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Abstract

microRNAs (miRNAs) are small gene regulatory RNAs, and their expression has been found to be 

dysregulated in a number of human diseases. To facilitate the discovery of small molecules 

capable of selectively modulating the activity of a specific miRNA, we have utilized new high-

throughput screening technology targeting Dicer-mediated pre-miRNA maturation. Pilot screening 

of ~50,000 small molecules and ~33,000 natural product extract libraries against pre-miR-21 

processing indicated the potential of our assay for this goal, yielding a campaign Z′ factor of 0.52 

and an average plate signal-to-background (S/B) ratio of 13. Using two-dimensional screening 

against a second pre-miRNA, pre-let-7d, we evaluated the selectivity of confirmed hits. The results 

presented demonstrate how high-throughput screening can be used to identify selective small 

molecules for a target RNA.

Keywords

microRNAs; Dicer; cat-ELCCA; high-throughput screening

Introduction

microRNAs (miRNAs) are a class of >2000 ~22-nucleotide (nt) RNAs important in the 

posttranscriptional regulation of gene expression.1,2 These small RNAs function by binding 

to sequence complementary sites in the 3′ untranslated region (UTR) of target genes and 

inhibiting protein synthesis. Over the past three decades since the discovery of these 

micromanagers, miRNAs have been shown to regulate the expression of the majority of 

human genes, including many of those relevant to health and disease.2 Aberrant expression 
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of miRNAs has been linked to the development of most human diseases, including cancer 

and cardiovascular, viral, and neurodegenerative diseases.2,3 Thus, strategies that will enable 

modulation of a miRNA’s level in the cell could have enormous therapeutic potential. 

Although antisense oligonucleotide (ASO)–based approaches have traditionally been 

utilized for such efforts,3 many challenges still exist in the development of ASO-based 

reagents for clinical use.2,4 These roadblocks highlight the importance of discovering 

selective small-molecule ligands for RNA targets, including miRNAs, as an alternative 

strategy for drugging this class of biomolecules.

The biogenesis of a mature miRNA is derived from two hairpin loop intermediates: a nuclear 

pri-miRNA (≥1000 nt) and a cytosolic pre-miRNA (~60–80 nt).1 In the final step of 

maturation, the RNase III enzyme Dicer cleaves the pre-miRNA to form a mature miRNA 

duplex, of which one strand is loaded into the RNA-induced silencing complex (RISC) to 

silence gene expression. Thus, as a biological basis for the targeting of miRNAs, we 

hypothesize that small molecules able to productively bind to a pre-miRNA will inhibit 

miRNA maturation and thereby activity. Although both pri- and pre-miRNAs contain 

significant secondary structure for selective small-molecule ligand binding, the targeting of 

pre-miRNAs was chosen over that of pri-miRNAs due to their favorable size for assay 

development and screening, and cellular localization for intracellular small-molecule 

targeting.

To enable this goal, we have developed new platform assay technology for identifying small-

molecule pre-miRNA ligands using our catalytic enzyme-linked click chemistry assay (cat-

ELCCA) technology.5–8 In brief, cat-ELCCA is analogous to a chemical enzyme-linked 

immunosorbent assay (ELISA), whereby click chemistry is employed to enable catalytic 

signal amplification through covalent conjugation of an immobilized biomolecule (e.g., pre-

miRNA) to horseradish peroxidase (HRP) (Fig. 1). For Dicer-mediated pre-miRNA 

maturation, the assay involves immobilization of a biotinylated pre-miRNA substrate 

containing a click chemistry handle in the terminal loop. Upon treatment with Dicer, the 

loop is cleaved, and no chemiluminescence signal is observed; however, if a small-molecule 

ligand able to inhibit maturation is added, then the loop will be retained and detected. We 

have previously optimized the click chemistry detection step for application of this pre-

miRNA maturation cat-ELCCA to high-throughput screening (HTS).8 The resulting assay 

exhibited excellent assay statistics, including a signal-to-background (S/B) ratio of 11.5 and 

Z ′ factor of 0.69,8 indicating its potential in larger screening efforts. In this report, we 

describe our assay statistics and HTS results after screening ~50,000 small molecules and 

~33,000 natural product extracts (NPEs). We also demonstrate how cat-ELCCA can be used 

to discover selective small-molecule ligands for a pre-miRNA through two-dimensional 

HTS.

Materials and Methods

Pre-microRNA and HRP Labeling

Chemically synthesized pre-miR-21 and pre-let-7d (deprotected, desalted, and high-pressure 

liquid chromatography [HPLC] purified), containing aminoallyl uridine modifications in the 

terminal loop and biotin-terminated 18-atom polyethylene glycol (PEG) spacers off of the 
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5 ′ hydroxyl of the 5 ′ terminal nucleotide (see Fig. 3), were purchased from GE Healthcare 

Dharmacon (Lafayette, CO) and used as received. Use of labeled pre-miRNA substrates was 

previously shown to have little to no impact on Dicer processing both in cat-ELCCA and by 

fluorescent gel analysis.7,8 HRP was purchased from Pierce and used as received. Click 

handle labeling of the pre-miRNA substrates and HRP was performed as previously 

described.8 Of note, two separate batches of pre-miR-21 were used for the screen: one for 

the small molecules and one for the NPEs.

Dicer Expression and Purification

Dicer was prepared as previously reported and stored at −20 °C in 20 mM Tris (pH 7.5), 100 

mM NaCl, 1.0 mM MgCl2, 50% glycerol, and 0.1% Triton X-100.8

HTS Assay Protocol

Black, standard-capacity streptavidin-coated 384-well plates (Pierce 15407) were first 

washed with 50 µL of phosphate buffer (100 mM, pH 7.0; PB7) three times using a Biotek 

405 ELX plate washer (Winooski, VT). Subsequently, 5 µL of biotinylated pre-miRNA 

substrate (500 nM final) was dispensed into the plate using a Multidrop Combi Reagent 

Dispenser (Thermo Scientific, Waltham, MA). Plates were then centrifuged for 1 min at 

1000 rpm (223g), sealed with plate tape, and incubated overnight at 4 °C. The following 

morning, plates were washed three times with 50 µL of PB7, followed by the addition of 5 

µL of Dicer digest buffer (20 mM Tris, 12 mM NaCl, 2.5 mM MgCl2, 1 mM fresh DTT, and 

4.5% DMSO)7,8 and centrifugation. Compounds (50 nL of 5 mM DMSO stock, 25 µM final) 

were then added into the sample wells using a Sciclone (Caliper, Hopkinton, MA) liquid 

handler with a V&P pin-tool (San Diego, CA); the same volume of DMSO was added to the 

control wells. The plates were incubated at 25 °C for 15 min before addition of 5 µL of 

digest buffer containing 217 µg/nL Dicer (108 µg/mL Dicer, 5% glycerol, and 0.01% Triton 

X-100 final; excess with respect to pre-miRNA). For the positive control wells, digest buffer 

without Dicer was added. The plates were centrifuged again and resealed before being 

placed in a 37 °C incubator for 5 h. After Dicer cleavage, plates were washed three times 

with 50 µL of PB7. mTet-HRP in PB7 (10 µL, 750 nM final) was then dispensed into each 

well. The plates were subsequently centrifuged, sealed, and incubated at 25 °C for 2 h. 

Plates were then washed three times with 50 µL of wash buffer (2 mM imidazole, 260 mM 

NaCl, 0.5 mM EDTA, 0.1% Tween-20 [pH 7.0]), followed by washing three additional times 

with 50 µL of PB7. Finally, SuperSignal West Pico (25 µL; Pierce) was added, the plates 

were incubated at 25 °C for 5 min, and chemiluminescence signal was detected using a 

PHERAstar plate reader using the LUM plus module (BMG Labtech, Cary, NC).

Compound Libraries

Compounds screened were housed at the University of Michigan Center for Chemical 

Genomics (CCG). For the primary screen, 47,130 compounds from the following collections 

were used: Sigma LOPAC library of pharmacologically active compounds (1280), Prestwick 

library of approved drugs (1280), ChemDiv 100K library (21,120), Maybridge MB24K 

library (23,552), and University of Michigan Chemistry library (895). Additionally, a library 

of 32,301 NPEs was also tested.9 Compounds were tested at 25 µM in the primary and 

confirmation screens using 5 mM DMSO stocks. Concentration–response curves (CRCs) 
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were generated over eight points (1.67-fold serial dilution) from 3.3 to 120 µM using 5 mM 

DMSO stocks; however, compounds were first dispensed with a Mosquito ×1 (TTP Labtech, 

Cambridge, MA) into polypropylene 384-well plates (Greiner 784201, Monroe, NC), and 

subsequently diluted with Dicer digest buffer (15 µL) before addition of diluted compound 

into the pre-miRNA-immobilized plate (5 µL). NPEs were tested at 75 µg/mL in the primary 

and confirmation screens using 15 mg/mL stocks.

Assay Performance

To monitor assay sensitivity and evaluate its robustness, S/B ratios and Z′ factors were 

calculated as previously described.10

Data Analyses

HTS data were monitored and analyzed using MScreen.11 Small molecules were considered 

initial hits if they exhibited ≥5% inhibition by plate based on the negative controls. For the 

NPEs, this threshold was raised to ≥10% inhibition by plate based on the negative controls. 

Potential hits meeting these criteria (1480 small molecules and 339 NPEs) were confirmed 

by rescreening in triplicate. Compounds showing inhibition at ≥3 standard deviations (SD) 

by plate from the negative controls were considered confirmed hits and analyzed in CRCs in 

duplicate (170), excluding the NPEs, which underwent more stringent analysis to select 

those for regrowth. Average percent inhibitions by plate at 120 µM (small molecules) and 75 

µg/mL (NPEs) were determined from sample and positive control values normalized to the 

negative control. All data were analyzed using GraphPad Prism version 6.0c for Mac OS X 

(GraphPad Software, La Jolla, CA, www.graphpad.com).

Results

HTS to Identify Small-Molecule Ligands for pre-miR-21

Using our previously optimized HTS-optimized cat-ELCCA for pre-miRNA maturation,8 

we carried out a pilot screen of compound collections housed at the University of Michigan 

CCG. As a disease-relevant pre-miRNA substrate, we chose pre-miR-21, which is a 

validated oncogenic miRNA (oncomiR) overexpressed in the majority of human cancers.
12–15 Because of the importance of this miRNA, it has been subject to previous probe 

discovery campaigns by others in the field.16–19 Our assay protocol is summarized in Figure 

2A and was performed using 384-well, standard-capacity, black streptavidin-coated well 

plates. To facilitate the development of cat-ELCCA and pursue the discovery of pre-miR-21-

selective binders, we screened a diversity of chemical matter representing pharmacologically 

active molecules and known drugs (LOPAC, Prestwick; 2560 compounds), small-molecule 

scaffolds (ChemDiv, Maybridge, University of Michigan Chemistry collection; 45,567 

compounds), and NPEs (32,301 mixtures). Purified compounds were tested at 25 µM, while 

NPEs were tested at 75 µg/mL, based on available stock concentrations, to ensure that weak 

actives with potential selectivity would be detected. For each plate, 32 negative control 

(DMSO, Dicer; coefficient of variation [CV] = 9.5%) and 32 positive control (DMSO, no 

Dicer; CV = 14%) wells were incorporated into columns 1–2 and 23–24, respectively. The 

assay performed excellently throughout our screening efforts with a campaign Z′ factor of 

0.52, average plate Z′ factor of 0.63, and average plate S/B of 13. Because our goal was to 
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discover compounds selective for pre-miR-21, from our primary screen, we used the 

generous hit criteria of ≥5% and ≥10% inhibition by plate based on the negative controls for 

the small molecules and NPEs, respectively. Using this cutoff, 1480 small molecules (3.1% 

hit rate) and 339 NPEs (1.0% hit rate) were identified (Fig. 2B). Of note, 0.01% Triton 

X-100 was included in the compound incubation and Dicer cleavage steps to decrease the 

chance of the discovery of small molecules prone to aggregation in biochemical assays.20,21

Confirmation of Identified Hits

For confirmation of activity, hit compounds from our primary screen were tested in 

triplicate. From the small-molecule hits, compounds showing inhibition at ≥3 SD by plate 

from the negative controls at 25 µM were considered true, resulting in 170 confirmed hits 

(11.5% of hits). We attribute this significant loss of chemical matter to the fact that many of 

the retested compounds exhibited very weak inhibitory activity and reactive and pan-assay 

interference compounds (PAINS) compounds were not removed.22 Additionally, spurious 

striping was observed on a few plates due to the dispenser. With respect to compound 

interference, common fluorescent molecules and fluorescence quenchers within the libraries 

were not found to interfere with the assay, as noted previously.7 For the NPEs, 47 extracts 

were confirmed showing ≥10% inhibition by plate upon triplicate analysis (14% of hits). 

Again, compound interference was not observed, even in the several highly fluorescent 

samples known to interfere in fluorescence-based assays. As the NPEs are all mixtures, it is 

not surprising that many mixtures did not repeat due to the highly dynamic nature of RNA, 

which has previously been shown to impact small-molecule binding,23,24 and based on our 

initial hit criteria.

Two-Dimensional Screen to Identify Ligands Selective for pre-miR-21

To identify compounds with selectivity for pre-miR-21, we measured CRCs for each hit for 

inhibition of Dicer-mediated cleavage of pre-miR-21, our assay target, and pre-let-7d, 

another pre-miRNA substrate. Of note, CRCs were not obtained for the NPEs since they are 

mixtures; however, triplicate confirmation analysis was performed against both pre-miR-21 

and pre-let-7d to enable two-dimensional screening. Major differences between these pre-

miRNA substrates include the number of internal loops present within the double-stranded 

region and the sizes of the terminal loops (Fig. 3). These structural features have previously 

been shown to be important in small-molecule binding.25 Moreover, they have also been 

found to impact Dicer kinetics;26,27 however, we hypothesized that this would not be 

problematic, as our assay is performed under single-turnover conditions to ensure sufficient 

S/B for HTS, and the majority of pre-miRNAs have been shown to be efficiently cleaved 

under similar conditions.27

The structures of potent dose-responsive hit compounds identified from the screen are shown 

in Figure 4A; unfortunately, none of these scaffolds were found to exhibit selectivity for pre-

miR-21 (Figs. 4 and 5). With respect to known chemical space for targeting RNA, the 30S 

ribosome-binding tetracyclines,28 methacycline, minocycline, and meclocycline (Fig. 4B), 

emerged as hits. Although tetracyclines are established RNA ligands, this antibiotic class has 

been avoided in rational design strategies, likely due to synthetic difficulties,29 chemical 

instability,30 and weaker binding affinity over other promiscuous scaffolds, like the 
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aminoglycosides.31 Interestingly, we have previously shown that the aminoglycosides, 

streptomycin7 and kanamycin (data not shown), do not inhibit Dicer-mediated pre-miR-21 

maturation. This finding was also observed by researchers who carried out a fluorescence-

based assay of Dicer cleavage of a long, double-stranded RNA substrate.32 Thus, 

tetracyclines may be a better scaffold for the future rational design of potentially selective 

pre-miRNA binders. Of the remaining small-molecule hits (Fig. 5B), most are known 

promiscuous scaffolds22 that contain potentially reactive groups, which likely contributes to 

their mechanism of action, whether it be RNA binding or nonspecific inhibition of Dicer.

To further analyze our small-molecule and NPE hits and identify any weak binders that may 

exhibit some selectivity for pre-miR-21, we performed two-dimensional analysis of our 

screening results. The results of this analysis after plotting the normalized average percent 

inhibitions for pre-miR-21 versus pre-let-7d processing are shown in Figure 6A,B. From this 

analysis, it is clear that the majority of small molecules tested fall along the midway line and 

exhibit little to no selectivity. Selectivity ratios ranged between 0- and 67-fold, with a mean 

of 1.8-fold and median of 1.05-fold. Compounds exhibiting higher selectivity typically 

exhibited very weak activity (3%–8% inhibition), so this is likely not significant. On the 

other hand, for the NPEs, the samples all skewed toward pre-miR-21, with selectivity ratios 

of 1.1- to 4.8-fold (mean of 2.2-fold and median of 2-fold). We are currently engaged in the 

follow-up of select NPEs, and future work will determine if natural product scaffolds are 

capable of exhibiting higher selectivity for an RNA target, especially as purified samples.

Discussion

The selective targeting of RNA with small molecules remains an unsolved problem in 

medicinal chemistry.33,34 Most efforts in the area have focused on the engineering of known 

RNA-binding scaffolds (e.g., aminoglycosides and benzimidazoles) in the hope of attaining 

selectivity;33,34 however, only in a few cases has this been reported as successful.35,36 With 

respect to the discovery of new chemical space for targeting RNA, large-scale screening 

campaigns have been performed on only select RNAs, including HIV TAR and Rev 

Response Element (RRE) RNAs and the HCV IRES RNA.37–43 High-throughput phenotypic 

cellular assays of SMN1 mRNA splicing have revealed promising hits that were later 

developed into clinical candidates,44,45 yet sequence-selective RNA binding has only been 

demonstrated for one of these scaffolds.45 More recently, a screen of compounds with 

antibacterial activity led to the discovery of ribocil, a selective small-molecule modulator of 

bacterial riboflavin riboswitches,46 providing further evidence that noncoding RNAs can be 

targeted with small molecules.

In this report, we described our efforts toward discovering new chemical space for the 

selective targeting of pre-miRNAs via HTS of small-molecule and NPE libraries. From this 

work, two major conclusions can be made; the first regards the assay methodology used, and 

the second regards library composition for RNA targeting. To enable this line of 

investigation, we used our group’s newly developed cat-ELCCA for Dicer-mediated pre-

miRNA maturation.7,8 As this was the first time that any cat-ELCCA has been used in HTS, 

we were excited to see that it performed excellently with high reproducibility (Z′ factor of 

0.52–0.63), demonstrating its potential for this goal. From these results, we are encouraged 

Lorenz et al. Page 6

SLAS Discov. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to apply cat-ELCCA for HTS against other targets, such as RNA-–protein and protein–

protein interactions, due to its many benefits over traditional fluorescence-based biochemical 

assays.5–8

With respect to library composition, as small molecules, we used the commercial compound 

libraries available at our institution’s screening center. Although these libraries are most 

accessible across academia, from our results, it is evident that they are likely not composed 

of molecules that can bind avidly and specifically to an RNA of interest. On the other hand, 

from our NPE screening data, expansion to these new areas of chemical space appears to be 

promising. Thus, we propose that researchers interested in drug discovery for RNA targets 

expand their screening efforts to these more highly functionalized areas of chemical space, 

which could also include larger and diverse pharmaceutical industry libraries. Our laboratory 

is currently involved in applying this strategy toward pre-miR-21, the efforts of which will 

be disclosed in due course.
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Figure 1. 
cat-ELCCA for Dicer-mediated pre-miRNA maturation and identifying small-molecule pre-

miRNA ligands.
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Figure 2. 
HTS of cat-ELCCA for Dicer-mediated pre-miRNA maturation. (A) Detailed assay protocol 

in 384-well plates. (B) Screening campaign data.
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Figure 3. 
pre-miRNA substrate structures for primary and two-dimensional screening.
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Figure 4. 
Confirmation of tetracycline hits from cat-ELCCA for pre-miRNA maturation. (A) 

Structures. (B) Tabulated data from CRCs. (C) CRCs from 3.3 to 120 µM; data are 

represented as the mean ± SD from duplicate analysis.
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Figure 5. 
Confirmation of small-molecule hits from cat-ELCCA for pre-miRNA maturation. (A) 

Structures. (B) Tabulated data from CRCs. (C,D) CRCs from 3.3 to 120 µM for pre-miR-21 

and pre-let-7d, respectively; data are represented as the mean ± SD from duplicate analysis.
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Figure 6. 
Two-dimensional analysis of average percent inhibition for (A) small-molecule hits (120 

µM) and (B) NPE hits (75 µg/mL).
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