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Abstract

The interactions between cellular RNAs in MDA-MB-231 triple negative breast cancer cells

and a panel of small molecules appended with a diazirine cross-linking moiety and an alkyne

tag were probed transcriptome-wide in live cells. The alkyne tag allows for facile pull-down of
cellular RNAs bound by each small molecule, and the enrichment of each RNA target defines

the compound’s molecular footprint. Among the 34 chemically diverse small molecules studied,
six bound and enriched cellular RNAs. The most highly enriched interaction occurs between the
novel RNA binding compound F1 and a structured region in the 5" untranslated region of quiescin
sulfhydryl oxidase 1 isoform a (QSOX1-a), not present in isoform b. Additional studies show that
F1 specifically bound RNA over DNA and protein; that is, we studied the entire DNA, RNA,

and protein interactome. This interaction was used to design a ribonuclease targeting chimera
(RIBOTAC) to locally recruit Ribonuclease L to degrade QSOX1 mRNA in an isoform-specific
manner, as QSOX1-a, but not QSOX1-b, mMRNA and protein levels were reduced. The RIBOTAC
alleviated QSOX1-mediated phenotypes in cancer cells. This approach can be broadly applied to
discover ligands that bind RNA in cells, which could be bioactive themselves or augmented with
functionality such as targeted degradation.
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INTRODUCTION

The importance of RNA in all aspects of biology is well-established, with its function
dependent on its structure. (1,2) One way to model RNA structure is to use free energy
minimization restrained by chemical probing data. (3,4) Alternatively, defining the binding
sites of small molecules could allow for direct inference of the RNA structure in cells

and could be particularly important if binding stabilizes dynamic structures, enhancing
their detectability. Molecular recognition could be mediated by the RNA’s structure, an
RNA-protein interface, or other factors. (5,6)

Covalent chemistry has been used to define RNAs bound by small molecules and their target
sites in cells by using chemical cross-linking and isolation by pull-down (Chem-CLIP). (7-
9) In this study, we describe how covalent chemistry and RNA profiling in live mammalian
cells can define the RNA targets of low-molecular-weight small molecules. As such, this
approach is the RNA parallel of profiling small molecules for protein and DNA targets.
(10-13)
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RESULTS AND DISCUSSION

A panel of 34 structurally diverse compounds (Figure S1) was appended with a diazirine
moiety, which reacts with RNA upon photoactivation, and an alkyne tag (Figure 1A). The
alkyne tag can be clicked to an azide-functionalized fluorescent dye for imaging (Figure
1B) or to azide-functionalized agarose beads for pull-down. A subset of the molecules was
selected for their similarities to known RNA binders, as revealed by a two-dimensional
uniform manifold approximation and projection (UMAP) analysis (Figure S2A). (14) The
others were selected to include novel chemotypes not known to bind RNAs, such as thieno-
pyridazines and phenyl-pyrazoles (Figures S1 and S2).

Compounds were first evaluated in vitro with total RNA harvested from MDA-MB-231
triple negative breast cancer (TNBC) cells. Following irradiation, the cross-linked

RNAs, which now contained an alkyne handle, were clicked to the fluorescent dye
tetramethylrhodamine (TAMRA) azide (Figure 1B). Analysis of the samples by gel
electrophoresis and fluorescence imaging identified six compounds (F1-F6; Figure 1B) with
reproducible cross-linking to RNA targets, as defined by signal at least three-fold above
background. Based on the size of the bands, many of the cross-linked targets included
mRNAs (Figure S3).

All six compounds contain aromatic rings, including nitrogen-rich aromatic heterocycles,
such as pyridine, triazole, and N-methyl piperazine that are known to bind RNA. (15-17) F1,
however, is unique as it has no aromatic nitrogen. When compared to known RNA-binding
molecules, (18,19) F1 is the most dissimilar, with an average Tanimoto coefficient of 0.27

+ 0.09 (Figure S2B). The average Tanimoto coefficient for the other molecules indicates

that they, too, are chemically dissimilar (0.32-0.46), although the range of four compounds
include coefficients =0.7. F1 also has the lowest topological polar surface area (TPSA); the
TPSA for all six fragments is significantly lower than known RNA binders (Figure S2B,C).
In contrast, when comparing atomic logP, only F1 is significantly different than known RNA
binders (Figure S2D). When compared to molecules previously reported to target protein in
chemoproteomics studies, (10,20) RNA-targeting compounds herein have a higher degree of
aromaticity and more H-bond acceptors (Figure S4).

We next advanced our studies live and intact MDA-MB-231 cells to profile the cellular
targets as well as the small molecule binding site within them, via Chem-CLIP-Map-Seq,
(21) which had not previously been applied transcriptome-wide. After treatment (20 uM; 16
h) and cross-linking, total RNA was harvested and fragmented prior to pull-down (Figure
2A). Random fragmentation was completed first as it reduces: (1) sequence bias in library
preparation; and (2) the background signal in the RNA-seq analysis. Most importantly, only
the regions bound by the small molecules are pulled down rather than the entire transcript,
identifying both the target and the binding site within it. In parallel, a control diazirine probe
that lacks an RNA-binding functionality (Figure 2B) was also studied to identify targets that
nonspecifically react with the cross-linking moiety, where cross-linking is not driven by the
RNA-binding elements.
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Significantly enriched regions across the human transcriptome (p < 0.001) were identified
by using a publicly available package, Genrich (22) (Figures 2B, S5, and S6). Genrich

uses a null model with a log-normal distribution to calculate p values by comparing
sequencing runs of the same RNA sample before and after pull-down. Additional filters were
applied to these significantly enriched regions, requiring a minimum read count of 5 and a
minimum enrichment of 1.5, thereby eliminating low-confidence peaks. The distribution of
the enrichment of RNAs bound by each molecule and the control probe is shown in Figures
2B, S4, and S5, and the complete dataset is publicly available in Mendeley Data.

Distinct patterns of target enrichment were observed for each compound when compared to
each other and to the control probe (Figure 2B). Indeed, unique transcripts were identified
for each small molecule [n = 3 (F5) to 38 (F2)] (Figure 2C). After eliminating transcripts
that were also bound by the control diazirine probe, that is only bona fide targets remain,
the number of transcripts enriched by F1 (n = 51) and F5 (n = 35) shows superior selectivity
compared to other compounds (n > 70) (Figure S5). Notably, the largest enrichments were
observed for F1, with two transcripts enriched >12-fold (Figure 2D). The compounds also
appear to have different distributions across transcript regions, i.e., 5 and 3" untranslated
regions (UTRs), coding regions (CDS), or introns, as well as noncoding RNAs (Figure S7).

Next, we sought to map the exact binding site within each transcript for all six molecules.
Small molecules cross-linked to RNA can inhibit reverse transcriptase (RT) from proceeding
near the cross-linked site, inducing an “RT stop” and resulting in a truncated cDNA strand.
(21) Thus, we used the termini of enriched sequences to map the binding site of compounds
to each RNA target. Some enriched regions have no discernable “RT stop” sites, suggesting
that these regions may form flexible structures and lack a defined binding site. (23)
Although mutations have also been observed in RNA-protein cross-linking studies, (24,25)
no significant enrichment of mutations were observed in these studies. This is presumably
due to the bulky size of cross-linked compounds compared to that of an amino acid residue
after proteolysis in RNA-protein cross-linking studies.

As aforementioned, identifying the sites occupied by a small molecule could allow direct
experimental inference of the RNA structure in cells. We therefore modeled the structure

of each transcript at the small molecule binding site by using the state-of-the-art program
ScanFold, which calculates the minimum free energy of the native sequence and compares it
to that of random sequences to identify unusually stable structures within an RNA. (26) Over
60% of enriched regions are predicted to form stable, ordered structures (Figure S8).

We further investigated F1 as it is a novel RNA-binding chemotype, binds the second fewest
number of transcripts, and has the highest fold of enrichment of a transcript—12-fold for two
targets that are also unique to F1, QSOX1, and SQSTM1 (Sequestosome 1) (Figures 2D and
S6). We first analyzed whether other biomolecules were pulled down by F1 as the diazirine
could also cross-link to DNA or protein. Notably, no significant enrichment of protein or
DNA targets was observed for F1 when compared to the control probe, suggesting that it
preferentially engages RNAs in cells (Figure S9). In agreement with these data, we also
completed full proteomics analysis of proteins cross-linked to F1. Only 79 proteins of the
3158 proteins detectable before pull-down were specifically pulled down by F1, that is, they
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were not pulled down by the control probe (Mendeley Data). Importantly, none of these
proteins is known to form mRNA-protein complexes nor is QSOX1 or SQSTM1 pulled
down.

The time and dose dependence of the pull down of QSOX1 mRNA by F1 was also studied
by using real-time quantitative polymerase chain reaction (RT-qPCR) (see Figures S10 and
S11 for primer validation). Compound F1 dose-dependently enriched QSOX1 mRNA, at

5 UM (~6-fold) and 20 pM (~12-fold) (16 h incubation; Figure S12A). The pull-down

of QSOX1 mRNA was also time-dependent. After 1 h incubation, no enrichment of the
QSOX1 was observed. An ~4-fold enrichment was observed after 4 h, with enrichment
plateauing at the 8 and 16 h time points (Figure S12B). The time required to engage and
cross-link to the target is likely due to a composite of factors and could include dissociation
of proteins bound to the RNA, the association rate of the small molecule, the rate of the
RNA'’s folding, and/or structural dynamics.

The analysis of the RNA-seq data coupled with ScanFold structure prediction enabled
mapping of the F1 binding site within the QSOX1 and SQSTM1, the 5° UTR of the former
and the coding region of the latter. The putative binding site in QSOX1 is predicted to form a
stable hairpin structure containing a single bulged uridine (Figure 3A, B), the site of an “RT
Stop” in the RNA-seq data. Notably, the sequence that forms this structure is present only

in the QSOX1-a isoform and not in QSOX1-b (Figure S13). The SQSTM binding site also
forms a structure, a hairpin with single bulged cytosine and two asymmetric internal loops.
Here, the “RT Stop” occurs at a uridine residue in the hairpin loop (Figure S14).

Because it is unknown whether these targetable structures in QSOX1-a or SQSTML1 are
functional, we next examined the regions surrounding the binding site for potential sites
sensitive to RNase L cleavage to enact a targeted degradation strategy. This strategy, which
uses ribonuclease-targeting chimeras (RIBOTACs) comprising an RNA-binding module and
an RNase L-recruiting module, has been advantageous for other RNA targets as they

are catalytic, substoichiometric, more selective, and more potent. (27) RNase L, mainly
localized in the cytoplasm, preferentially cleaves RNA with a UNN pattern (unpaired
uridines). (28-30) Interestingly, three such sites are embedded in a hairpin adjacent to the F1
binding site in the QSOX1-a mRNA (Figure 3B). Only one such site is nearby the SQSTM
binding site and at greater than twice the distance (6 vs 13 nucleotides; Figure S14). We
therefore hypothesized that functional activity and selectivity could be engineered into F1
toward QSOX1 (vs SQSTM1) by converting it into a RIBOTAC.

We first studied the binding affinity of four molecules to a model of the QSOX1-a binding
site by fluorescence polarization with Cy5-labeled RNA: F1, F1-Amide, F1-RIBOTAC,

and F1-CTRL (Figures 3C and S15). F1-Amide mimics the conjugation of the RNase L
recruiting module while F1-CTRL is a control RIBOTAC that uses an RNase L recruiting
module with >20-fold reduced activity. (31) That is, F1-Amide and F1-CTRL are expected
to bind with similar affinity and have similar cellular activity and the same mode of action—
binding—as F1 does. F1 binds to the bulged U nucleotide in the QSOX1 mRNA with a K4 of
16 + 6 uM; importantly no detectable binding to a fully paired RNA in which the U bulge
was converted to an AU base pair was observed (Figure S15). As expected, F1-Amide (Kq4
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=26 + 9 uM), F1-RIBOTAC (K4 = 11 = 5 pM), and F1-CTRL (K4 = 10 + 3 pM) bind with
similar affinity as F1 (Figure S15). Additionally, no measurable binding was observed for all
three compounds to a mutant RNA lacking the U-bulge (Kq4 > 100 uM) (Figure S15).

Two additional experiments were used to verify these binding data. We studied whether
the binding of F1-Amide stabilized the folding of the RNA by optical melting. Indeed, the
melting temperature (T,,) increased by 1.9 °C and the AG%37 decreased by 0.3 kcal/mol
upon the addition of a small molecule (Figure S16). No changes in the Tm or AG%37 were
observed when the mutant RNA was melted in the presence or absence of F1 (Figure S16).
Binding was also studied by using in vitro Chem-CLIP, where F1 selectively cross-linked
to a model of the QSOX1-a 5 UTR hairpin. As expected, cross-linking of F1 was ablated
by mutating the U-bulge into an AU base pair, supporting that F1 binds to the U-bulge

that is three nucleotides upstream of the mapped cross-linking site (Figures 3B and S17A).
Competitive Chem-CLIP further confirmed the binding of F1-Amide and F1-RIBOTAC on
the same site with F1, as they dose-dependently competed off the cross-linking of F1 to the
QSOX1-a target site in vitro (Figure S17B).

QSOX1 is an oncogene that promotes invasion and proliferation of breast cancer cells.
(32,33) In MDA-MB-231 TBNC cells, F1-RIBOTAC dose-dependently decreased QSOX1-a
MRNA levels up to ~35% at 10 UM, the highest dose with no effect on viability (Figure

4A). Neither F1-Amide nor F1-CTRL affected QSOX1-a mRNA levels (Figure S18A),
suggesting that F1-RIBOTAC cleaves the target RNA by recruiting and activating RNase

L. We further validated this mode of action by treating F1-RIBOTAC in CRISPR-edited
cells with RNase L knockdown. As expected, the effect of F1-RIBOTAC on QSOX1-a
mRNA was ablated in RNase L-knockdown cells but not in control cells, confirming that
F1-RIBOTAC indeed decreases QSOX1 mRNA in an RNase L-dependent manner (Figure
4B).

Importantly, no significant effect was observed on SQSTM1 mRNA levels upon treatment
with F1-RIBOTAC (Figure S19A). As F1 enriched QSOX1 and SQSTM1 similarly, this
difference in the RIBOTAC’s activity is likely due to differences in the structure and
sequence around the binding site, that is, a single distal unpaired U in SQSTML1, rendering
it a poor substrate for RNase L. Interestingly, at the protein level, only QSOX1-a abundance
was reduced by F1 RIBOTAC treatment, by ~35% at 10 uM (Figure 4C). No effect was
observed on QSOX-1b levels, indicating that F1 RIBOTAC is isoform-specific. Previously,
a small molecule was developed that targets both QSOX1 protein isoforms.(33) Therefore,
F1-RIBOTAC could be useful to study the individual biological roles of each isoform by
exploiting the structural differences in their encoding mMRNAs.

In contrast to the results described above for F1 RIBOTAC, only an ~15% reduction of
QSOX1-a protein was observed by treatment with 20 uM F1-Amide or F1-CTRL (Figure
S18B, C). These results in conjunction with the lack of effect on mRNA abundance

suggest that (i) F1-Amide and FI-CTRL bind the QSOX1-a 5’ UTR and impede translation,
presumably by blocking ribosomal assembly or processivity, as has been described for other
compounds targeting RNA,; (34) and (ii) the QSOX1-a binding site is functional. Notably,
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neither F1-Amide nor F1-RIBOTAC had any effect on SQSTML protein levels (Figure
S19B,C), the former suggesting that F1’s binding within SQSTML1 is biologically silent.

We next assessed whether the isoform-specific reduction of QSOX1-a protein by F1-
RIBOTAC was sufficient to inhibit QSOX1-mediated phenotypes. Indeed, 10 pM F1-
RIBOTAC significantly reduced the number of invasive MDA-MB-231 cells, by ~40% (p <
0.01; Figure 5A, B). In contrast, no significant effect was exerted by F1-Amide or F1-CTRL
(Figure S20). In the proliferation assay, both F1-Amide and F1-RIBOTAC dose-dependently
reduced proliferation of MDA-MB-231 cells, with F1-RIBOTAC showing enhanced activity
compared to F1-Amide delivered at twice the dose (Figure 5C). Collectively, these results
suggest that converting F1-Amide to F1-RIBOTAC improved its potency in reverting
disease-related phenotypes.

CONCLUSIONS

In summary, we presented a method to map small-molecule binding sites across the human
transcriptome in live cells. We demonstrated this method by targeting a structure in the

5" UTR of oncogenic QSOX1-a mRNA and improved the potency and specificity of the
initial hit compound by its conversion into a RIBOTAC. Interestingly, these studies afforded
an isoform-specific degrader of QSOX1. Broadly, this method can be used to study the
molecular recognition patterns between RNA and ligands in an unbiased way in intact
biological systems. Additionally, it can also infer RNA structures mediated by RNA alone or
by RNA-protein complexes that would be otherwise difficult to detect.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

In vitro screening identifies low-molecular-weight ligands that preferentially bind RNA.
(A) Structures of compounds identified as hits with fluorescence at least three-fold above
the background. (B) Schematic depiction of in vitro screening of low-molecular-weight
compounds binding to total human RNA from MDA-MB-231 TNBC cells.
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Figure 2.

Chem-CLIP-Map-Seq profiles the targets of compounds across the human transcriptome

in cellulis. (A) Schematic depiction of the Chem-CLIP-Seq workflow. (B) Heatmap
representation of genes enriched by each compound. (C) Comparisons of genes enriched by
each compound. (D) Genes that are significantly enriched by F1 identified by Chem-CLIP-
Seq in MDA-MB-231 cells.
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Figure 3.
The F1 binding site was mapped to @SOX1 5’ UTR and F1 was subsequently converted to

an RNA degrader. (A) RNA-seq tracks showing regions of the QSOXZ transcript enriched
by F1 in cells. (B) The RNA sequence and structure nearby the mapped F1 cross-linking
site. (C) Structures of F1-RIBOTAC that recruits RNase L, and F1-CTRL that is >20-fold
less active in recruiting RNase L.
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Figure 4.

B Control CRISPR KO MDA-MB-231 cells
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F1-RIBOTAC decreases QSOXI mRNA and protein levels. (A) Effect of F1-Amide and
F1-RIBOTAC on QSOXI mRNA levels (n=4). (B) Effect of F1-RIBOTAC on QSOX1
MRNA levels in RNase L knockout MDA-MB-231 cells and control CRISPR cells (7=7).
(C) F1-RIBOTAC on the expression of QSOXI protein (n=4). *p< 0.05, **p < 0.01, ****p
< 0.0001, as determined by at two-tailed Student’s t-test. All data are reported as the mean +

SD.
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Figureb.

F1-RIBOTAC inhibits invasion and proliferation in MDA-MB-231 cells. (A) Images of
invasive MDA-MB-231 with or without treatment. (B) Quantification of invasive cells (n=
3). (C) Effect of F1-RIBOTAC and F1-Amide on the proliferation of MDA-MB-231 cells
after 48 h treatment (n=6). **p < 0.01, ***p < 0.001, ****p < 0.0001, as determined by at

two-tailed Student’s t-test. All data are reported as the mean + SD.
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