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Abstract 

RNA-binding proteins (RBPs) are key post-transcriptional regulators of gene expression, and thus 

underlie many important biological processes. Here, we developed a strategy that entails extracting a 

“hotspot pharmacophore” from the structure of a protein-RNA complex, to create a template for 

designing small-molecule inhibitors and for exploring the selectivity of the resulting inhibitors. We 

demonstrate this approach by designing inhibitors of Musashi proteins MSI1 and MSI2, key regulators of 

mRNA stability and translation that are upregulated in many cancers. We report this novel series of 

MSI1/MSI2 inhibitors is specific and active in biochemical, biophysical, and cellular assays. This study 

extends the paradigm of “hotspots” from protein-protein complexes to protein-RNA complexes, supports 

the “druggability” of RNA-binding protein surfaces, and represents one of the first rationally-designed 

inhibitors of non-enzymatic RNA-binding proteins. Owing to its simplicity and generality, we anticipate 

that this approach may also be used to develop inhibitors of many other RNA-binding proteins; we also 

consider the prospects of identifying potential off-target interactions by searching for other RBPs that 

recognize their cognate RNAs using similar interaction geometries. Beyond inhibitors, we also expect that 

compounds designed using this approach can serve as warheads for new PROTACs that selectively 

degrade RNA-binding proteins. 
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Introduction 

RNA-binding proteins (RBPs) play crucial roles in many diverse cellular processes, regulating 

the life cycle of mRNAs by controlling splicing, polyadenylation, stability, localization and translation, 

and also modulating the function of non-coding RNAs [1]. Mammalian proteomes are thought to include 

upwards of 800 RBPs [2,3], corresponding to both RNA-processing enzymes and non-enzymatic RBPs. 

Given the broad range of functions carried out by RBPs, we sought to devise a general and robust strategy 

for designing chemical tools that will allow precise manipulation of the interactions between RBPs and 

their cognate RNAs. Such tools would help unravel the mechanisms of important biological processes 

controlled by RBPs, and nominate RBPs as feasible targets for therapeutic intervention [4-10]. 

Despite intense interest, there exist few classes of compounds that target protein-RNA 

interactions. Efforts to identify such compounds have focused principally on designing assays amenable 

to high throughput screening [11-13], which indeed has delivered compounds addressing such cancer-

relevant RBPs as Musashi-1/2 [14-19], HuR [20-22], eIF4A [23], CELF1 [24], and various splicing 

factors [25,26]. Among rationally designed small-molecule inhibitors that target RBPs, however, all 

examples reported to date can be categorized into two general classes. The first class comprises 

nucleoside analogues [27-33], such as anti-HIV-1 NRTIs (nucleoside reverse transcriptase inhibitors), 

that mimic the chemical structures of natural-occurring nucleosides and rely on enzymatic processing by 

their targets to form covalent adducts. While nucleoside analogues can be straightforward to design, the 

inability of these molecules to provide sufficient binding affinity or selectivity without covalent linkage 

has prevented this strategy from being extended to non-enzymatic RBPs. The second class of compounds 

comprises allosteric inhibitors [32,34,35], such as anti-HIV-1 NNRTIs (non-nucleoside reverse 

transcriptase inhibitors), that bind to secondary sites on the protein target and shift its conformation to an 

inactive state. In principle, allosteric inhibitors could be used to target both enzymatic and non-enzymatic 

RBPs; in practice, however, challenges associated with both identifying allosteric sites and then finding 
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small molecules to complement these sites has limited the general utility of this approach to all but a few 

cases. Collectively, the fact that these RNA-binding interfaces are not thought to have evolved to bind 

small molecules makes them a “non-traditional” class of drug target. Moreover, the relatively flat and 

polar nature of protein surfaces in this class typically leads to poor performance by structure-based virtual 

screening (docking) approaches [36]; and given the lack of a known small-molecule binding partners for 

RBPs, it is even unclear a priori that such protein surfaces are suitable for inhibition by any small-

molecule ligand at all [37]. 

Here, we present a new approach for rationally designing small-molecule inhibitors of RBPs. We 

draw inspiration from a related class of “non-traditional” drug targets, i.e., protein-protein interfaces. In a 

protein-protein complex, each of the individual interfacial residues typically do not contribute equally to 

the energetics of binding; rather, the majority of the binding affinity derives from a small number of 

“hotspot” residues [38-40]. This observation, in turn, motivated several groups to mimic these key 

interactions when designing small-molecule inhibitors [41-44]. In this study, we take the “hotspot” 

paradigm and extend it to protein-RNA interactions. 

Our approach entails identifying the chemical moieties of a given RNA that contribute critical 

interactions to a particular protein-RNA complex, and then identifying small molecules that recapitulate 

the precise geometrical arrangement of these moieties. Our underlying hypothesis is that compounds 

capable of mimicking the three-dimensional structure of the RNA “hotspot” will also mimic the 

energetically dominant interactions in the protein-RNA complex, using a much smaller chemical scaffold. 

By establishing a new method for reusing these protein-RNA interactions, we circumvent the challenging 

problem of needing to design interactions that target a flat, polar protein surface. 

The approach described above can, in principle, be applied to the structure of any protein-RNA 

complex. As a first test, we opted to address a target from the most common and well-studied of RNA-

binding modules, the RNA-recognition motif (RRM) domain. Hundreds of structures of RRMs have been 

deposited in the Protein Data Bank, including more than fifty in complex with RNA [45]. Collectively 

these structures show that RRMs adopt a conserved fold that packs two α-helices against one face of a 
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four-stranded β-sheet; in most cases the opposite face of this β-sheet is then used to bind a single-stranded 

segment of RNA. Recognition of cognate RNA is usually driven by a cluster of three outward-facing 

aromatic amino acids on this β-sheet, which often form stacking interactions with a pair of adjacent RNA 

bases [46]. Accordingly, mutations to the protein that remove these aromatic sidechains have been shown 

to disrupt binding in representative RRMs [46,47], as has introduction of non-canonical bases to the RNA 

that alter the pattern of hydrogen bonding groups [48-50]. Despite these shared features, however, the 

precise geometry of the dinucleotide pair in its complex with the RRM can differ very drastically across 

members of this family [46]. 

The Drosophila gene Musashi (msi) was originally discovered through its role in sensory organ 

development [51]; understanding of its role was later expanded to include maintenance of stem cell 

identity [52]. Mammals encode two close paralogs of MSI, known as Musashi-1 (MSI1) and Musashi-2 

(MSI2), which also play a role in maintaining stemness [53]. The primary structural elements of Musashi 

proteins comprise a pair of tandem RRM domains (RRM1 and RRM2) [54], which they use to bind the 

3’ UTR region of specific target mRNAs and thus regulate both mRNA stability and translation of the 

proteins these mRNAs encode. Many of these proteins regulated by MSI1/MSI2 are involved in key 

signaling pathways that play essential roles in development and are abnormally activated in oncogenesis, 

such as maintenance of stem cell capacity and promotion of epithelial-mesenchymal transition 

(NUMB/NOTCH, PTEN/mTOR, TGFβ/SMAD3, MYC) [55,56]; it is thus unsurprising that elevated 

expression of MSI1/MSI2 has been observed in a broad spectrum of cancers [57-64]. In addition to their 

roles driving cancer initiation and progression, MSI1/MSI2 have also been implicated in conferring 

resistance to radiotherapy [65-69], chemotherapy [68,70-72], and targeted therapies [73,74]. Collectively, 

these observations have positioned MSI1 and MSI2 as tantalizing targets for therapeutic intervention in 

cancer [55,75]. 
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Computational Approach 

The new computational methods described below are implemented in the Rosetta software suite 

[76], except where otherwise indicated. Rosetta is freely available for academic use 

(www.rosettacommons.org), with the new features described here included in the 3.6 release and beyond. 

Computational methods are summarized below, and then presented in further detail in the Supporting 

Methods section. 

Building “hotspot pharmacophores” 

While interfaces between RBPs and their cognate RNAs are mostly flat, complexes involving 

segments of single-stranded RNA often include a few interfacial nucleobases that are buried much more 

deeply than the others (Figure 1a); this uneven distribution is reminiscent of “hotspot” sidechains in 

protein-protein complexes [38,39]. The protein has evolved to interact with these buried nucleobases 

through precise intermolecular aromatic stacking interactions and hydrogen bonding. 

We have developed an automated framework that distills the structure of a protein-RNA complex 

to a “hotspot pharmacophore,” which in turn can serve as a template for ligand-based screening. Our 

framework first picks out those RNA aromatic moieties that are deeply buried in the protein-RNA 

complex, as well as any RNA atoms involved in intermolecular hydrogen bonds to the protein or ordered 

water molecules (Figure 1b). Any polar atoms on the nucleobases that do not participate in hydrogen 

bonds are then replaced with carbon atoms, since those polar groups need not be carried forward into 

inhibitor design. This gives a broad spatial map of the protein-RNA interaction, which typically cannot be 

spanned by a single drug-like small molecule; we therefore clustered neighboring moieties and advanced 

each cluster separately. Through this approach, we reduce the structure of the protein-RNA complex to a 

minimal “hotspot pharmacophore” that encapsulates the key interactions to be recapitulated by a small 

molecule (Figure 1c). 
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Figure 1: The hotspot mimicry approach. We demonstrate this approach by applying it to the RRM1 
domain of Musashi-1. (A) The structure of the MSI1 / RNA complex. The RNA (sticks) wraps around 
the protein (spheres). Two adjacent bases, A106 and G107 (magenta), are buried in a shallow pocket on 
the protein surface. (B) An interaction map is generated from the RNA in the complex, by collecting 
deeply buried bases (magenta) and atoms involved in intermolecular hydrogen bonds (acceptors shown 
in yellow, donors in green). (C) Components of the interaction map are clustered in space, and atoms 
that do not participate in hydrogen bonding are reverted to carbon atoms; this produces a “hotspot 
pharmacophore.” (D) The difference in binding free energy between an RNA harboring a single abasic 
site versus the original cognate RNA sequence, as determined through competition with a fluorescently-
labeled RNA. Positive values indicate diminished binding when a given base is replaced with an abasic 
site, showing that A106 and G107 contribute more than the other nearby bases to the binding affinity of 
this interaction. (E) The hotspot pharmacophore serves as a template for ligand-based screening, 
searching for compounds that would mimic the three-dimensional features of the pharmacophore. The 
screen led to the identification of compound R12, which mimics the geometry of the rings and provides 
three of the four desired hydrogen bonding groups. (F) R12 competes with fluorescein-labeled RNA for 
MSI1 binding, as observed through a fluorescence polarization assay. These data do not allow the 
binding affinity to be confidently determined. (G) Superposition of the hotspot pharmacophore back 
onto the protein structure illustrates the interactions that should be captured by an ideal ligand: stacking 
against three aromatic sidechains, and four intermolecular hydrogen bonds. (H) Superposition of R12 
onto the protein structure shows that this compound is expected to preserve the aromatic stacking, and 
to recapitulate three of the four hydrogen bonds. 
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Identifying complementary ligands 

To identify compounds that would mimic RNA’s interactions with the RBP, we then used the 

hotspot pharmacophore as a template for carrying out ligand-based virtual screening. In order to facilitate 

rapid characterization of compounds emerging from our screen, we restricted our search to the ~7 million 

compounds in the ZINC database [77] that are both commercially available, and predicted to have drug-

like physicochemical properties. We used OMEGA (OpenEye Scientific Software, Santa Fe, NM) [78-80] 

to build low-energy conformations of each compound, then ROCS (OpenEye Scientific Software, Santa 

Fe, NM) [81,82] to align each conformation to our hotspot pharmacophore. For each of the top-scoring 

hits emerging from ROCS, we then used the aligned orientation to position the compound relative to the 

protein, and evaluated the interaction energy of the protein-ligand complex using the fullatom Rosetta 

energy function [76]. 

Results 

Computational screening against MSI1 RRM1 

We applied our “hotspot mimicry” approach to the structure of Musashi-1 RRM1 bound to 

cognate RNA [54], and found a single hotspot pharmacophore derived from an adjacent pair of buried 

bases, Adenine106 and Guanine107 (Figure 1a). Because no ordered water molecules were included in 

this NMR structure, the resulting pharmacophore did not include any explicit contribution from solvent. 

This pharmacophore captures both the aromatic stacking and the hydrogen bonding of the RNA hotspot 

through its inclusion of ring moieties and donor/acceptor positions, respectively (Figure 1c). To test 

whether these two particular bases indeed serve as a hotspot of the MSI1 RRM1 / RNA interaction, we 

used a fluorescence polarization (FP) competition assay (see Supporting Methods) to measure the binding 

affinity of RNA variants that maintained the backbone but lacked individual bases. Using this assay, we 

found that introduction of an abasic site at either of these two positions led to a marked decrease in 
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binding to MSI1 RRM1 (Figure 1d). In contrast, introduction of an abasic site at other nearby positions 

affected binding much less. Confirmation that A106 and G107 serve as hotspot bases of this interaction 

thus provided experimental evidence supporting the pharmacophore selection from our computational 

approach. 

We then used this pharmacophore as a template for virtual screening. The 12 top-scoring hits 

identified from the resulting screen could each be classified into one of three diverse chemotypes 

(Figure S1). While none of these scaffolds bear any obvious resemblance in chemical structure to a 

nucleobase pair, the overlap in three-dimensional shape and hydrogen bonding potential between the 

hotspot pharmacophore and the modeled conformation of each compound is immediately evident. Despite 

this strong similarity, none of the 12 hit compounds recapitulated all four of the polar groups included in 

the hotspot pharmacophore, and only three hit compounds matched to three of the polar groups: R12 

(Figure 1e), its close analog R4, and R7 (Figure S2). Among these three, only R12 showed inhibition in 

FP competition assay (Figure 1f); that said, the binding affinity could not be reasonably quantified 

because of the low solubility of R12. 

As expected, superposition of R21 back onto the hotspot pharmacophore in the context of the 

protein-RNA complex confirmed that this compound comprised functional groups that would allow 

recapitulation of the favorable interactions used by the RNA dinucleotide pair. Specifically, the ring 

moieties in the pharmacophore represent the stacking of nucleobases against Phe23, Phe65, and Phe96 of 

MSI1, while the hydrogen bonding atoms indicate polar contacts with the sidechain of Lys21 and the 

backbones of Val94 and Phe96 of MSI1 (Figure 1g). Mimicry of these interactions through the hotspot 

pharmacophore allows the hit compounds to recapitulate these interactions, as exemplified by R12 

(Figure 1h). In this model R12 adopts a similar three-dimensional geometry as the hotspot 

pharmacophore, and thus recapitulates its aromatic stacking and polar interactions (Figure 1h). 
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Rapid optimization of R12 activity 

Guided by our structural model (Figure 2a), we then set out to improve potency of R12’s 

interaction with MSI1. While our initial screen had been restricted to ~7 million compounds in the ZINC 

database [83], the subsequently-available Enamine database [84] made available (as of 2020) ~8 billion 

compounds: these had not been previously synthesized by Enamine, but were reported to be readily 

available on-demand. Thus, the Enamine database afforded us an exciting opportunity to carry out “SAR-

by-catalog” at a much larger scale than would otherwise have been possible. 

The low solubility of R12 prompted us to begin by looking for alternatives to the bromopyridine 

group (shown on the left-hand side). Amongst a set of 16 custom analogs that we purchased, R12-7 and 

R12-8 (Table S1), had superior inhibition and solubility than R12. As a secondary validation assay we 

used Differential Scanning Fluorimetry (DSF) to confirm these compounds’ interaction with the MSI1 

RRM1: we found that R12-7 induced noisy changes in the protein’s melting temperature (Figure S3a), 

but that R12‑8 led to monotonically increasing stabilization with increasing dose (Figure S3b). Out of 

concern that R12-7’s activity may be associated with compound aggregation, we elected to continue with 

optimization of R12-8 (Figure 2b). 

Alignment of R12-8 to our model of MSI1 binding suggested a potential reason for the improved 

potency. In our initial model of R12, the carbonyl oxygen in its ester linker was positioned in close 

proximity to the Phe96 backbone carbonyl of MSI1 (Figure 2a); beyond simply the lost opportunity for 

an intermolecular hydrogen bond with the backbone, we expected that there could be electrostatic 

repulsion between these two negatively charged moieties. By contrast, this ester linker has shifted slightly 

in our model of R12-8, turning upward to face solvent, and instead engaging MSI1’s backbone carbonyl 

using R12-8’s newly-added amine (Figure 2b). Whereas R12 matched only three of the four desired 

hotspot pharmacophore features, our model of R12-8 now matched all four (Figure S3c). 
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We next sought to optimize the other side of this compound (the right-hand side), by purchasing 

another 50 custom analogs from Enamine. While the most potent compound from this second round was 

R12-8-46, we avoided this compound because catechols are well-known candidate PAINS (pan-assay 

interference) compounds and can also be oxidized to quinones [85]. Instead, we focused our attention on 

Figure 2: Optimization of R12 to the dual MSI1/MSI2 inhibitor R12-8-44-3. (A) R12 was the 
starting point for optimization, as identified from the computational screen of a limited library; 
availability of a much larger library was used to enable optimization. (B) The left-hand side of R12 was 
replaced to improve solubility and potency, yielding R12-8. (C) The right-hand side of R12-8 was 
replaced to improve potency, yielding R12-8-44. (D) Further exploration of the left-hand side provided 
improved potency, in R12-8-44-3. (E) Superposition of R12-8-44-3 models bound to MSI1 (wheat) and 
MSI2 (green). (F) Zoomed-in view of the MSI2 model confirms that the expected interactions are 
unchanged relative to the MSI1 model. (G) R12-8-44-3 competes with fluorescein-labeled RNA for 
MSI2 binding. 
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R12-8-44, which provided more than ten-fold improvement in potency using the FP assay (Figure 2c) 

and a monotonically-increasing melting temperature with increasing ligand concentration (Figure S4). 

R12-8-44 is expected to retain the same polar interactions as R12-8 and R12, but uses slightly different 

aromatic stacking by replacing R12-8’s 4-quinazolinamine group with 5,6-dimethylthieno[2,3-

d]pyrimidin-4-amine. 

To further improve potency, we then returned to the left-hand side and assessed seven additional 

substitutions on the R12-8-44 scaffold (Figure S5). Amongst these seven compounds, we found that R12-

8-44-3 yielded another 2-fold improvement in potency, ultimately providing an IC50 value of 9.7 µM 

(Figure 2d). 

Inhibition of Musashi-2 

While expression of MSI1 is tissue-restricted, its homolog MSI2 is ubiquitously expressed 

[86,87]. Moreover, functional redundancy between the two Musashi family members has led to the 

proposal that it would be most desirable to have a dual inhibitor that acts on both proteins [88]. Like 

MSI1, MSI2 includes two RRM domains; the first of these shares 80% sequence identity with MSI1 

RRM1. Sequence alignment of MSI1 and MSI2 reveals that all but one of the residues that differ 

correspond to surface exposed positions far from the hotspot pharmacophore (all but L50M) (Figure S6); 

based on this model, we anticipated that the R12-8-44-3 would also show activity against MSI2. 

With this hypothesis in mind, we first built a model of R12-8-44-3 bound to MSI2 by starting 

from our MSI1-bound model and replacing the 17 residues that differ between MSI1 and MSI2 

(Figure 2e). The resulting MSI2-bound model (Figure 2f) is essentially identical to our earlier MSI1-

bound model (Figure 2d), implying that R12-8-44-3 should also inhibit MSI2. We tested this using the 

same FP competition assay and confirmed that R12-8-44-3 indeed inhibits the binding of the MSI2 

RRM1 domain to its RNA target with comparable activity as it inhibits MSI1-RRM1 (Figure 2g). Thus, 

we have confirmed that R12-8-44-3 is a dual inhibitor of both MSI1 and MSI2, with the similar potency 

for each isoform. 
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Biophysical characterization of R12-8-44-3 

To further characterize R12-8-44-3, we applied differential scanning fluorimetry (DSF) as an 

orthogonal secondary assay. Surprisingly, addition of R12-8-44-3 did not increase MSI1’s melting 

temperature as we expected – and as we observed for its parent compounds R12-8 (Figure S3b) and R12-

8-44 (Figure S4a). In fact, it acted in the opposite direction: addition of R12-8-44-3 monotonically 

decreased MSI1’s melting temperature (Figure S7). While this could be a sign of apparent inhibition 

occurring through aggregation, there are also legitimate inhibitors that reduce their target protein’s 

melting temperature [89,90]. An alternate explanation could simply be that MSI1’s folding landscape is 

not simply two-state, and that a partially-folded intermediate stabilized by R12-8-44-3 affects the 

unfolding transition. 

 

To test the hypothesis that R12-8-44-3 engages MSI1 RRM1 though specific binding interactions 

(rather than non-specific aggregation), we used HSQC chemical shift mapping. We collected spectra for 

this construct in the presence and absence of R12-8-44-3 (Figure 3a), using previously-reported 

assignments from a very similar construct [54]. Importantly, we find that only a small number of peaks 

shift in response to addition of R12-8-44-3: this confirms specific binding to MSI1, rather than non-

Figure 3: Structural characterization of R12-8-44-3 / MSI1. (A) HSQC spectrum of MSI1 RRM1 
collected in the presence (red) or absence (black) of R12-8-44-3. Assigned peaks showing the strongest 
chemical shift difference are labeled (Phe23, Lys93). (B) Mapping the location of these residues to our 
model of R12-8-44-3/MSI1 confirms that these residues comprise the intended binding site. 
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specific interactions that would imply aggregation. While not all peaks were assigned in our reference 

spectrum, we gratifyingly find that of the assigned peaks, those with the largest chemical shift differences 

(Phe23, Lys93) comprise exactly the expected binding site for R12-8-44-3 (Figure 3b). Overall, these 

results strongly support interaction of R12-8-44-3 with the intended binding surface from our 

computational design. 

Exploring selectivity of R12-8-44-3 

Many RRM proteins recognize their target RNAs with high sequence specificity, through 

additional interactions outside the central RNA dinucleotide [46]. Our mimicry of the MSI1 hotspot was 

predicated on recapitulating the interactions solely within this dinucleotide; we therefore sought to 

explore the target selectivity expected for these inhibitors by searching for potential off-target 

interactions. Starting from every example of protein-RNA complexes in the Protein Data Bank (PDB), we 

used our computational approach to extract the set of all available hotspot pharmacophores (see 

Supporting Methods). For a given compound of interest, we can then screen all conformers of this 

molecule against this “library” of 543 unique hotspot pharmacophores (Figure 4a). The top-scoring hits 

in this experiment represent proteins that recognize their cognate RNAs through interaction patterns that 

can be recapitulated by the compound of interest, making these candidate proteins for off-target binding. 

In addition to MSI1, there are two other RRM-domain proteins in the PDB that recognize an A-G as the 

dinucleotide pair: human heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) [91], and yeast Prp24 

[92]. 

We applied this approach first to a hypothetical compound, comprised of adenine and guanine 

attached by a flexible linker (Figure 4b). We built low-energy conformers of this compound, and then 

evaluated how closely this compound could mimic the three-dimensional geometry of each hotspot 

pharmacophore found in our library. While this artificial compound can indeed adopt a conformation that 

aligns well to the MSI1 hotspot pharmacophore (a score of 0.936) and hnRNP A1 (a score of 0.965), this 

hypothetical A-G compound can also be matched to many other hotspot pharmacophores from the PDB at 
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least as well as these (Figure 4b). Thus, this implies that such a compound would bind to many other off-

target RBPs, in addition to MSI1 and hnRNP A1. In a sense, this observation underscores the lack of 

selectivity that one might expect from simply mimicking the nucleosides’ chemical structure, without 

consideration of three-dimensional geometry. 

We next carried out the same analysis for our starting compound R12 and optimized compound 

R12-8-44-3 (Figure 4b). By this quantitative analysis (ROCS Tanimoto score), we found that both of 

these compounds match to the MSI1 hotspot pharmacophore much better than they match to any other 

hotspot pharmacophore extracted from the PDB. This result is unsurprising, given that R12 and R12-8-

44-3 lack certain polar groups from the A-G pair (those that did not participate in the MSI1 

pharmacophore) and that these compounds have a restricted geometry that allows them only to mimic the 

specific orientation of the bases needed to complement MSI1 and hnRNP A1. 
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The reason for R12 and R12-8-44-3 matching well to the hotspot pharmacophore from hnRNP 

A1 is because of its strong similarity to MSI1’s hotspot pharmacophore: although one of the bases is 

flipped, the structure of the central RNA dinucleotide in these two complexes is virtually superposable 

(Figure 4c). Overall, this analysis suggests that R12-8-44-3 is likely to be selective for MSI1 over the 

majority of other RBPs, but that hnRNP A1 could be a potential off-target interaction. 

To test this, we expressed and purified hnRNP A1’s RRM1 domain. We confirmed that hnRNP 

A1 would indeed bind the same fluorescently-labeled RNA used in our previous experiments, and then 

probed the effect of adding R12-8-44-3 (Figure 4d). In this competition experiment, we find that R12-8-

44-3 does not inhibit hnRNP A1’s RNA binding. We propose that matching to a given hotspot 

pharmacophore may provide some modest degree of potential binding energy, but that further fine details 

Figure 4: Predicting candidate off-target interactions of a given inhibitor. (A) We screened each 
conformer of a given ligand against the complete set of unique hotspot pharmacophores from other 
protein-RNA complexes in the PDB. Hits in this screen correspond to other proteins that recognize their 
cognate RNAs using interaction geometry that can be mimicked by the compound of interest. 
(B) Application of this approach to a hypothetical compound built by connecting adenine and guanine 
with a flexible linker, to R12, and to R12-8-44-3. High scores correspond to other proteins that 
recognize their cognate RNAs using interaction geometry that can be mimicked by the compound of 
interest. The distribution of scores for the complete pharmacophore library is shown, with the score of 
the MSI1 (pink arrow) and hnRNP A1 (green arrow) pharmacophores indicated. The artificial 
compound matches the pharmacophores from many proteins equally well, whereas R12 and R12-8-44-3 
match the MSI1 and hnRNP A1 pharmacophores much better than anything else in the library. 
(C) Comparison of the structures of the complexes reveal the basis for identification of hnRNP A1 as a 
candidate off-target interaction: this protein recognizes its cognate RNA (green) with similar 
positioning of functional groups as MSI1 (magenta/wheat), even though the adenine on the right is 
flipped. (D) Evaluation of R12-8-44-3 in an FP competition assay shows that this compound does not 
inhibit hnRNP A1. (E) A projection of the hotspot pharmacophores from all RRM/RNA complexes 
currently available in the PDB. Each point corresponds to an individual hotspot pharmacophore; this 
map was generated by using multidimensional scaling analysis to generate the 2D projection that best 
preserves relative distances between points. With the exception of MSI1, only a single conformation 
was used for complexes that were solved by NMR. Hotspot pharmacophores from individual members 
of the MSI1 NMR ensemble are indicated (magenta), along with the one from hnRNP A1 (green). The 
compounds described here were identified by computational screening using the hotspot pharmacophore 
from model #1 of the MSI1 NMR ensemble; this hotspot pharmacophore is very similar to extracted 
from the hnRNP A1 complex, and accordingly the A-G dinucleotide pair is nearly superposable. In 
contrast, hotspot pharmacophore from other members of the MSI1 NMR ensemble (such as model #7) 
are more distant from that of hnRNP A1, and indeed the A-G dinucleotide pair is recognized in a 
different conformation in these models. The use of highly-distinct models as templates for 
computational screening may lead to identification of compounds incapable of mimicking the pattern of 
interactions recognized by other RRM domains, and thus very likely to be selective inhibitors. 
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of the interactions must also be complementary in order to achieve potent binding. Thus, optimization of 

R12 to R12-8-44-3 enhanced potency for MSI1 by design, and potency for MSI2 because the two proteins 

are so similar, but would not have impacted the very weak starting affinity for hnRNP A1. 

Taking this analysis one step further, we extracted hotspot pharmacophores from each of the 95 

RRM/RNA complexes currently present in the PDB and evaluated their similarity in an all-versus-all 

manner. From these pairwise distances, we then used multidimensional scaling (MDS) analysis to 

construct the two-dimensional projection that best reflects the pairwise distance between every pair of 

hotspot pharmacophores: this projection represents a visual “map” of all the hotspot pharmacophores in 

the PDB (Figure 4e). 

Unsurprisingly, all of the hotspot pharmacophores built from members of the MSI1 NMR 

ensemble cluster into a punctate group, reflecting their shared geometric features. The hotspot 

pharmacophore extracted from the hnRNP A1 crystal structure also overlaps the MSI1 cluster, as 

expected from the similar recognition of RNA by these two proteins. Though beyond the scope of this 

study, we expect that screening with a MSI1 template that is more dissimilar to the hnRNP A1 hotspot 

pharmacophore (such as NMR model #7 instead of model #1), may lead to compounds with even more 

assurance of selectivity from the outset. 

Cellular activity of R12-8-44-3 

A useful secondary outcome of the SAR optimization leading to R12-8-44-3 was the 

identification of inactive but closely-matched analogs, to serve as negative controls for further study. We 

therefore selected one such inactive compound and dubbed it “R12-neg” for inclusion in cellular studies. 

R12-neg retains the substituted thieno[2,3-d]pyrimidine and ester linker from our top active compound 

R12‑8‑44‑3 (Figure 5a), but uses a distinct substitution pattern at the other ring. As a positive control for 

cellular studies we included the structurally-unrelated neural growth factor (NGF) inhibitor Ro 08-2750 

(referred to as “Ro”) [93,94], which has recently been found to inhibit the RNA-binding activity of 

MSI1/MSI2 in vitro, and reduce disease burden using in vivo leukemia/lymphoma models [17,95]. 
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To determine whether inhibition of MSI1/MSI2 by R12-8-44-3 would apply in a cellular context, 

we adapted an aptamer pull-down reporter assay that we previously used to validate candidate Musashi 

target genes [96]. Briefly, our approach is a variation of the MS2-TRAP (MS2-tagged RNA affinity 

purification) method, which uses bacteriophage protein MS2-BP to extract from cells any factors that 

associate with RNAs containing a specific stem-loop structure (MS2) from the phage genome [97]. Here, 

we designed an mRNA construct that would include a series of MS2 hairpins and also a MSI2 recognition 

sequence. We transfected this construct into cells that also express FLAG-tagged MS2-BP (a protein 

unrelated to MSI2). By affinity purification using the FLAG tag, proteins bound to the designed mRNA 

can be extracted from cells. 
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To test for inhibition of MSI2 in cells, we transfected HEK293 cells (with a high baseline MSI2 

expression), with the pMS2-LUC-3’UTR from our previous studies [96]. This vector appends onto the 3’-

UTR of an arbitrary gene (in this case luciferase) two key elements: UAG-motifs comprising a MSI2 

recognition sequence, and a series of five MS2 hairpins. The same vector also encodes the FLAG-MS2-

BP fusion needed for affinity purification (Figure 5b). Cells were then treated with each compound of 

interest for 24 h, and then the cells were subsequently harvested and used for anti-FLAG 

immunoprecipitation. While luciferase was used as the arbitrary gene for MSI2 recognition in this 

experiment, we did not explicitly monitor luciferase activity in these studies. Using qPCR we evaluated 

the amount of Luc mRNA in cells treated with R12-8-44-3, R12-neg, or Ro, and found this to be 

unchanged (Figure 5c). 

Upon treatment with R12-8-44-3, R12-neg, or Ro, we also found that the total amount of MSI2 in 

cells was unaffected (Figure 5d). Affinity purification of the reporter mRNA for cells treated with DMSO 

control confirms MSI2 binding to this mRNA. For cells treated with R12-8-44-3 (or Ro), however, much 

less MSI2 is purified from cells using this reporter mRNA (Figure 5d): beyond its activity in biochemical 

assays, this result suggests that R12-8-44-3 also inhibits MSI2 in cells and prevents engagement with its 

target genes. Consistent with results from its earlier biochemical characterization, R12-neg does not 

disrupt MSI2 pulldown. 

Figure 5: Characterization of R12-8-44-3 in a reporter cell line. (A) Chemical structures of R12-8-
44-3 and inactive negative control compound R12-8-32 (aka “R12-neg”). As a positive control, Ro 08-
2750 (aka “Ro”) is also included in these studies. (B) Schematic of reporter assay. HEK293 cells are 
transfected with a plasmid encoding an arbitrary gene (Luc) with UAG repeats (to recruit MSI2) and 
MS2 repeats (for pulldown) appended to its 3’ UTR. The same vector also includes FLAG-labeled 
MS2-BP. Upon anti-FLAG immunoprecipitation (IP), the FLAG-labeled MS2-BP allows purification of 
the Luc mRNA along with any associated factors. (C) Prior to IP, cells express Luc mRNA to a similar 
extent irrespective of whether they were treated with DMSO, R12-neg, R12-8-44-3, or Ro. (D) Prior to 
IP (“input”), MSI2 is detected in all samples to a similar extent (as is KU-86 loading control). After 
pulldown of Luc mRNA, MSI2 is found associated with the mRNA in cells treated with DMSO or R12-
neg, but not in cells that had been treated with R12-8-44-3 or Ro. Representative image is shown; 
quantification is plotted as the average of 2 independent experiments ± S.E.M. Statistical analysis was 
performed using unpaired two tailed t-test, with * indicating p<0.05. Uncropped Western blots from this 
experiment are provided as Figure S8. 
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To explore the effect of these MSI2 inhibitors in a cancer-relevant cellular context, we selected 

two MSI2-dependent cancer cell lines: non-small cell lung cancer cell line PC9 and leukemia cell line 

K562 [73,98-101]. Upon treatment of PC9 cells with Ro, R12-8-44-3, or negative control R12-neg, we 

found at multiple time points that cellular MSI2 protein levels were unchanged (Figure 6a). To confirm 

target engagement, we therefore adapted the cellular thermal shift assay (CETSA) [102]. To determine 

experimental conditions, we first harvested cells and incubated at increasing temperatures; we then 

removed aggregated protein by centrifugation and used Western blotting to probe the amount of MSI2 

remaining in the soluble fraction (Figure 6b, Figure S9). Having established 49 °C as the midpoint of the 

transition under these (non-equilibrium) conditions, we then treated cells with our candidate MSI2 

inhibitor for 3 h, and heated to 49 °C. In both PC9 cells (Figure 6c) and K562 cells (Figure 6d), we find 

that R12-8-44-3 confers protection against thermal-induced aggregation, confirming its direct interaction 

with MSI2 in both cell lines. 

Having shown that R12-8-44-3 engages MSI2 in these two cell lines, we next explored whether 

treatment with this compound also inhibits the interaction of MSI2 with known target mRNAs. Among 

previously described targets of MSI2 are PTP4A, SMAD3, EGFR, and MSI2 itself [73,98-101]. To test for 

disruption of MSI2 with these cognate mRNAs upon treatment with R12-8-44-3, we used mRNA 

immunoprecipitation (RIP): we used an anti-MSI2 antibody to immunoprecipitate MSI2, then reverse 

Figure 6: Direct cellular engagement of MSI2 interaction by R12-44-3. (A) Immunoblot from PC9 
cells treated with Ro (positive control), R12-neg (negative control), or R12-8-44-3. Cells were treated 
with 20 µM compound for 1, 3, 6, 24, or 48 hours. MSI2 protein abundance was then quantified and 
normalized to untreated sample. One representative image is shown; quantification is presented as the 
average ± S.E.M. from 3 independent replicates. (B) Thermal-induced aggregation of cellular MSI2 in 
the PC9 cell line. Cells were briefly incubated at temperatures between 40 °C to 67 °C, then centrifuged 
and the amount of MSI2 remaining in the soluble fraction was quantified by Western blotting. Data are 
presented as the average ± S.E.M. from 3 independent replicates, normalized first to beta-actin and then 
to the data at 40 °C. (C) PC9 cells were treated for 3 hours with 20 µM or 40 µM of the indicated 
compounds, then heated to 49 °C and lysed. One representative image is shown; quantification is 
presented as the average ± S.E.M. from 3 independent replicates, normalized first to beta-actin and then 
to DMSO control. (D) K562 cells were treated for 3 hours with 20 µM or 40 µM of the indicated 
compounds, then heated to 49 °C and lysed. One representative image is shown; quantification is 
presented as the average ± S.E.M. from 3 independent replicates, normalized first to beta-actin and then 
to DMSO control. Statistical analysis was performed using unpaired two tailed t-test, with * indicating 
p<0.05, and ** indicating p<0.01. 
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transcribed and analyzed by qPCR to determine the amount of each specific mRNA that was bound to 

MSI2. As an important control to ensure that the resulting mRNA was indeed brought down by MSI2, we 

additionally verified that using a negative control antibody (instead of anti-MSI2) brought with it 100-

fold less of each target mRNA (Figure S10). As a separate negative control, GAPDH mRNA was also 

quantified in the context of these studies (since GAPDH is not thought to be a target of MSI2). 

PC9 cells were then treated with 10 µM of each compound for 8 hours and then analyzed by RIP. 

For each MSI2 target gene, treatment with R12-8-44-3 (but not R12-neg) led to a statistically significant 

reduction in the amount of mRNA associated with MSI2 (Figure 7a). Collectively then, these results 

suggest that R12-8-44-3 inhibits binding of MSI2 to its mRNA targets in cells. 

Binding of Musashi proteins to specific target mRNAs can lead to either up- or down-regulation 

of the corresponding protein product [55]. MSI2 depletion (by RNA knockdown) in PC9 cells leads to 

reduced SMAD3 and EGFR, prompting us to explore whether pharmacological inhibition of MSI2 

confers the same downstream effect. Consistent with the intended mechanism of MSI2 inhibition, we 

found that treating PC9 cells with either 5 µM or 20 µM R12-8-44-3 (but not R12-neg) phenocopied the 

effect of MSI2 depletion on these two targets, and it did so without changing the amount of MSI2 

(Figure 7b). Similar effects were also observed in K562 cells (Figure S11a). 
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Effects of MSI2 on downstream targets can be readily probed using RNA knockdown to deplete 

MSI2; however, the cellular dependence on MSI2 activity for cell growth/survival is more challenging to 

evaluate. Development of R12-8-44-3 thus affords us with a tool to directly evaluate the consequence of 

MSI2 pharmacological inhibition in cells. Accordingly, we treated PC9 cells with R12-8-44-3 and used 

CellTiter-Blue assay to probe cell viability after 3 days and a clonogenic assay to probe cell proliferation 

after 7 days. 

To our surprise, we found that MSI2 inhibition by R12-8-44-3 had no effect on cell 

growth/survival in either assay (Figure 7c). This observation stands in stark contrast to Ro, which 

dramatically diminishes cell viability in these experiments. We also extended these studies to include 

K562 cells (Figure S11b), and we found results in alignment with our observations from PC9 cells. It is 

difficult to determine precisely why Ro and R12-8-44-3 have such dramatically different behavior in this 

assay: one possibility is that Ro, a repurposed compound originally reported for activity unrelated to 

MSI2, may exert its cytotoxic effect in these cell lines through molecular targets unrelated to MSI2. As 

raised by others recently [18], our results call into question whether MSI2 inhibition alone may be 

Figure 7: Cellular characterization of MSI2 inhibition by R12-8-44-3. (A) Quantification of mRNA 
immunoprecipitation (RIP) results. Cells were treated with 10 µM of the indicated compounds for 8 
hours. After immunoprecipitation with anti-MSI2, mRNA targets were quantified. The amount of each 
target mRNA in the pulldown was calculated relative to the input, and results from all targets were 
normalized to PTP4A1. Treating cells with R12-8-44-3 disrupted the interaction with all four cognate 
mRNAs (PTP4A, SMAD3, EGFR, and MSI2). Data are presented as the average ± S.E.M. from at least 
3 independent replicates. (B) Immunoblot from PC9 cells treated with Ro (positive control), R12-neg 
(negative control), or R12-8-44-3. Cells were treated with indicated compounds at two concentrations 
(5 µM and 20 µM) for 48 hours, then protein levels of relevant MSI2 targets were determined (EGFR, 
SMAD3, and MSI2). One representative image is shown; quantification is presented as the average 
± S.E.M. from at least 3 independent replicates, normalized first to beta-actin and then to DMSO-treated 
cells. (C) Cell viability dose-response quantified by CellTiter-Blue after 3 days (left) and cell 
proliferation with 10µM of compounds quantified by clonogenic assay after 7 days (right). Each is 
normalized to DMSO control, and presented as the average ± S.E.M. from 3 independent replicates. 
(D) Cell viability quantified by clonogenic assay of PC9 cell line after 7-day treatment with 2 nM 
osimertinib (osi alone), osimertinib with 10 µM R12-8-44-3, or osimertinib with 10 µM R12-neg. Data 
are normalized to DMSO, and are presented as the average ± S.E.M. from 9 independent replicates. 
Statistical analysis was performed using unpaired two tailed t-test. In all plots, * indicates p<0.05, ** 
indicates p<0.01, *** indicates p<0.001, and **** indicates p<0.0001. 
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insufficient as a therapeutic strategy; certainly though, these results suggest that MSI2 may be required 

for survival only in certain cancer cells and not others. 

With respect to non-small cell lung cancer (NSCLC) specifically, overexpression of MSI2 has 

been identified as a mechanism underlying resistance to inhibitors of EGFR – and more importantly, 

depletion of MSI2 by RNA knockdown increased sensitivity to the third-generation EGFR inhibitor 

osimertinib both in vitro and in vivo [73,74]. Despite lack of sensitivity to R12-8-44-3 alone, we therefore 

hypothesized that R12-8-44-3 would sensitize PC9 cells (an EGFR-mutant lung cancer cell line) to 

osimertinib. We first used CellTiter-Blue assay to evaluate the response of PC9 cells to a 3-day treatment 

of osimertinib, either alone or in combination with 10 µM R12-8-44-3: this experiment showed a small 

but statistically significant decrease in cell viability due to inclusion of R12-8-44-3 (Figure S12). Further, 

clonogenic assays performed over 7 days demonstrated that pharmacological inhibition of MSI2 provides 

a robust combined effect with osimertinib (Figure 7d). 

In summary, we conclude that R-12-8-44-3 directly inhibits binding of MSI2 to target mRNAs in 

human lung cancer and leukemic cell line models. While this inhibition alone does not prove cytotoxic, at 

least in these particular cell lines, MSI2 inhibition nonetheless sensitizes EGFR-mutant lung cancer cells 

to the EGFR inhibitor osimertinib. Taken together, these data demonstrate that R12-8-44-3 directly binds 

and inhibits MSI2 biologic activity in cellular models, and that it can serve as a starting point for 

identifying potentially useful synergistic combinations with other approved targeted therapies. 

Discussion 

The ability to rationally design selective inhibitors of RNA-binding proteins in a robust and 

general way will enable development of new tool compounds to help elucidate cellular processes 

mediated by these interactions. Naturally-occurring examples have shown that proteins can mimic certain 

structural features of RNAs [103,104]; here, we instead encode a key RNA epitope on a small-molecule 

scaffold. We demonstrate the application of our approach using Musashi-1 and Musashi-2, leading to a 
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novel class of inhibitors that disrupt the RNA-binding activity of these tumor-promoting proteins. By 

using the hotspot pharmacophore as a template for ligand-based screening, our approach circumvents the 

challenge of explicitly designing de novo interactions against a relatively flat and polar protein surface. 

The major advantages of this mimicry approach are its generality and simplicity. In our first 

application of this RNA mimicry approach, we elected to restrict our initial screening to commercially 

available compounds. Though none of the resulting hit compounds provided complete recapitulation of 

the desired hotspot interactions, we found that one of these, R12, complemented the protein surface 

without steric clashes and provided a starting point for new inhibitors of MSI1, thus validating the 

computational approach. In parallel with this work, a contemporaneous study also sought to design 

inhibitors of RBPs via mimicry of the cognate RNA [105]. This study reports inhibitors of a different 

RRM-domain protein, HuR, by manually selecting key moieties from the RNA to mimic, then using 

computational approaches to design compounds accessible through multicomponent reaction chemistry. 

While STD-NMR confirmed the interaction of some of these compounds with the protein, the binding 

affinities for these compounds were not reported. 

To optimize R12, we then drew from an enormous library of make-on-demand compounds to 

carry out a modern form of SAR-by-catalog. The availability of this resource allowed us to rapidly drive 

forward optimization, and ultimately led us to an inhibitor with single-digit micromolar binding affinity, 

R12-8-44-3. Moving forward, we expect that ongoing increases in the size of this (and competitors’) 

“virtual catalogs” will greatly facilitate medicinal chemistry optimization for many other projects as well. 

With regards to selectivity, further experimental evidence will be necessary to thoroughly and 

explicitly determine whether the compounds reported here engage in unanticipated interactions with any 

other RBPs. Nonetheless, the computational approach described herein also provides a potential strategy 

to identify likely off-target interaction partners: we propose that aligning candidate compounds to hotspot 

pharmacophores extracted from other RBPs can help identify potential off-target interactions. This can 

allow prioritization of select off-target RBPs for explicit biochemical testing, rather than simply collecting 
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arbitrary off-target RBPs for evaluation. In this vein, we were especially pleased to note that R12-8-44-3 

showed no inhibition for the RBP predicted as its most-likely off-target interaction, hnRNP A1.  

We do note, however, that predictions of potential off-target interactions in this manner are 

necessarily limited: both by the incompleteness of the set of RBP complexes in the PDB, and by the fact 

that complexes solved using x-ray crystallography are present as single points on this map, instead of 

clusters that reflect conformational flexibility. Even with this limitation, however, already the utility of 

this approach to identify potential off-target interactions is clear. While we cannot explicitly confirm that 

R12-8-44-3 does not inhibit any other RBPs in the human proteome, we can at least provide a rationale 

for why selectivity should be expected from this compound. Looking ahead, this general strategy may 

also enable predicting the potential selectivity of a given compound at an earlier stage, which in turn may 

help prioritize specific scaffolds and drive further focused optimization. Further, the most “isolated” 

points on our map of pharmacophore space (Figure 4e) may represent the most distinctive hotspot 

pharmacophores in the PDB: the uniqueness of these protein targets may make them particularly 

amenable to design of highly selective inhibitors. We also note that the utility of our approach is also 

likely to be dramatically enriched in the near future by emerging structure-prediction methods using deep 

learning, to allow near-atomic resolution predictions for protein-RNA complexes [106]: these new tools 

will certainly broaden the scope of RBPs that can be targeted using the strategy presented here, and may 

also allow richer and more impactful selectivity predictions. 

Finally, we do acknowledge that our optimization of the R12 series did not lead to extremely 

potent compounds; we suspect that this may be an intrinsic limitation of the relatively flat binding site 

available on the protein surface. That said, PROTACs (PROteolysis TArgeting Chimeras) [107,108] have 

emerged as a viable strategy for addressing challenging targets, and may be exquisitely well suited for 

advancing these compounds. In considering development of RNA-mimicking inhibitors as warheads for 

development of new PROTACs, we note specifically that the binding affinity for the target has proven not 

to be a major determinant of effective target degradation. Thus, even if achieving highly potent direct 

inhibitors of RRM domains remains challenging, selective inhibitors may nonetheless offer a path 
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forward for unlocking the tantalizing biology of RBPs, both as novel chemical probes and also as 

potential starting points for new therapeutics. 

 

Methods 

Detailed descriptions of computational and experimental methods are provided in the Supporting 

Methods section. 
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