectivity;13 (ii) small molecule-bleomycin conjugates 

can be used in cellular target profiling studies; and (iii) the RNA targets cleaved in cells by 

bleomycin can be precisely programmed by conjugation to a selective RNA small molecule 

binder. One challenge in developing chemical probes targeting RNA has been the perception 

that compounds cannot be selective, and these studies suggest that small molecules, even 

those that cleave, can be selective for an RNA target.

The most common method to identify small molecule binding sites within an RNA is to 

monitor sites of protection from nuclease cleavage or reaction with chemical modification 

reagents. Indeed, this approach identified sites in the ribosome that bound antibiotics.39,40 

However, some binding sites can be silent due to a lack of reactivity with a chemical 

modifier and can require long residence times of the small molecule to prevent reactivity 

(irreversible). Thus, careful tuning of the experimental conditions is often necessary. 

Although laborious, these types of experiments are invaluable to validate or identify the 

target(s) of small molecules, which is essential to establish a compound’s mode of action.

We posited that analyzing the cleavage footprints of 2 from RNA harvested from treated 

cells could identify the precise binding site, an approach we named Ribo-SNAP-Map. If 

cleavage sites could be amplified, both the small molecule’s RNA target (Ribo-SNAP) and 

the binding site within the RNA (Ribo-SNAP-Map) could be identified quickly after 

compound treatment. To implement Ribo-SNAP-Map, we developed a procedure to enrich 

the partial cleavage products of pri-miR-96 (Figure 4B) using a gene specific forward primer 

and a universal reverse primer in an RT-qPCR experiment.41 Gel analysis showed a new 

band at ca. 130 base pairs only when cells were exposed to 2, not to 1 or 3 (Figure S8). 

Sequencing analysis confirmed that the cleavage sites were proximal to the predicted and in 
vitro mapped binding sites for 2 (Figure 4C and Figure S8). Molecular modeling of 2 
binding with pri-miR-96 (Figure S9) also showed that 2 positions the cleaving moiety 

toward the AU sequence that is cleaved rather than other regions in the RNA that are distant 

from the ligand’s binding site. Thus, Ribo-SNAP-Map can indeed be used to map binding 

sites in cells. Notably, AU pairs proximal to a small molecule’s binding site is not required 

for selective cleavage of bleomycin A5 conjugates, as observed for r(CUG) repeats.31

Previous studies have provided small molecules that cleave RNA by using light,42 are 

nuclease mimics,43 or recruit endogenous nucleases to an RNA target.44 In the first 

approach, applicability can be limited because of the necessity of light to penetrate cells and 

tissue. Compounds that act as nuclease mimics interact with an expanded repeating RNA 

and have a mixed mode of inhibition (transcriptional inhibition, inhibition of protein 

binding, and cleavage).43 Notably, expanded repeating RNAs are atypical targets; due to its 

repeating nature and hence multiple small molecule binding sites, inefficient cleavage could 

afford a significant biological effect. More recently, we developed an approach named 

ribonuclease targeting chimeras (RIBOTACs) to recruit endogenous RNase L to cleave a 

desired RNA target.44 However, cleavage patterns on the RNA target using each of these 

three methods can be complex and may not be proximal to the binding site. In contrast, 

cleavage with 2 is proximal and not complex, allowing straightforward identification of 

RNA sequences nearby ligand binding sites.
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Herein, we showed that small molecules can be engendered with antisense-like properties in 

cells using chimeric compounds comprised of a selective RNA-binding small molecule and 

bleomycin A5 as a cleaving moiety. Indeed, these studies and others suggest that (i) the 

targets cleaved by bleomycin can be tuned by conjugation to an RNA-binding small 

molecule; (ii) these capacities are likely programmable; and (iii) the ability to cleave RNAs 

with small molecules could expand the target scope of ligands that modulate the biology of 

RNA, akin to the revolution that PROTACs45 initiated in the protein targeting field. Most 

RNAs’ biology may not be affected by simple binding and engendering a small molecule 

with the ability to cleave will likely expand the number of RNAs that can be targeted with 

organic compounds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Pri-miR-96 is oncogenic and suppresses apoptosis in cancer cells via repression of the pro-

apoptotic transcription factor Forkhead box protein O1 (FOXO1). (A) Structures of the 

compounds used in these studies. Compound 1 was designed via Inforna and selectively 

targets primiR-96. Compound 2 is a version of 1 conjugated to bleomycin A5, while 

compound 3 is a version of 2 that lacks RNA-binding modules. (B) Secondary structure of 

pri-miR-96 and the miR-96-FOXO1 pathway. Compound binding sites are indicated in the 

secondary structure, and mature miR-96 is indicated in red lettering. The red “X” indicates 
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inhibition of Drosha processing by a small molecule and subsequent downstream steps. In 

previous studies, we showed that 1 inhibited the production of mature miR-96, derepressed a 

downstream target, pro-apoptotic transcription factor FOXO1, and triggered apoptosis.
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Figure 2. 
Conjugation of a selective RNA binder to bleomycin A5 attenuates DNA cleavage in vitro 
and in cells. (A) Studying the DNA cleaving activity of 2 and 3 in vitro. Appending RNA-

binding modules onto the bleomycin core (affording 2) decreased the amount of DNA 

cleavage as compared to 3, which lacks RNA-binding modules. (B) Affinities of 1, 2, 3, and 

bleomycin A5 for Cy5-labeled pri-miR-96 or a Cy5-labeled AT-rich DNA hairpin, as 

determined by MST. (C) Visualization and quantification of DNA damage in MDA-MB-231 

cells treated with 500 nM of 1, 2, or 3 for 12 h. Data are expressed as mean ± SEM (n ≥ 3). 
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*p < 0.05; **p < 0.01 as determined by a two-tailed Student t test by comparison to 

untreated DNA (B) or cells (C).
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Figure 3. 
Studying the effect of 1 and 2 on mature miR-96 and pri-miR-96 levels and on miRNA-

mediated biology. (A) Effects of 1 and 2 on mature miR-96 levels in MDA-MB-231 TNBC 

cells, as determined by RT-qPCR. (B) Effects of 1 and 2 on pri-miR-96 levels in MDA-

MB-231 cells. As expected based on their modes of action, 1 (simple binding) increased pri-

miR-96 levels, while 2 (cleavage) reduced them. (C) Co-addition of increasing 

concentrations of 1 (5 to 500 nM) and a constant concentration of 2 (500 nM) to MDA-

MB-231 cells increased levels of pri-miR-96, diminishing the cleaving capacity of 2 as 
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expected. (D) Effect of 2 on expression of FOXO1 protein, a direct target of miR-96, as 

determined by Western blot. (E) Effect of 1 or 2 on apoptosis in MDA-MB-231 cells (red), 

MDA-MB-231 cells that overexpress pri-miR-96 via a plasmid (green), and in MCF-10a 

healthy breast epithelial cells (blue), as determined by Caspase assays. Data are expressed as 

mean ± SEM (n > 3). *p < 0.05, **p < 0.01, as measured by a two-tailed Student t test by 

comparison to untreated cells.
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Figure 4. 
An unbiased miRNA-profiling approach shows that 2 most significantly affects mature 

miR-96 levels in MDA-MB-231 cells, and amplification of cleavage products identifies the 

small molecule binding site within pri-miR-96. (A) Volcano plot for profiling the effect of 2 
on all miRNAs expressed in MDA-MB-231 cells; miR-96 is the most affected (red, miR-96; 

blue, FOXOl-assoicated miRNAs or miRNAs with the same structures found in miR-96’s 

Drosha site or the adjacent loop). (B) Scheme of the amplification approach to identify small 

molecule binding sites via cleavage. (C) Top, representative Sanger sequencing results from 

cDNA of the cleaved RNA. The cleavage site is indicated with a red box. Bottom, analysis 

of sequencing data revealed three cleavage sites (indicated with a red box and arrow in the 

pri-miR-96 secondary structure); ~40% of reads stop at the first C (5’); ~30% of reads stop 

at the A; ~30% of reads stop at the second C (3’). Data are expressed as mean ± SEM (n ≥ 

3).

Li and Disney Page 15

ACS Chem Biol. Author manuscript; available in PMC 2019 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

