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Abstract

A small molecule (1) with overlapping affinity for two microRNA (miRNA) precursors was used 

to inform design of a dimeric compound (2) selective for one of the miRNAs. In particular, 2 
selectively targets the microRNA(miR)-515 hairpin precursor to inhibit production of miR-515 

that represses sphingosine kinase 1 (SK1), a key enzyme in the biosynthesis of sphingosine 1-

phosphate (S1P). Application of 2 to breast cancer cells enhanced SK1 and S1P levels, triggering a 

migratory phenotype. Knockout of SK1, forced overexpression of miR-515, and application of a 

small molecule SK1 inhibitor all ablated 2’s effect on phenotype, consistent with its designed 

mode of action. Target profiling studies via Chem-CLIP showed that 2 bound selectively to the 

miR-515 hairpin precursor in cells. Global neoprotein synthesis upon addition of 2 to MCF-7 

breast cancer cells demonstrated 2’s selectivity and upregulation of cancer-associated proteins 

regulated by S1P. The most upregulated protein was human epidermal growth factor receptor 2 
(ERBB2/HER2), which is regulated by the SK1/S1P pathway and is normally not expressed in 

MCF-7 cells. Like triple negative breast cancer (TNBC) cells, the lack of HER2 renders them 

insusceptible to Herceptin and its antibody-drug conjugate Kadcyla. In addition to proteomics, an 

RNA-seq study supports that 2 has limited off target effects and other studies support that 2 is 

more selective than an oligonucleotide. We therefore hypothesized that 2 could sensitize MCF-7 

cells to anti-HER2 therapies. Indeed, application of 2 sensitized cells to Herceptin. These results 

were confirmed in two other cell lines that express miR-515 and are HER2−, the hepatocellular 

carcinoma cell line HepG2 and the TNBC line MDA-MB-231. Importantly, normal breast 

epithelial cells (MCF-10A) that do not express miR-515 are not affected by 2. These observations 

suggest a precision medicine approach to sensitize HER2− cancers to approved anticancer 
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medicines. This study has implications for broadening the therapeutic utility of known targeted 

cancer therapeutics by using a secondary targeted approach to render otherwise insensitive cells, 

sensitive to a targeted therapeutic.

Graphical Abstract

INTRODUCTION

The ENCODE project showed that 1–2% of the genome encodes for protein, yet 70–80% is 

transcribed into RNA.1 Not surprisingly, noncoding RNAs play a myriad of roles in cellular 

biology including regulating protein production.2,3 Noncoding RNA-mediated pathways are 

key regulators of health and disease, and often their effects can be amplified by modulating 

expression of transcription factors or second messengers.4 One goal in chemical biology and 

therapeutic development is to identify small molecules that modulate function, however, 

almost all of this effort has been directed toward proteins. Many small molecules that 

modulate proteins are identified from high-throughput screening.5

RNA is considered refractory to the development of small molecule chemical probes, with 

the exception of bacterial riboswitches6 and ribosomes.7 Unlike the ribosome, most potential 

RNA targets do not have defined long-range structures. Therefore, decoding RNAs with 

small molecules could have significant implications in chemical biology and drug discovery. 

Various screening and structure-based design approaches have found small molecules that 

target RNA, however, it has been challenging to identify small molecules that have 

biological activity.8,9 As such, only a very limited set of compounds have demonstrated 

bioactivity that is derived from directly engaging RNA. Of particular interest is targeting 

microRNA (miRNA) precursors, small noncoding RNAs that regulate gene expression.10 

Inhibition of miRNA function could therefore enhance protein production. Such activities 

are limited for small molecules as the most common mode of action is inhibition of protein 

function by protein targeted probes.

Recently, an approach dubbed Inforna has enabled the sequence-based design of small 

molecules targeting RNA.11,12 This approach uses a database of RNA fold–small molecule 
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interactions that are defined by a library versus library selection approach named two-

dimensional combinatorial screening (2DCS).13 Rational design is initiated by inputting an 

RNA sequence that is converted to a structure or by using an entire transcriptome or the 

composite of RNAs a cell produces. This structure(s) is mined against the Inforna database 

to identify a lead small molecule that targets a functional site in the RNA. One perceived 

pitfall of small molecules that target RNA is their lack of selectivity due to RNA’s limited 

structural diversity; that is, multiple RNAs could have a motif that a small molecule can bind 

in cells. Transcriptome-wide RNA fold analysis, however, has shown that several RNA 

motifs can be unique to specific noncoding RNA.14

One advantage of Inforna is that it defines potential RNA motifs that bind a given small 

molecule with similar affinities. By searching for these motifs in the human transcriptome, 

off-targets can be quickly identified. In some cases, Inforna has identified lead RNA motif–

small molecule interactions that are unique to a singular miRNA. In other cases, small 

molecules can target motifs found in multiple RNAs.11,15 Previously, we have shown that 

the presence of a motif in a cellular RNA alone does not determine if a small molecule will 

affect the target.16 Rather, bioactivity is influenced by the location of the motif (functional 

vs nonfunctional site) and the expression levels of the RNA, among other factors.16

The focus of this study is to determine how to engineer selectivity into a small molecule that 

binds two different RNA motifs similarly. Fortuitously, these studies also show that 

selectively modulating miRNA expression can result in the increase of production of a 

second messenger and affect downstream biology. We identified a small molecule (named 

Targaprimir-515/885; 1) that binds with similar affinity to motifs in the Drosha processing 

sites of the microRNA (miR)- 885 (5′UCU3′/3′AUA5′) and miR-515 (5′UUC3′/3′GCG5′) 

hairpin precursors.11 In cells, 1 inhibited the biogenesis of both miRNAs to a similar extent. 

Interestingly, Inforna identified a secondary binding site for 1 adjacent to the Drosha 

processing site in the miR-515 hairpin precursor that is not present in miR-885. By precisely 

displaying two copies of 1 on a display scaffold,17,18 we designed a dimer that selectively 

binds and inhibits miR-515; that is, it does not bind the miR-885 hairpin precursor or inhibit 

its biogenesis. Cellular inhibition of miR-515 biogenesis increased sphingosine 1-phosphate 

(S1P) second messenger production, triggering migratory and proliferative characteristics 

and enhancing human epidermal growth factor receptor 2 (HER2) levels. These studies 

provide a novel approach to induce otherwise insensitive cancer to be rendered sensitive to a 

targeted therapeutic based on their RNA expression profiles.

RESULTS

Previously, we reported the identification of Targaprimir-515/ 885 (1) as a lead compound 

for motifs in the Drosha processing sites of pri-miR-515 (5′UCA3′/ 3′AUU5′) and pri-

miR-885 (5′UCU3′/ 3′AUA5′) by the sequence-based approach Inforna11 (Figure 1). 

Targaprimir-515/885 indicates the compound targets (“targ”) the primary (pri-)miRNA form 

(“primir”; Drosha site) of miR-515 and miR-885.11 Likewise, the name Targaprimir-515 

indicates a small molecule that selectively targets pri-miR-515’s Drosha site and inhibits its 

biogenesis. Indeed, 1 was validated to have on-target effects in MCF-7 cells, as determined 
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by reduced levels of mature miR-515 and miR-885 by RT-qPCR upon compound treatment.
11

Given the dual targeting nature of 1 and the likelihood that other small molecules target 

multiple RNAs, we sought to develop approaches to engineer selectivity for one target over 

another. That is, these studies provide a test case for the molecular recognition of small 

molecules targeting RNA, as examples of motif overlap between RNA targets to which 

selective compounds are desired could be commonplace as the field advances.

Design of Compounds Selective for pri-miR-515

By analyzing the secondary structures of the miR-515 and miR-885 hairpin precursors, 

Inforna predicted that 1 should also bind the 5′UUC3′/ 3′GCG5′ motif adjacent to the CU 

internal loop, a secondary binding site for 1 that was not present in miR-885 (Figure 1B). 

Thus, we pursued a fragment assembly approach and designed homodimeric compounds 

displaying two 1 RNA-binding modules (Figure 1C and Figure S1A). Previously, fragment 

assembly has been used to selectively target other RNAs and affect downstream biology, 

such as the CUG RNA repeat expansions that cause myotonic dystrophy type 1 and in the 

hairpin precursor of oncogenic miR-96.19–21 Using this proven strategy will allow us to 

study if it can allow programmable differentiation between RNAs with degenerate sites.

A library of dimeric compounds was synthesized by using a peptidomimetic scaffold that 

displays two alkynyl submono-mers (Figure S1A).18,22,23 The azide-containing 1 RNA-

binding modules were then coupled to the peptoid backbone by using Cu-catalyzed azide–

alkyne click chemistry.24,25 To alter the distance between the RNA-binding modules, 

different numbers of propylamine spacers were placed between alkynyl submonomers.

The library of dimeric assembled fragments was then tested for inhibiting Drosha processing 

of pri-miR-515 in vitro. These studies showed that the dimer with four propylamine spacers 

between RNA-binding modules was the most potent, inhibiting ∼80% of processing at 1 μM 

(Figure S1B). Previously, it has been shown that 2–4 propylamine modules are optimal to 

span the distance between two base pairs separating RNA 1 × 1 nucleotide internal loops; 

those data are mirrored here.18 Given the bioactivity of the dimer with four propylamine 

spacers (vide inf ra), we named the compound Targaprimir-515 (2), indicating selective 

modulation of miR-515 (Figure 1B). Additionally, these studies mapped the binding site of 2 
to the pri-miRNA’s Drosha processing site, as expected.

Binding Affinity and Selectivity of 1 and 2.

Next, the binding affinities of dimeric 2 and monomeric 1 were measured (Figure S2A and 

Table S1). Not surprisingly, neither binds DNA as steric bulk in the benzyl group inhibits 

DNA binding.26,27 As expected, 1 binds the Drosha sites in pri-miR-885 (RNA 1) and pri-

miR-515 (RNA 2) similarly, with Kd’s of 9.0 ± 1.0 μM and 12 ± 2.1 μM, respectively. The 

affinity of 1 for the RNA motif adjacent to the Drosha site in pri-miR-515 (RNA 3) is 

similar, with a Kd of 7.5 ± 0.7 μM. Binding of 1 to an RNA that displays both the Drosha 

site in pri-miR-515 and the adjacent RNA motif (RNA 4) affords a Kd of 15 ± 1.9 μM (Table 

S1). Most interestingly, dimeric fragment display of 1, that is, compound 2, ablated binding 
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to the RNA with a singular binding site (Kd > 100 μM) but increased affinity for the RNA 

that contains both binding sites (the Drosha site + adjacent motif), with a Kd of 0.06 ± 0.006 

μM (Table S1). The power of fragment assembly28 is illustrated by comparing the affinities 

of 1 and 2 for RNA 4: Affinity and selectivity are enhanced by ∼250-fold and >3200-fold, 

respectively. Importantly, 2 was tested for binding to pri-miR-515, pri-miR-21, pri-miR-107, 

and tRNA. Saturable binding was only observed for pri-miR-515 with a Kd of 900 nM; Kd’s 

for the other targets were not measurable (Figure S2B). These series of measurements 

demonstrated 2’s selectivity for the RNA target for which it was designed.

To understand why dimeric display ablated binding of 2 to RNAs with a singular binding 

site, a series of studies were completed. We first investigated the effect of the peptoid 

scaffold (1a, Figure S2C and Table S1) and the triazole unit (1b, Figure S2C and Table S1) 

on the binding of monomer 1 to RNA 4 (contains two binding sites for 1). Only a modest 

effect on affinity was observed for either modification (Table S1), indicating they do not 

significantly contribute to binding affinity. Self-structure has previously been observed to 

impede binding and enhance selectivity with nucleic acids.29 That is, the small molecule’s 

intramolecular structure would have to be disrupted for effective binding; the penalty for 

disruption may be overcome by binding two sites simultaneously but not by binding a 

singular site. To determine if 2 is self-structured, thermal melting experiments were 

completed. Indeed, a change in absorbance as a function of temperature was observed 

(Figure S3A). As the melting temperature (51 ± 0.9 °C) is independent of concentration (8-

fold range), 2 adopts an intramolecular structure (Figure S3B). No similar effect was 

observed for 1. The melting curves for 2 were fit to provide thermodynamic parameters30 

yielding a ∆G°37 of −1.2 ± 0.17 kcal/mol (≈10-fold in an equilibrium binding constant), ∆H
°37 of −28 ± 3.4 kcal/mol, and ∆S°37 of −85 ± 10 e.u. (Figure S3B). Self-structure only 

accounts for a modest amount (≈10-fold) of the enhanced selectivity of 2 for pri-miR-515 

over pri-miR-885 model RNAs, indicating there are additional contributing factors such as 

binding cooperativity or pre-organization of the RNA-binding modules by the peptoid 

backbone.31

In Vitro Chemical Cross-Linking and Isolation by Pull Down (Chem-CLIP) to Assess 
Selectivity.

We further assessed the in vitro selectivity of 1 and 2 by using chemical cross-linking and 

isolation by pull down (Chem-CLIP). Chem-CLIP is a target profiling approach for small 

molecules and can be applied in vitro or in cells.16,32–35 Briefly, a small molecule is 

appended with purification (biotin) and cross-linking (chlor-ambucil; CA) modules. The 

cross-linked RNA-small molecule complexes can then be purified by using streptavidin 

resin. Competitive Chem-CLIP (C-Chem-CLIP) is a complemetary approach in which 

binding of the parent compound can be assessed directly by competing for binding of the 

RNA targets with the Chem-CLIP probe.

To enable Chem-CLIP for these studies, a derivative of Targaprimir-515/885 was 

synthesized, Targaprimir-515/885-CA-Biotin (3) (Figure 2A). A control compound lacking 

the RNA-binding module was also synthesized (4) (Figure 2A). The ability of the two 

compounds to react with the miR-515 and miR-885 hairpin precursors was assessed in vitro. 
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These studies showed that only 3 reacted with the targets and reacted with them to similar 

extents, as expected based on the similar binding affinity of the parent compound (1) (Figure 

S4). That is, 3 underwent a proximity-based reaction due to the presence of the RNA-

binding module. A series of C-Chem-CLIP experiments were then completed with 1 and 2 
to compete off reaction of the RNAs with 3. Interestingly, 1 (monomeric 

Targaprimir-515/885) competed off pull-down to both targets similarly, while 2 (dimeric 

Targaprimir-515) only significantly competed off binding to the miR-515 hairpin precursor 

(Figure 2B), mirroring the noncovalent binding results (Table S1).

Compounds 1 and 2 Bind the Desired Targets in MCF-7 Cells: Chem-CLIP and C-Chem-
CLIP

Given the above in vitro activity of the compounds, we used Chem-CLIP and C-Chem-CLIP 

to study target engagement in MCF-7 breast cancer cells by using probe compound 3, which 

is freely cell-permeable and nontoxic to cells (Figure S5). Given the well-known differences 

in RNA folding in vitro and in cells,36–39 such cellular profiling is of great importance. 

Further, artifacts have been observed for RNA-protein interactions detected via noncovalent 

pull-down due to re-association of proteins during the complex isolation.40

To investigate target engagement of 3 in MCF-7 cells, we measured the enrichment of 

miR-515 and miR-885 before and after pull-down by RT-qPCR. Indeed, 3 enriched levels of 

miR-515 and miR-885 by 5- and 7-fold, respectively, in the pulled down fraction as 

compared to the target levels before pull-down (Figure 2C). Importantly, enrichment of 

miR-515 and miR-885 by 3 is significantly greater than background RNA pulled down by 4, 

a control Chem-CLIP probe lacking RNA-binding modules (Figure S6). Thus, proximity-

based reaction occurs both in vitro and in cells.

To analyze target engagement of 1 and 2 themselves, a C-Chem-CLIP experiment was 

performed by treating cells with the unreactive, parent compounds, followed by treatment 

with 3. The pull-down of miR-515 by 3 was inhibited by ∼50% at 5 μM of 1, which 

correlates well with the IC50 of 1 for reduction of mature miR-515 (Figure 2C). As expected, 

compound 2 (5 μM) competed off reaction of 3 with miR-515 to a greater extent, as 2 has a 

greater affinity for binding to pri-miR-515 than 1 (Figure 2C). Notably, pull-down of 

miR-885 is significantly competed off by 1 and not significantly competed off by 2, 

indicating the selectivity of 2 for miR-515 over miR-885 (Figure 2C). Evidently, the in vitro 
enhancement in binding selectivity is also observed in cells, as measured by C-Chem-CLIP.

Cellular Activity As Studied by miRNA Levels

Given the favorable in vitro and cellular C-Chem-CLIP data for 1 and 2, we evaluated their 

biological activities and selectivities in MCF-7 cells, in which both miRNAs are expressed at 

measurable levels.41,42 Following compound treatment, mature levels of miR-515 and 

miR-885 were measured by RT-qPCR. As expected, 1 decreased levels of both miR-515 and 

miR-885 similarly with IC50’s of ∼2 μM (Figure 2D). In contrast, dimeric 2 only 

significantly affected miR-515 with an IC50 of ∼0.2 μM (Figure 2D). These results illustrate 

two important points: (i) The enhanced in vitro binding affinity correlated with target 

selectivity in cells, as 2 does not reduce levels of miR-885; and (ii) 2 is >10-fold more potent 
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than 1 for reduction of mature miR-515 levels. To investigate compound mode of action, we 

measured levels of pri-miR-515 by RT-qPCR upon treatment with 2 (Figure 2E). An 

increase in pri-miR-515 levels was observed upon treatment, supporting the hypothesis that 

2 reduced mature miR-515 levels by inhibition of pri-miRNA processing. Importantly, 2 also 

inhibited the production of both the 5p and the 3p strands of miR-515, further supporting the 

compound affecting biogenesis (Figure S7).

Compound 2 was also benchmarked against oligonucleo-tides targeting mature miR-515. 

The cellular activity and selectivity of a Vivo-Morpholino antisense oligonucleotide (Gene 

Tools, LLC) that targets the miR-515–5p, the more abundant of the two mature miRNAs in 

cells (Anti-515–5p Vivo-Morpholino), was studied. Vivo-Morpholino oligonucleo-tides 

contain an octa-guanidinium dendrimer that confers cellular permeability. The 

oligonucleotide reduced levels of mature miR-515 in MCF-7 cells with an IC50 of ∼6 μM 

(Figure S8A). Both 2 and the Anti-515–5p Vivo-Morpholino show similar selectivity 

profiles among miRNAs predicted to target the 3′ UTR of SK1 mRNA, a known miR-515–

5p target, by TargetScan41,43 (Figure S8B).

The presence of two degenerate RNA motifs in miR-515 and miR-885 does not mean the 

ligand binding capacity of motifs are exclusive to these two miRNAs. Therefore, we studied 

the effect of 2 on structurally similar RNAs containing the motifs found in the Drosha sites 

of miR-885 and miR-515 (dubbed RNA isoforms).16 Both 2 and the Anti-515–5p Vivo-

Morpholino only affected miR-515 levels, indicating that both compounds target miR-515 

even among structurally similar RNAs. In addition, a profiling experiment was completed to 

study the effect of 2 on all miRNAs expressed at measurable levels in MCF-7 cells (Figure 

3A). A volcano plot is used to represent these data, as both the confidence and the fold-

change can be readily assessed. As expected, both the oligonucleotide and 2 affected levels 

of miR-515–5p to the greatest extent. In addition to miR-515–5p, however, the 

oligonucleotide affects other miRNAs significantly including miR-525–5p, miR-23b-5p, and 

miR-200b-3p, suggesting that at the concentration used, 2 has selectivity that rivals or 

exceeds that of Anti-515–5p Vivo-Morpholino (Figure 3A and Figure S9A; p < 0.01). These 

off-target binding events are traced to binding to miRNAs without perfect complementarity, 

as indicated by isothermal titration calorimetry (ITC) binding studies (Figure S9B–G).

Comparison to Compounds Designed to Target Other Noncoding RNAs

Various other monomeric and dimeric compounds that have structures related, yet different, 

to 1 and 2 have been shown to modulate the biological activity of noncoding RNAs in cells. 

For example, 2H-4KNMeS (5),21 Targaprimir-96 (6),19 and Targapremir-210 (7)16 have each 

been shown to target and affect the biology of r(CUG) repeat expansions that cause 

myotonic dystrophy 1, miR-96 that is oncogenic, and miR-210 that contributes to metastasis 

in various cancers, respectively. To assess the cellular selectivity of these compounds, each 

was tested for affecting miR-515 levels. As expected, only 2 affected miR-515 levels in 

MCF-7 cells (Figure S10). Thus, the specific identity of the RNA-binding modules and the 

spacing between them influences the cellular targeting profile of a given compound. Further, 

these studies demonstrate the utility of each probe compound to affect and study their 

cognate cellular target.

Costales et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2020 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cellular Activity of 1 and 2: Downstream Protein Levels (SK1), Generation of a Second 
Messenger (S1P), and Phenotype

It has previously been shown that miR-515 represses sphingosine kinase 1 (SK1) protein 

levels and hence levels of the second messenger sphingosine 1-phosphate (S1P) (Figure 1A).
41 The S1P second messenger mediates pro- survival and growth signals leading to 

migration.44 Indeed, various anti-inflammatories in clinical trials inhibit enzymes that 

metabolize S1P or agonize S1P receptors.45–48 We therefore studied the effect of miR-515 

inhibition by 2 on SK1 protein expression, production of S1P, and the migratory properties 

of cells (Figure 1A). Application of 2 at concentrations that inhibit miR-515 biogenesis 

resulted in de-repression of SK1, enhancing levels by ∼1.8-fold and ∼2.5-fold when 0.5 or 5 

μM of compound, respectively, was added to MCF-7 cells (Figure 3B,C, and Figure S11). 

SK1 protein catalyzes the last step in the cellular biosynthesis of S1P second messenger 

(Figure 1A). Thus, de-repression of SK1 by 2 should increase the levels of the second 

messenger S1P. Indeed, addition of 0.5 μM of 2 to MCF-7 cells or plasmid overexpression of 

SK1 enhanced S1P levels by ∼4-fold and ∼5-fold, respectively, as measured by ELISA 

(Figure 3D).

The expression of S1P is associated with cellular proliferation and migration in many cells 

including cancer cells.49 To study the effect of 2 on this phenotype, we completed a cellular 

migration assay. Previously, MCF-7 cells have been used as a negative control in traditional 

cell migration assays, due to their reduced migratory properties.50 Upon treatment with 0.5 

μM of 2, the migration of MCF-7 cells was enhanced by ∼2.5-fold (Figure 4). Importantly, 

treating with siRNA targeting SK1 mRNA ablates the enhanced migration with 2-treatment, 

further supporting that the stimulated migration of MCF-7 cells by 2 is SK1 pathway-

dependent (Figure 4A,B). These results were recapitulated upon chemical inhibition by 

SKI-178, a selective SK1 inhibitor (Figure 4C,D).51 Migration studies were also completed 

in MDA-MB-231 TNBC cells, and similar results were obtained (Figure S12). Each of these 

studies shows that 2 is a useful and selective cellular probe to modulate SK1 and S1P 

biology.

Sphingosine kinase 2 (SK2) has significant homology to SK1 and also functions to modulate 

the S1P pathway, therefore the effect of 2 on SK2 was also studied.52 The SK2 protein was 

not significantly abundant both in protein and transcript levels in MCF-7 cells, as measured 

by Western blotting and RT-qPCR, respectively (Figure S13A,B). No effect on SK2 was 

observed with compound treatment or with SK1-targeted siRNA transfection, further 

demonstrating the selectivity of 2 to affect SK1 (Figure S13A).

Reduction of Compound Activity upon Induction of miR-515

To further study that 2 elicited its effect via the miR-515-SK1 circuit, a doxycycline-

inducible miR-515 system in MCF-7 cells was established. Cells were transiently 

transfected with an inducible pri-miR-515 expressing plasmid (pmR i −51 5) or the 

corresponding empty vector (pmRi_empty) and induced with doxycycline for 24 h. Upon 

doxycycline treatment, mature and pri-miR-515 levels are 6-fold and 16-fold greater than 

MCF-7 cells without induction, respectively (Figure S14A–C). An overexpression of pri-

miR-515 ablated 2’s activity, miR-497 levels, a miRNA not regulated by 2 or the SK1 
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pathway, were unaffected by 2 treatment with or without induction of pri-miR-515 (Figure 

S14B–D). As expected, 2 also did not enhance the migration of MCF-7 cells in which pri-

miR-515 was overexpressed (Figure S14E). Taken together, these data indicate that the 

observed modulation of miR-515 levels and increased migration of MCF-7 are caused by 2.

Alternate Pathways Affected by miR-515 Biogenesis

In addition to SK1, miR-515–5p has been reported to target the 3′ UTRs of Aromatase, 

frizzled class 5 receptor (FZD5), and glial cell missing 1 (GCM1) in a trophoblast cell line.
53 Among these potential targets, only FZD5 is expressed endogenously in MCF-7 at 

detectable levels, with an abundance ∼50% that of SK1, as studied via RT-qPCR (Figure 

S15A). The FZD5 protein is a receptor involved in the wingless/integrated (Wnt) signaling 

pathway and enhances cell proliferation and migration in cancer cells.54,55 Upon treatment 

with 5 μM of 2, MCF-7 cells had a ∼1.5-fold greater expression of FZD5, as observed by 

Western blotting (Figure S15B). The de-repression of FZD5 by miR-515 inhibition was 

followed by a subsequent increase in cell proliferation and migration of MCF-7 cells (Figure 

S15C,D), which were ablated upon treatment with a FZD5-targeting siRNA, indicating a 

potential role for miR-515 and FZD5 in these processes.

Studying the Global Proteome Response to Application of 2 to MCF-7 Cells

To investigate the overall effect of 2 on the proteome, newly synthesized proteins were 

analyzed by global proteomics using incorporation of homopropargyl-glycine (HPG) as a 

clickable methionine analog56 and subsequent click-conjugation to biotin azide, enrichment 

with streptavidin, and analysis by LC-MS/MS (Figure 5A). Compared to vehicle control, 

cells treated with 0.5 or 1 μM of 2 had ∼1.2 and ∼1.4-fold (p < 0.01) higher SK1 expression, 

respectively, in agreement with results from Western blotting (Figure 5B). Overall, out of 

∼4300 proteins analyzed, we observed 180 proteins with upregulated expression (>50% 

increase) with 1 μM of 2 (Figure 5C, Figure S16, and Supporting Information), including 

increased synthesis of multiple members of critical pro-proliferative signaling path-ways 

such as PI3K-AKT, HER2, and TGFβ (Figure 5C and Figure S16) that are associated with a 

cancer phenotype induced via S1P production.57–60 Notably, upon treatment with 1 μM of 2, 

a ∼4-fold increase in HER2 was observed in the normally HER2-deficient MCF-7 cell line, 

indicating increased cell survival and proliferation. The protein SK2 was not observed in the 

global proteomics studies (Supporting Information), correlating with our previous RT-qPCR 

and Western blot measurements (Figure S13A). Overall, these data demonstrate that the 

modest elevation of SK1 expression upon 2 treatment resulted in a significant proliferative 

shift.

To further support global proteomics data, RNA-Seq was run on an earlier time point (24 h) 

to study the transcriptome-wide effect of 2 treatment. Differentially expressed genes 

between the treated and untreated samples were identified using quantification and analysis 

from Kallisto and Sleuth packages in R (Figure S14). The majority of genes were not 

significantly affected by compound treatment (17992/18044 genes; 99.7%), demonstrating 

limited off-target effects and suggesting that modest changes in the transcriptome with 2 
treatment can result in a large effect on the proteome. This has been previously demonstrated 

in many cases for the biological impacts of miRs.61,62 Importantly, SK1 and HER2 
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transcript levels were increased by 17% and 6% after only 24 h, respectively, comparable 

with RT-qPCR (Figure S17).

To further functionally annotate the RNA-Seq data set, outcomes from the differential 

expression analysis with adjusted p-values <0.05 were analyzed using Ingenuity Pathway 

Analysis (Qiagen). This analysis identified on-target pathways being upstream regulators 

(ERBB2 [HER2], p-value of overlap = 0.03; TGFB1, p-value of overlap = 0.02) and specific 

gene networks associated with increased cellular proliferation of breast cancer cell lines (p-

value = 0.02) and decreased apoptosis of breast cancer cell lines (p-value = 0.006), 

indicating that TGP-515 treatment does effect on-target cellular proliferation pathways. 

Thus, the RNA-seq data set corroborated the effects that are observed in neoprotein 

synthesis analysis on the proteome (Table S2).

Compound 2 Sensitizes MCF-7 to Herceptin and Kadcyla via SK1 Induction

Herceptin is a monoclonal antibody used to treat approximately 30% of breast cancer cases 

that are positive for staining of the HER2 receptor (HER2+).63 The MCF-7 cells used here 

are classified as HER2 negative (HER2–). Upon treatment with 2, HER2 levels were 

increased by 1.7-fold as determined by ELISA of cell lysates and 1.6-fold as determined by 

immunostaining and analysis by flow cytometry, indicating expression is enhanced on the 

cell surface (Figure 6A,B). The observation that reduction of miR-515 levels led to induction 

of HER2 suggested that 2 could render MCF-7 cells HER2+ and hence sensitize them to 

Herceptin.

To test this hypothesis, MCF-7 cells were pretreated with 1 μM of 2, followed by treatment 

with Herceptin. Indeed, cells pretreated with 2 had decreased cellular viability in a Herceptin 

dose-dependent manner (Figure 6C). We next tested the effect of Herceptin sensitization by 

2 using MCF-7 cells expressing pri-miR-515 on a doxycycline-inducible promoter. A side-

by-side comparison of induced and non-induced cells was completed, the expectation of 

which is that increased expression of pri-miR-515 should decrease 2’s ability to induce 

Herceptin sensitivity as measured by cell viability. Notably, 2 was only able to sensitize cells 

expressing endogenous levels of pri-miR-515 to Herceptin treatment (Figure 6D). In 

contrast, cells induced to express increased levels of pri-miR-515 relative to wild-type 

MCF-7 were insensitive to Herceptin either in the presence or absence of 2 (Figure 6D). 

Likewise, MCF-10A healthy breast epithelial cells that do not express miR-515 at 

appreciable levels were not sensitized to Herceptin by 2 treatment (Figure S18). Collectively, 

these studies suggest that 2 is a precision sensitizer of HER2– breast cancer cells to 

Herceptin. Further, Herceptin sensitivity can be traced to inhibition of miR-515 biogenesis 

by 2.

Kadcyla is an antibody drug conjugate consisting of Herceptin conjugated to emtansine that 

targets HER2+ cells and triggers apoptosis via delivery of the emtansine cytotoxin payload.
64 Not surprisingly, like Herceptin, MCF-7 cells are insensitive to Kadclya treatment. 

However, treatment of MCF-7 cells with 2 rendered them sensitive to Kadcyla, as measured 

via apoptosis. Significant induction of apoptosis and decreased cellular viability were 

observed with as little as 10 nM of Kadcyla, while vehicle treated cells were unaffected 
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(Figure 6E,F). Notably, sensitization to Kadcyla was also observed when MDA-MB-231 

TNBC and HepG2 heptatocellular carcinoma cells (both HER2–) were pretreated with 2 at 8 

μM and 1 μM, respectively (Figure S19). As treatments for TNBC and other HER2– cancers 

are limited to less selective therapeutic options, the use of 2 to induce increased HER2 

expression to render these cells sensitive to current HER2-targeting therapies is a valuable 

application of a miR-515 inhibiting small molecule.

We next explored if 2’s effect on HER2 expression was direct. That is, if miR-515 regulates 

HER2 by binding to its 3′ UTR, then chemical inhibition of miR-515 biogenesis by 2 would 

act to directly increase protein expression. To test this hypothesis, a luciferase reporter 

containing the miR-515–5p binding site in the HER2 3′ UTR was used. In contrast to our 

luciferase studies with luciferase fused to the 3′ UTR of SK1, no effect was observed in 

transiently transfected cells expressing the HER2 3′ UTR upon treatment with 2, excluding 

a direct effect on HER2 translation (Figure S18A). Rather, increased HER2 levels were due 

to downstream signaling from the SK1 pathway (Figure S20A). In support of this 

hypothesis, HER2 mRNA levels were only significantly upregulated after 48 h of 2 
treatment, while SK1 mRNA levels were increased after both 24 and 48 h (Figure S20B).

To further investigate the pathway of HER2 induction and hence Herceptin sensitivity, SK1 

was inhibited with the molecule inhibitor SKI-17851 or knocked down with an siRNA. 

These studies indicated that the 2-mediated Herceptin sensitivity was indeed dependent on 

the SK1 pathway (Figure 6G), as treatment with SKI-178 or siRNA both ablated 2’s 

sensitizing effect. To further confirm that the de-repression of SK1 was responsible for the 

increased Herceptin sensitivity of MCF-7 cells, SK1 was overexpressed in MCF-7 cells 

(Figure S21), and the Herceptin sensitivity measured without 2-treatment. A similar 

sensitivity to Herceptin was observed (Figure 6H). Collectively, these loss- and gain-of-

function experiments with SK1 support that the Herceptin sensitivity gained by treatment 

with 2 is dependent on miR-515 and its ability to regulate expression of SK1.

DISCUSSION

This study has several implications, ranging from design of cell-permeable chemical probes 

for recognition of noncoding RNAs to using proteomics and RNA-seq and various validation 

approaches to study RNA-targeting small molecules and to developing targeted cancer 

therapies. The design and discovery of small molecules that target human RNAs and elicit a 

biological effect has been a long-standing problem in chemical biology. Our lead 

identification strategy, Inforna, has provided compounds that target RNAs in cells and 

inhibit their function in various disease indications. These studies suggest that other high 

priority, disease-causing RNA could be targetable as more data are available defining the 

RNA motifs that bind small molecules, providing design rules.9,65–68

The selectivity of a small molecule for its target is an important consideration in the design 

of chemical probes. Although RNA is perceived to lack structural diversity, this study 

provides a framework to identify potential off-targets computationally (Inforna) and shows 

how to design selectivity for the desired target. Further, our previous studies targeting the 

miR-210 precursor showed that cellular selectivity is dependent upon not only the identity of 
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the targetable site but also its location within the RNA target, that is, in a functional region 

such as a nuclease processing site.16 In addition, the relative expression levels of on- and off-

targets govern occupancy in cells.16 Here, the miR-515 and miR-885 hairpin precursors are 

expressed at similar levels and have structural homology and similar monomeric ligand 

binding capacity. The designer dimer that targets pri-miR-515 not only avidly binds this 

RNA but also discriminates against pri-miR-885 in vitro and in cells. Indeed, 2 binds >200-

fold more avidly to pri-miR-515 than 1 does and inhibits miR-515 biogenesis >10-fold more 

potently in cells, providing a nanomolar active compound. There are few compounds that are 

known to affect the biological activity of human RNAs in patient-derived disease models. 

The ability to design these molecules to target RNA purposefully suggests that RNA-

targeted small molecule lead medicines may be able to be broadly developed. Furthermore, 

we have shown that compounds are selective when viewed against all miRs, the whole 

transcriptome, and the whole proteome in this cell line.

One potential barrier to development of designer dimer RNA-binding compounds could be 

their lack of optimized drug-like properties (i.e., lipophilicity, pharmacokinetics, molecular 

weight, etc.). Indeed, the drug-likeness of larger molecular weight RNA-binding 

compounds, such as 2, can continue to be improved, however, this does not detract from 

their use as effective chemical probes nor as RNA targeting lead medicine modalities. 

Oligonucleotide-based therapeutics are much higher in molecular weight than 2 and yet have 

been transformative medicines, while antibodies such as Herceptin and Kadcyla are given 

via intravenous delivery. Interestingly, the molecular weight of FDA-approved small 

molecule medicines has steadily increased for the past several years and newer technologies, 

such as those seen in the heterobifunctional, proteolysis targeting chimera (PROTAC) field, 

have changed the paradigm of what modalities and properties constitute effective medicines.
69,70

An additional implication of this study is the mechanism by which HER2 is expressed by 

inhibiting miR-515 biogenesis and enhancing S1P levels. Both global neoprotein synthesis 

and miRNA profiling studies support the assertion that 2 is selective. Those studies are 

bolstered by siRNA knock down and chemical inhibition of SK1 and by forced expression of 

SK1, indicating a miR-515-SK1-HER2 circuit operates in breast cancer cells. Various 

studies have shown a link between HER proteins and SK1, although the nature of that link 

appears to be cell-type specific.71–75 One study showed that a negative feedback loop 

operates in HER2+ MCF-7 cells, created by forced expression of HER2+ from a plasmid.75 

HER2 increased SK1 levels, which in turn downregulated HER2 and inhibited a migratory 

phenotype. HER2 and SK1 likely operate in an oncogene addictive mechanism. HER2 

increases SK1, producing S1P and enhanced cellular proliferation. HER2, however, also 

decreases expression of the estrogen receptor (ER), which would be deleterious to ER+ 

MCF-7 cells. Interestingly, this negative feedback loop between HER2 and SKI does not 

operate in WT, HER2– MCF-7 cells.75 Collectively, these studies, both in WT and HER2+ 

MCF-7 cells,75 and our own presented herein suggest that there is a threshold for HER2 

levels and the migratory and proliferative properties of breast cancer cells.

Targeted therapeutics have transformed treatment options for cancer. Treatments for cancers 

for which there are no targeted therapeutics include surgery, radiation, and chemo-therapy 
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that can have undesirable side effects. Here, we have shown that inducing SK1 expression 

with a selective small molecule increases expression of HER2 on the cell surface in HER2– 

breast cancer cells. Indeed, MCF-7, MDA-MB-231, and HepG2 cancer cells were all 

sensitized to Herceptin and Kadcyla upon compound treatment, while MCF-10A heathy 

breast epithelial cells were not affected. These results suggest two precision medicine 

approaches: (i) selectively affecting disease-causing targets that are aberrantly expressed in 

cells; and (ii) a secondary level of targeted therapeutics in which a small molecule induces 

expression of a target to render cells susceptible to approved precision medicines. In our 

case, a careful balance must be struck, as induction of SK1 and S1P enhances invasive 

properties; thus one would only want to induce expression to a level that would cause 

sensitization. This study and others show that small molecule chemical probes can target 

RNA and be designed from sequence to deliver selective compounds that can aid in 

elucidating and studying important biology.

MATERIALS AND METHODS

Cell culture

MCF-7 cells (HTB-22, ATCC) cells were cultured in DMEM medium with 4.5 g/L glucose 

(Corning) supplemented with 10% FBS (Sigma), 1× Glutagro (Corning), and 1× Antibiotic-

Antimycotic (Corning) (growth medium). MDA-MB-231 (HTB-26, ATCC) cells were 

cultured in RPMI 1640 medium with L-glutamine and 25 mM HEPES (Corning) 

supplemented with 10% FBS (Sigma) and 1× Antibiotic-Antimycotic (Corning). The 

MCF-10A (CRL-10317, ATCC) cells were cultured in DMEM/F12 50/50 with L-glutamine 

and 15 mM HEPES (Corning), supplemented with 10% FBS (Sigma), 20 ng/mL human 

epidermal growth factor (Pepro Tech Inc.), 0.5 mg/mL hydrocortisone (Pfaltz & Bauer), 100 

ng/mL cholera toxin (Sigma-Aldrich), 10 μg/mL insulin (Sigma-Aldrich), and 1× Antibiotic-

Antimycotic (Corning). Cells were treated with small molecules (Synthetic Methods), 

Scramble Control, or Anti-515–5p Vivo-Morpholino (Gene Tools, LLC) for 24 or 48 h 

unless otherwise indicated by dilution in media. Cells were transfected for siRNA 

knockdown experiments with a control siRNA (Control siRNA-A; sc-37007, Santa Cruz 

Biotechnology), a sphingosine kinase 1 (SK1) siRNA (SphK1 siRNA (h); sc-44114, Santa 

Cruz Biotechnology), or a Frizzled 5 (FZD5) siRNA (FZD5 Silencer siRNA; 139070, 

Invitrogen) using the Lipofectamine RNAiMAX reagent, per the manufacturer’s protocol. 

Cells were maintained at 37 °C with 5% CO2.

RNA Isolation and RT-qPCR

Total RNA was extracted from cells using a Quick-RNA MiniPrep (Zymo Research) per the 

manufacturer’s protocol. Approximately 200–600 ng of total RNA was used in subsequent 

reverse transcription reactions using a miScript II RT Kit (Qiagen) per the manufacturer’s 

recommended protocols. The RT-qPCR primers (Table S3) were purchased from Eurofins or 

Integrated DNA Technologies (IDT) and used without further purification. The RT-qPCR 

samples were prepared using Power SYBR Green PCR Master Mix (Applied Biosystems) 

and completed on a 7900HT Fast Real Time PCR System (Applied Biosystems). The RNA 

expression levels were normalized with U6 small nuclear RNA or 18S as housekeeping 

genes.
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In Vitro Chemical Cross-Linking and Isolation by Pull Down (Chem-CLIP) and Competitive 
Chemical Cross-Linking and Isolation by Pull Down (C-Chem-CLIP)

DMEM growth medium was heat inactivated at 95 °C for 15 min and then cooled to room 

temperature. Approximately 10,000 counts of 32P 5′-end labeled miR-515 primary 

transcript (pri-miR-515) or miR-885 primary transcript (pri-miR-885) was folded in growth 

medium at 60 °C for 5 min. After cooling to room temperature, dilutions of 

Targaprimir-515/885-CA-Biotin (3) or Control CA-Biotin (4) were added and incubated at 

37 °C overnight (∼16 h). Alternatively, for C-Chem-CLIP, dilutions of competing non-cross-

linking parent compounds, 1 or 2, were incubated with RNA for 45 min before adding 3 or 

4.

A 300 μL slurry of streptavidin-agarose beads (Sigma-Aldrich) was washed three times with 

1× PBS and resuspended in 1× PBS. A 20 μL aliquot of the slurry was then added to each 

sample, which were then incubated for 0.5–1 h at room temperature. The samples were 

centrifuged, and the supernatant containing unbound RNA was transferred to a new tube. 

The beads were then washed three times with 1× PBS supplemented with 0.1% (v/v) 

Tween-20 and centrifuged, with each wash supernatant being added to the tube containing 

unbound RNA. The amounts of radioactivity in the supernatant and on the beads were 

quantified with a Beckman Coulter LS6500 Liquid Scintillation Counter.

Cellular Chem-CLIP

The MCF-7 cells were grown to ∼70% confluency as monolayers in 100 mm dishes. The 

cells were treated with 0.5 μM of 3 or 4 for 48 h. Total RNA was extracted using a Quick-

RNA MiniPrep Kit (Zymo Research) per the manufacturer’s protocol. Approximately 20–30 

μg of total RNA was then incubated with 100 μL of streptavidin-agarose beads (Sigma-

Aldrich) and shaken for 1 h at room temperature. The solution was removed and beads 

washed six times with 300 μL of 1× PBS. The RNA bound to beads was released by heating 

at 65 °C for 20 min in 1× Elution Buffer (95% formamide, 10 mM EDTA, pH 8.2). Eluted 

RNA was then purified with a Quick-RNA MiniPrep Kit (Zymo Research) and used for 

subsequent RNA isolation and RT-qPCR as described above (RNA Isolation and RT-qPCR).

Relative fold enrichment of the measured RNA before and after pulldown was measured 

using eq 1:

relative fold enrichment = 2
− ΔCt before pulldown‐ΔCt after pulldown

(1)

where ∆Ct before pulldown is the difference between the Ct values for the RNA of interest 

and a housekeeping gene (U6 small nuclear RNA) in total RNA from cells and Ct after 

pulldown is the difference between the Ct values for the RNA of interest and the same 

housekeeping gene in RNA after pulldown.
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Cellular C-Chem-CLIP

Cellular C-Chem-CLIP assays were performed as described above (Cellular Chem-CLIP), 

except cells were treated with 5 μM of competitors 1 or 2 and incubated for 15 min at room 

temperature before treating with 0.5 μM of 3.

Flow Cytometry

MCF-7 cells were grown to ∼70% confluency in 6-well plates and incubated with 1, 2, or 3 
for 24 h. Cells were then detached with Accutase (Innovative Cell Technologies, Inc.) and 

washed twice with 1× PBS. Cells were then suspended in 1× PBS with or without 1 μg/mL 

propidium iodide. For HER2 staining, a similar protocol was used as described above, 

except cells were resuspended in 1× Flow Cytometry Buffer (50 mM HEPES, pH 7.4, 700 

mM NaCl and 12.5 mM CaCl2) and incubated with an APC-linked HER2 antibody (hErbB2 

APC Mab, FAB1129A; R&D Systems Inc.) for 30 min at room temperature. Cells were 

washed twice with 1× Flow Cytometry Buffer and finally resuspended in 300 μL of 1× Flow 

Cytometry Buffer before performing flow cytometry. Flow cytometry was performed with a 

BD LSRII (BD Biosciences) with at least 10,000 events used for analysis.

Sphingosine Kinase 1 (SK1), Sphingosine Kinase 2 (SK2), and Frizzled-5 (FZD5) Western 
Blot

The MCF-7 cells were grown to ∼70% confluency in 6-well plates. Cells were incubated 

with 0.5 or 5 μM of 2 for 48 h. Total protein was extracted using M-PER Mammalian 

Protein Extraction Reagent (Pierce Biotechnology) per the manufacturer’s protocol and 

quantified using a Micro BCA Protein Assay Kit (Pierce Biotechnology). A 20 μg aliquot of 

total protein was resolved on a 10% SDS-polyacrylamide gel and then transferred to a PVDF 

membrane. The membrane was then blocked in 5% (w/v) nonfat dry milk dissolved in 1× 

TBST (1× TBS with 0.1% Tween-20 (v/v)) for 0.5 h at room temperature. The membrane 

was then incubated with 1:1000 SK1 primary antibody (Anti-SPHK1 antibody, ab71700, 

Abcam) in 1× TBS containing 5% nonfat dry milk overnight at 4 °C. Alternatively, to 

measure SK2, the membrane was incubated with 1:1000 SK2 primary antibody (Anti-

SPHK2 antibody, ab37977, Abcam), and to measure FZD5, the membrane was incubated 

with 1:1000 FZD5 primary antibody (Frizzled5 Rabbit mAb; D2H2, Cell Signaling 

Technology). The membrane was washed three times for 5 min each with 1× TBST and then 

incubated with 1:2000 antirabbit IgG horseradish peroxidase conjugate (7074, Cell 

Signaling Technology) in 1× TBS containing 5% nonfat dry milk for 1 h at room 

temperature. After washing three times for 5 min each with 1× TBST, protein levels were 

quantified by chemiluminescence with SuperSignal West Pico Chemiluminescent Substrate 

(Pierce Bio-technology) per the manufacturer’s protocol. The membrane was stripped using 

1× Stripping Buffer (200 mM glycine, pH 2.2, 1% Tween-20 and 0.1% SDS), followed by 

washing in 1× TBS. Then, the membrane was blocked and probed for β-actin following the 

same procedure described above using 1:2000 β-actin primary antibody (A5441, Sigma-

Aldrich). ImageJ software (National Institutes of Health) was used to quantify band 

intensities.
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Sphingosine-1-phosphate (S1P) ELISA

The MCF-7 cells were grown to 80% confluency in T-75 flasks. Cells were treated for 12 h 

in serum starved media with or without 0.5 μM 2. Alternatively, MCF-7 cells were batch 

transfected with an SK1 overexpression plasmid (OHu19985D, GenScript) using 

Lipofectamine 2000 as recommen-ded by the manufacturer. Cells were washed with 1× PBS 

and then lysed with 250 μL of 1× lysis buffer (20 mM PIPES, 150 mM NaCl, 1 mM EGTA, 

1% (v/v) Triton X-100, 1.5 mM MgCl2, 0.1% SDS, 1 mM sodium orthovanadate, 1× 

Mammalian Protease Inhibitor Cocktail III (Research Products International, pH 7)). The 

concentration of total protein was determined using a Micro BCA Protein Assay Kit (Pierce 

Biotechnology). The diluted cell lysates were then analyzed for S1P levels using a 

Sphingosine-1-Phosphate Assay Kit, S1P-ELISA (Echelon Biosciences Inc.) per the 

manufacturer’s protocol. The S1P concentration per well was normalized by μg of total 

protein.

HER2 ELISA

MCF-7 cells were grown to ∼60% confluency in 6-well dishes. Cells were treated for 48 h 

with or without 1 μM of 2. Cells were then detached with 0.25% Trypsin-EDTA solution 

(Life Technologies) and washed with twice with 1× PBS. Cells were then resuspended at 1 × 

107 cells/mL in Cell Lysis Buffer 2 (R&D Systems) per the manufacturer’s protocol. The 

concentration of total protein was determined using a Micro BCA Protein Assay Kit (Pierce 

Biotechnology). Cell lysates were then analyzed for HER2 levels using the Human EbB2/

HER2 Quantikine ELISA kit (R&D Systems) per the manufacturer’s protocol. The HER2 

concentration per well was normalized by μg of total protein.

Migration Assay

MCF-7 or MDA-MB-231 cells were serum starved for 12 h in DMEM or RPMI medium 

without FBS, respectively. Samples of 5 × 104 cells were seeded into Hanging Cell Culture 

Inserts for 24 well plates with uncoated membranes with 8.0 μm pores (Millicell) in serum 

starved media. Cells were cultured or treated in serum starved media with 2 or SKI-178 at 

the appropriate concentrations and allowed to migrate toward complete growth media in the 

bottom well for 8 h. The media was vacuum aspirated, and both hanging cell culture insert 

and bottom wells were washed twice with 1× PBS, gently shaking to mix. Excess liquid and 

cells inside the insert were removed with cotton swabs, after which 400 μL of 4% 

paraformaldehyde was placed into the bottom well and incubated for 20 min at room 

temperature. The wells and inserts were washed twice with 1× PBS and then treated with 

400 μL of 0.1% crystal violet solution for 20 min at room temperature. Then wells and 

inserts were washed twice with water. Then wells and inserts were washed once with 1× 

PBS and dried with cotton swabs to remove extra stain and cells inside the inset. Migration 

inserts were air-dried and then analyzed by microscopy using a Leica DMI3000 B upright 

fluorescent microscope. Four different fields of view from each captured image were 

counted for crystal violet stained or unstained cells. Percentage of cells migrated was 

calculated with eq 2:
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%cells migrated = stained cells
stained + unstained cells × 100 (2)

where stained cells and unstained cells represent cells counted with or without crystal violet 

stain observed, respectively.

Treatment with 2, HPG Incorporation, and Pulldown of Newly Synthesized Proteins for 
Mass Spectrometry

MCF-7 cells were seeded (7.5 × 104 cells/mL) in 10 cm dishes and incubated overnight. 

Cells were washed once with 1× PBS and treated with either DMSO or 2 (1 μM) for 48 h in 

medium with 10% fetal calf serum (FCS) at 37 °C. The cells were serum starved for 1 h at 

37 °C in DMEM without FCS, L-cystine, and L-methionine. Subsequently, the cells were 

incubated with DMEM containing 0.2 mM L-cystine (Sigma-Aldrich) and 1 mM L-

homopropargylglycine (Click Chemistry Tools) for 5 h at 37 °C. The cells were washed 

twice with 1× PBS, harvested by scraping, centrifuged at 1500×g for 5 min at 4 °C, and 

resuspended in 1× PBS. Cells were lysed by sonication, and the protein concentration of the 

lysate was determined using a Bradford assay (Bio-Rad). Lysates (2.33 mg/mL, 0.43 mL) 

were subjected to click chemistry using biotin azide (catalog no.: 1265–100, Click 

Chemistry Tools, 100 μM, 50× stock in DMSO), tris(2- carboxyethyl)phosphine 

hydrochloride (TCEP) (1 mM, 50× fresh stock in water), tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA) (100 μM, 16× stock in DMSO:t-Butanol 1:4), and copper(II) 

sulfate (1 mM, 50× stock in water) for 1 h at room temperature. Protein was precipitated by 

adding MeOH (4 vol.), CHCl3 (1 vol.), and water (3 vol.) to the reaction mixture, and the 

turbid mixture was centrifuged for 5 min at 20000×g at 4 °C, yielding a protein layer 

between the aqueous and organic layers. The protein layer was isolated, dried, and 

solubilized in 2% SDS in 1× PBS via sonication. The protein was centrifuged at 4700×g for 

5 min, and the soluble fraction was transferred to a new tube. Next, 1× PBS was added to 

give a final SDS concentration of 0.2%, and then 150 μL of streptavidin agarose beads 

(ProteoChem) were added. The mixture was rotated overnight at room temperature. The 

beads were washed with 1% SDS in 1× PBS (1 × 10 mL), 1× PBS (3 × 10 mL), and water (3 

× 10 mL). After resuspension in 6 M urea in 1× PBS (500 μL), the beads were reduced with 

10 mM neutralized TCEP (20× fresh stock in water) for 30 min at room temperature and 

then alkylated with 25 mM iodoacetamide (400 mM fresh stock in water) for 30 min at room 

temperature in the dark. Beads were pelleted by centrifugation at 1400×g for 2 min and 

resuspended in 150 μL of 2 M urea, 1 mM CaCl2 (100× stock in water), and trypsin (Thermo 

Scientific, 1.5 μL of 0.5 μg/μL) in 50 mM NH4HCO3. The digestion was performed for 6 h 

at 37 °C. Samples were acidified to a final concentration of 5% acetic acid, desalted over a 

self-packed C18 spin column, and dried. Samples were analyzed by LC-MS/MS (see 

below), and the MS data were processed with MaxQuant (see below).

LC-MS/MS Analysis

Peptides were resuspended in water with 0.1% formic acid (FA) and analyzed using EASY-

nLC 1200 nano-UHPLC coupled to Q Exactive HF-X Quadrupole-Orbitrap mass 
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spectrometer (Thermo Scientific). The chromatography column consisted of a 30 cm long, 

75 μm i.d. microcapillary capped by a 5 μm tip and packed with ReproSil-Pur 120 C18-AQ 

2.4 μm beads (Dr. Maisch GmbH). LC solvents were 0.1% FA in H2O (Buffer A) and 0.1% 

FA in 90% MeCN:10% H2O (Buffer B). Peptides were eluted into the mass spectrometer at 

a flow rate of 300 nL/min over a 240 min linear gradient (5–35% Buffer B) at 65 °C. Data 

were acquired in data-dependent mode (top-20, NCE 28, R = 7500) after full MS scan (R = 

60000, m/z 400–1300). Dynamic exclusion was set to 10 s, peptide match set to prefer, and 

isotope exclusion was enabled.

MaxQuant Analysis

The MS data were analyzed with MaxQuant76 (V1.6.1.0) and searched against the human 

proteome (Uniprot) and a common list of contaminants (included in MaxQuant). The first 

peptide search tolerance was set at 20 ppm; 10 ppm was used for the main peptide search, 

and fragment mass tolerance was set to 0.02 Da. The false discovery rate for peptides, 

proteins, and sites identification was set to 1%. The minimum peptide length was set to six 

amino acids, and peptide requantification, label-free quantification (MaxLFQ), and “match 

between runs” were enabled. The minimal number of peptides per protein was set to 2. 

Methionine oxidation was searched as a variable modification, and carbamidomethylation of 

cysteines was searched as a fixed modification.

RNA-Seq and Pathway Analysis

MCF-7 cells were treated as described above for 24 h with 2 (1 μM), and total RNA was 

extracted using a miRNeasy Mini Kit (Qiagen) with on-column DNase I treatment. Total 

RNA was quantified using a Qubit 2.0 Fluorometer (Invitrogen), and their quality was 

assessed using an Agilent Technologies 2100 Bioanalyzer RNA nano chip. Only samples 

with RNA integrity number > 8.0 were used. Depletion of rRNA on 500 ng of total RNA 

was completed using probes provided by the NEBNext rRNA depletion module (catalog no.: 

E6310L, New England Biosciences), according to the manufacturer’s recommendations. A 

NEBNext Ultra II Directional RNA kit (catalog no.: E7760, New England Biosciences) was 

used for library preparation according to the manufacturer’s instructions. RNA samples were 

then chemically fragmented in a divalent cation buffer with heating at 94 °C for 15 min. 

Random hexamer priming and reverse transcription were used to convert the fragmented 

RNA to the first strand of cDNA. The second strand was synthesized by removing the RNA 

template and incorporating dUTP in place of dTTP, which was then end repaired and 

adenylated at the 3′ end. A corresponding T nucleotide on the hairpin loop adaptor was used 

to ligate to the double-stranded cDNA. Uracil-specific excision reagent (USER) enzyme was 

then used to remove the dUTP in the loop as well as other incorporated U’s in the second 

strand. Degradation of the second strand preserves the directional sequencing of the original 

RNA. The adaptor ligated DNA was PCR amplified with Illumina barcoding primers to 

generate the final libraries, where only library fragments with both 5′ and 3′ adaptors 

would be enriched in the final PCR step. After validation on a Bioanalyzer DNA chip, the 

final libraries were normalized to 2 nM, pooled equally, and sequenced on a Nextseq 500 

v2.5 flow cell at 1.8 pM final concentration using 2 × 40 bp paired-end chemistry. 

Approximately 20–25 million reads were generated per sample with a base quality score > 

Q30 (<1 error per 1000 bp). Transcript abundance from these samples was quantified using 
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Kallisto. Gene-level RNA-Seq differential expression analysis was performed using the 

Sleuth package in R. Outcomes from the differential expression analysis with adjusted p-

values <0.05 were then uploaded into Ingenuity Pathway Analysis (IPA; Qiagen) for 

Upstream Regulators and Diseases and Functions analysis.

Herceptin and Kadcyla Sensitivity Experiments

MCF-7 or MCF-10A cells were plated into clear bottom, tissue culture treated, white 96-

well plates (3903, Corning). At ∼60% confluency, cells were treated with 2, Anti-515–5p or 

Scramble Control Vivo-Morpholino, sphingosine kinase 1 inhibitor SKI-178, or with DMSO 

vehicle control in growth medium. After overnight incubation, Herceptin (Anti-her2 

trastuzumab Ab; 501494437, BioVision Inc.) or Kadcyla (T-DM1 biosimilar; Levena 

Biopharma) was added to the growth medium. After an additional 48 h, cell viability was 

measured using CellTiter-Glo 2.0 (G9242, Promega Corp), or apoptotic stimulation was 

measured using the Caspase-Glo 3/7 Assay (G8091, Promega Corp), per the manufacturer’s 

protocol. Alternatively, MCF-7 cells were seeded into 60 mm dishes and: (i) batch 

transfected with SK1 siRNA, as described above; (ii) batch transfected with an SK1 

overexpression plasmid (OHu19985D, GenScript); or (iii) batch transfected with the empty 

pcDNA3.1+/C-(K)DYK vector, all using Lipofectamine 2000 as per the manufacturer’s 

protocol. After transfection, cells were plated into 96-well plates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Targaprimir-515/885 (1) and Targaprimir-515 (2) target the Drosha sites in pri-miR-515. (A) 

Pathway of miR-515 affecting sphingosine kinase 1 (SK1), sphingosine 1-phosphate (S1P), 

triggering cell proliferation. (B) Secondary structures of the miR-885 and miR-515 hairpin 

precursors, with Drosha processing sites and 1-binding sites indicated with blue boxes. (C) 

Structures of 1 and 2, which have four propylamine spacers between 1 RNA-binding 

modules.
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Figure 2. 
Studying target engagement via Chem-CLIP and C-Chem-CLIP and the effects of 

compounds on miRNA biogenesis in MCF-7 cells. (A) Structures of Targaprimir-515/885-

CA-Biotin (3), which is comprised of the RNA-binding module 1, a biotin purification 

module and a cross-linking chlorambucil (CA) module, and control compound Control CA-

Biotin (4), which lacks the RNA-binding module. (B) C-Chem-CLIP of pri-miR-515 and 

pri-miR-885 by using increasing concentrations of 1 or 2 to compete with 3 (0.5 μM) after 

16 h of incubation. Data represent mean ± s.e.m. (n ≥ 3). *p < 0.05, **p < 0.01, ***p < 
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0.001 compared to Chem-CLIP pull-down samples without competitor, as determined by a 

two-tailed Student t test. (C) Treatment of cells with 3 affords enrichment of miR-515 and 

miR-885 in the pulled down fraction. Addition of 1 competes off reaction of 3 with miR-515 

and miR-885, while 2 only competes off reaction of 3 with miR-515. Both results indicate 

on-target effects in cells after 24 h of treatment. Above the dotted line indicates enriched 

levels of the measured miRNA in the pulled down fraction versus the levels of the miRNA 

before pull-down. Relative expression levels of miRNAs are shown in parentheses. *p < 

0.05, **p < 0.01, ***p < 0.001 compared to Chem-CLIP samples, as determined by a two-

tailed Student t test. (D) RT-qPCR analysis of miR-515 and miR-885 production upon 

compound treatment after 48 h. 1 reduces the levels of mature miR-515 and miR-885 

similarly, while 2 only reduces levels of miR-515. Dotted line represents levels of miRNA in 

untreated samples. Data represent mean ± s.e.m. (n ≥ 3). *p < 0.05, **p < 0.01, compared to 

untreated samples, as determined by a two-tailed Student t test. (E) RT-qPCR analysis of the 

effect of 2 on pri-miR-515 levels after 48 h. Data represent mean ± s.e.m. (n ≥ 3). *p < 0.05, 

**p < 0.01 compared to untreated samples, as determined by a two-tailed Student t test.
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Figure 3. 
Evaluation of downstream effects upon miR-515 knockdown by 2. (A) Volcano plot 

representing fold change and p-values of samples treated with 0.5 μM of 2 compared to 

untreated samples after 48 h of treatment. Data represent mean; dotted lines represent a false 

discovery rate of 1% and an S0 of 0.1, indicating an adjusted p-value of 0.01; p-values were 

determined by a two-tailed Student t test when compared to untreated samples. Red point, 

effect on miR-515; blue points, miRNAs predicted by TargetScan to bind to the SK1 3′ 
UTR; orange points, RNA isoforms to miR-515 hairpin precursor; and, gray points, all other 

expressed miRNAs in MCF-7 cells. (B) Representative Western blot image of SK1 protein 

as a function of compound concentration after 48 h of treatment. (C) Quantification of SK1 

protein expression relative to loading control β-actin. (D) Effect of 2 (0.5 μM) or SK1 

overexpression on S1P second messenger levels as measured by ELISA after 48 h of 

treatment. Data represent mean ± s.e.m. (n ≥ 3). *p < 0.05, **p < 0.01 compared to 

untreated samples, as determined by a two-tailed Student t test.
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Figure 4. 
Enhanced migration of MCF-7 cells is observed with 2 treatment. (A) Quantification of cell 

migration, with and without SK1 siRNA knockout. Enhanced migration of crystal violet 

stained MCF-7 cells was observed, indicating phenotypic modification through an SK1-

mediated pathway. (B) Representative images of cell migration with 2 and/or SK1 siRNA 

treatment after 16 h. (C) Quantification of cell migration with and without treatment with 2 
(0.5 μM) and/or SKI-178 (1 μM), a selective SK1 inhibitor. Enhanced migration of crystal 

violet stained MCF-7 cells is observed, indicating phenotypic modification through an SK1-

mediated pathway. (D) Representative images of cell migration with 2 and/or SKI-178 

treatment after 16 h. Data represent mean ± s.e.m. (n ≥ 3, 4 fields of view). *p < 0.05 

compared to untreated samples, as determined by a two-tailed Student t test.
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Figure 5. 
Effect of Targaprimir-515 (2) on protein expression in MCF-7 cells evaluated by global 

proteomics. (A) General scheme showing profiling of newly synthesized proteins using 

incorporation of homopropargylglycine (HPG) into the proteome. (B) Label-free 

quantification (LFQ) intensity of SK1 upon treatment with 0.5 or 1 μM 2 for 48 h. Data 

represent mean ± s.e.m (n = 6). **p < 0.01 compared to DMSO samples, as determined by a 

two-tailed Student t test. (C) Changes in protein expression caused by treatment with 1 μM 2 
for 48 h. LC-MS/MS and MaxQuant analysis showed an upregulation of 4% of proteins 

(180/4378). Dotted lines represent a false discovery rate of 1% and an S0 of 0.1, indicating 

an adjusted p-value of 0.01. HER2 is the most upregulated protein (∼4-fold) with 2 
treatment. Pathway analysis of these proteins revealed a role in cellular growth and 

proliferation, as expected upon SK1 pathway activation.
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Figure 6. 
Addition of Targaprimir-515 (2) sensitizes MCF-7 cells to Herceptin and Kadcyla by 

stimulating the expression of HER2. (A) Addition of 2 to MCF-7 cells for 48 h enhances 

HER2 protein expression as measured via ELISA. Dotted line represents HER2 protein 

expression in untreated cells. (B) Addition of 2 to MCF-7 cells enhances cell surface 

expression of HER2 via flow cytometry. Dotted line represents HER2 surface expression in 

untreated cells. (C) 2 sensitizes MCF-7 cells to Herceptin-mediated loss of cell viability in a 

dose-dependent fashion. “Cell Viability Ratio (Herceptin:Untreated)” is the ratio between 

the cell viability of Herceptin treated cells and untreated cells. (D) Forced overexpression of 

miR-515 on a doxycycline inducible plasmid ablated Herceptin (20 nM) sensitivity in the 

presence of doxycycline (+Dox) but not in its absence (−Dox). (E) 2 stimulated Kadcyla-
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mediated cell death in otherwise insensitive MCF-7 cells. (F) Increased apoptotic activity in 

MCF-7 cells treated with 2 and Kadcyla as measured by Caspase 3/7 activity. Dotted line 

represents apoptotic activity in untreated cells. (G) Addition of SKI-178, a SK1 inhibitor, or 

a siRNA targeting SK1, ablated Herceptin sensitivity, whereas a scrambled control did not. 

515-VM, Anti-515–5p Vivo-Morpholino; SCR-VM, scrambled control Vivo-Morpholino. 

(H) Transfection of SK1 plasmid into MCF-7 enhanced Herceptin (20 nM) sensitivity. 

Measurements were taken after 24 h incubation with 2, followed by 48 h of either Herceptin 

or Kadcyla treatment. *p < 0.05, **p < 0.01, ***p < 0.001 compared to untreated or vehicle 

samples, as determined by a two-tailed Student t test.
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