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Target occupancy is often insufficient to elicit biological activity, particularly for

RNA, compounded by the longstanding challenges surrounding the molecular
recognition of RNA structures by small molecules. Here we studied molecular
recognition patterns between a natural-product-inspired small-molecule collection
and three-dimensionally folded RNA structures. Mapping these interaction landscapes
across the human transcriptome defined structure-activity relationships. Although
RNA-binding compounds that bind to functional sites were expected to elicit a
biological response, most identified interactions were predicted to be biologically
inertas they bind elsewhere. We reasoned that, for such cases, an alternative strategy
tomodulate RNA biology is to cleave the target through a ribonuclease-targeting
chimera, where an RNA-binding molecule is appended to a heterocycle that binds to
and locally activates RNase L'. Overlay of the substrate specificity for RNase L with the
binding landscape of small molecules revealed many favourable candidate binders
that might be bioactive when converted into degraders. We provide a proof of concept,
designing selective degraders for the precursor to the disease-associated microRNA-

155 (pre-miR-155), JUN mRNA and MYC mRNA. Thus, small-molecule RNA-targeted
degradation can be leveraged to convert strong, yet inactive, binding interactions
into potent and specific modulators of RNA function.

Theimportanceof RNAinhealthanddiseasebiologyiswelldocumented?,
affording opportunities within chemical biology to study function or
intervene against dysfunction, respectively. Sequence-based targeting
of RNA is often accomplished with complementary oligonucleotides
that bind to and then recruit a ribonuclease to cleave the target®. This
modality isbest suited for targeting unstructured regionsinanRNA, as
molecular recognition occurs through base pairing*. However, RNA can
be highly structured, and its biological function is often dictated by its
structure>®. Notably, suchstructured regions are amenable to targeting
by the binding of small molecules that interact with pockets presented
by an RNA fold’. However, the occupancy of RNA structures by small
molecules alone is often not sufficient to elicit a biological effect®.
Here we developed a strategy that converts biologically inactive
RNA-binding small molecules into potent and specific effectors of
function, achieved by affixing an RNA molecular recognition element
to asecond compound that binds to and activates aribonuclease to
cleave the target. Our focusis threefold: (1) define binding interactions
between small molecules and RNA folds; (2) convert, inaprogrammable

manner, highly selective bindinginteractions that are biologically inert
into inducers of targeted degradation, affording potent and selec-
tive functional inhibitors; and (3) establish a paradigm by which small
molecules can eliminate RNAs.

Identification of RNA-binding chemotypes

A15,000-member, natural-product-like small molecule compound
collection with diverse properties® was investigated for binding to
alibrary of RNA 3D folds presented in a 3 x 3 internal loop library
(ILL; 61,440,000 potential binding interactions probed) (Fig.1a). The
4,096 unique RNAfoldsin3 x 3ILLinclude1x 1,2 x2and 3 x 3internal
loops as well as bulge loops and fully paired RNAs. Binding was assessed
using a fluorescent-dye-displacement assay, in which compounds
from the library that bind to the RNA displace the dye and decrease
its emission. A primary triage of the 15,000 small molecules (10 pM)
yielded 1,584 hit compounds (Extended Data Fig.1a). Secondary valida-
tion of the top 480 compounds yielded 344 binding small molecules.
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Fig.1|Library-versus-library screening defines new RNA-binding small
moleculesand druggable targets. a, 2DCS analysis of more than 61 million
theoreticalinteractions, identifying new interactions between small molecules
and RNA motifs. b, The newly identified small-molecule RNA binders (n=344)
included 156 different scaffolds that fallinto 79 major classes based on scaffold
similarities. Among the top 10 most abundant classes (collectively covering
59.6% of all hits), six are new classes (green). ¢, Motif distributionfroma3 x 3
randomized RNAlibrary used for 2DCS screening. As expected,3x3and2 x 2
internal loops comprise the majority (85.4% total) of the library. Motifs that
bound to C1-C6 showed asignificant enrichment for 3 x 3internal loops
(P<0.001) and one-nucleotide bulges (P < 0.001). A total of 1,044 motifs bound
to C1-C20 with Z,,, > 8. Preference for 3 x 3internal loops and one-nucleotide
bulges was collectively observed for these compounds. Of these 1,044 motifs,

These diverse compounds include six RNA-binding scaffolds, such as
1-benzylidene-1-indene and phenothiazine (Fig. 1b).

The binding of these 344 small molecules was studied using an
orthogonal, microarray-based method named AbsorbArray", yielding
26 compounds (Extended DataFig.1b). Notably, AbsorbArray enables
parallel affinity purification of the precise RNAmembers of the 3 x 3ILL
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only23(2.2%) are presentin highly expressed human transcripts (n=2,712
total motifs), and 375 are new motifs with no previously known small-molecule
binder. Inforna contains over 100,000 RNA-small molecule interactions and
6,453 unique RNA motifs of various types. d, Although around 6% of allmiRNAs
canbebound by C1-C6, only about 30% of targetable sites within them are
functional (Drosha or Dicer processing site) and are therefore predicted to
induce abiological effect. The other approximately 70% are unproductive
interactions thatare predicted to be biologically silent. We identified that 48%
of miRNAs that have ligandable non-functional sites are potential substrates
for RNase L, which could be targeted by RIBOTACs. Thus, biologically inert
binders canbe convertedinto bioactive RIBOTACs that provoke targeted
degradation. Statistical significance referred to in ¢ was calculated using
two-tailed Student’s t-tests.

preferred by each small molecule when completed in the presence of
excess unlabelled competitor oligonucleotides that mimic regions com-
montoalllibrary members, aselection method named two-dimensional
combinatorial screening (2DCS)™. Of the 26 hit compounds from the
primary and validation screens, six compounds (C1-C6) bound to
the RNA library under these highly stringent conditions (Extended



DataFig. 1b and Supplementary Table 1). To determine the RNA 3D
folds preferred by C1-Cé, the frequency of each motifin the selected
library was measured using RNA sequencing (RNA-seq) and compared
toits frequency in the starting RNA pool. The statistical significance
of the resulting enrichment was quantified by a pooled population
comparison as Z,,"%. Collectively, these studies defined the affinity
landscapes for the six small molecules, that is, structure-activity rela-
tionships (SARs) between small molecules and their preferred RNA3D
folds (Supplementary Table1).

Threelines of evidence support that the six molecules identified here
arenew RNA-binding molecules. First, chemical similarity was assessed
by calculating Tanimoto coefficients, where a threshold of <0.7 typi-
cally indicates dissimilar molecules®. The mean Tanimoto coefficient
of the six small molecules identified here to all known RNA binders
thatare housed in two databases (Inforna, 404 small molecules’; and
R-BIND, 104 small molecules?”) was 0.25 + 0.07 (Extended DataFig.1c,d).
Second, acomparison of the physicochemical properties of C1-C6 to
known RNA-binding small molecules showed key differencesinthe total
polar surface area (TPSA) as well as in the number of hydrogen bond
donors and acceptors (Extended Data Fig. 1e). Finally, scaffold analy-
sis revealed six new RNA-binding scaffolds, including azolium salts,
bipyrrole pyrrolium salts and chromones (Extended Data Fig. 1d,f).

Todefine SAR, the RNA 3D folds significantly enriched for each small
moleculewithaZ,,, > 8—astatistical threshold considered to be bound
by the small molecule®—were analysed (n = 329 unique motifs; Fig.1c).
Notably, these compounds collectively showed a preference for 3 x
3internal loops (78.4% bound by small molecules versus 48.3% in the
initial library; P < 0.001) and one-nucleotide bulges (5.2% compared
to 2.1%; P< 0.001; Fig. 1c). Among the 329 unique motifs, 258 had no
knownsmall-molecule binder. LOGO analysis of the RNAs in the top 0.5%
of statistically significant enriched loops (Z,,, > 8) revealed that each
moleculebindstoaunique RNAsequence pattern (Extended Data Fig. 2).

To generate a transcriptome-wide map of the RNA folds bound by
C1-C6, we compared them to a database of folded human RNA
structures®®. The database includes structural information for all
human primary (pri-) and precursor (pre-) microRNAs (miRNAs;
7,436 non-canonically paired motifs), and for highly expressed tran-
scripts with aknown structure, including 5S, 16S and 23S rRNAs, 7SL
(signal-recognition particle), RNase PRNA, U4/U6 small nuclear RNAand
465non-redundant tRNAs. Informatic mining of these structures against
the RNA fold-small molecule interactions identified here showed that
13 motifsbound by C1-Cé were present 114 times in 111 human miRNAs;
thatis, approximately 6% of human miRNAs have structures that are
targetable by C1-C6. Of these targetable structures, only 33 (28.9%) are
presentinafunctional Drosha or Dicer processing site, indicating that
most interactions would afford unproductive target engagement, that
is, inactivity in a biological system (Fig. 1d). Notably, only 4 out of the
329 unique motifsidentified from this selection (1.2%) bound by C1-Cé
were present in highly expressed human transcripts (n = 2,712 motifs).

Design of a pre-miR-155 RIBOTAC degrader

Given the preponderance of biologically silent interactions, the chal-
lengeis therefore how to convert these into bioactive small molecules.
Onestrategy istoimbue the binders with the ability to cleave its specific
target, by generating a ribonuclease-targeting chimera (RIBOTAC)".
RIBOTACs are composed of an RNA-binding compound conjugated to
asecond small molecule that recruits and locally activates RNase L',
which preferentially cleaves RNAs with a UNN pattern (with unpaired
Us)"2 (Fig. 1d). Notably, of the predicted functionally silent interac-
tions, 55 targetable miRNAs (48.2%) have at least one nearby RNase L site
(within10 bp) that could therefore be sensitive to a RIBOTAC (Fig. 1d).

One of the predicted biologically silent interactions identified is
between C1 (described previously?>?*) and the 5GAU/3’C_A bulge of
pre-miR-155, where bold indicates an unpaired or non-canonically

paired nucleotide (Fig. 2a). miR-155 has been implicated in inflam-
mation®, breast cancer® and other diseases. The C1-5'GAU/3'C_A
interaction was identified from a member of the 3 x 3 ILL that is pre-
dicted toformtwo bulges, rather than aninternal loop (Extended Data
Fig. 3a). Furthermore, the 5’GAU/3’C_A binding site is proximal to a
5’UUU/3’GUCA motifthatis predicted to be asubstrate for RNase L2
(Fig.2a).Binding analysis by microscale thermophoresis (MST) onthe
2DCS-selected RNA shows that C1binds only to the 5’GAU/3’C_A motif
(K;=1.1£0.2 pM), similar toan RNAwith both bulges (K;=1.2 + 0.1 pM)
and a minimized RNA construct (K;=0.8 + 0.1 uM) (Extended Data
Fig. 3b). By contrast, saturable binding was not observed to the RNA
that displays only the other bulge or where a point mutation in the
Cl-targeting converted the A bulge into an AU pair (Extended Data
Fig.3a,b). These data were verified in an orthogonal binding assay in
which the A bulge was replaced with the fluorescent adenine mimic
2-aminopurine (2AP) (K ,,, = 3.9 +1pM) (Extended Data Fig. 3c).

Toourknowledge, azoliums have not been known to bind RNA. Thus,
the RNA-binding ability of over 200 azolium derivatives was investi-
gated. Of these compounds, only 14 (C7-C20) bound to RNA in the
presence of competitor oligonucleotides (Supplementary Table 1).
Notably, 10 of these 14 azolium salts share a cholesterol-derived sterol
backbone, six of which are fused to the azoliumring. In total, 715 motifs
are bound by C7-C20 with Z,,, > 8, among which 117 are new with no
previously known small-molecule binders (Extended Data Figs. 4 and
5and Supplementary Table 1). Combining these with motifs bound
by C1-C6, this study contributes 375 new RNA motifs to the current
database of RNA-small-moleculeinteractions. An analysis of the RNAs
selected by the azolium salts revealed that the top three small molecules
predicted tobind tothe 5GAU/3’C_A motifin pre-miR-155were C19, C1
and C20, inrank order. Affinity measurements showed that only C1and
C20bindto the Abulge of miR-155, while C19 binding was undetermined
duetoaggregationunder assay conditions (Extended Data Fig.3d). As
observed for C1,C20 showed no saturable binding to an RNA with the
Abulge changed to an AU pair (Extended Data Fig. 3d).

We first tested the hypothesis that C1 (hereafter pre-miR-155-binder),
engages the miR-155 precursor in cells but is biologically inert; that
is, its binding to the miR-155 precursor did not inhibit biogenesis nor
reduce mature miR-155 levels. To study target engagement, we used
chemical cross-linking and isolation by pull-down (Chem-CLIP)?. In
Chem-CLIP, an RNA-binding molecule is modified with a cross-linking
moiety (chlorambucil (CA)) and a biotin purification module to enable
pull-down with streptavidinbeads (Extended Data Fig. 6a,b). Toinstall
the required modules, we hypothesized that the n-undecyl chains do
not significantly contribute to binding. To test this, the n-undecyl
chains werereplaced with a propionic acid linker to afford compound
pre-miR-155-COOH (Fig. 2b). We then amidated pre-miR-155-COOH
with propylamine to mimic the reaction to generate the Chem-CLIP
probe, yielding pre-miR-155-binder-amide (Fig. 2b), which binds with
similar affinity to the A bulge as the pre-miR-155-binder does in both
the MST-and 2AP-binding assays (Extended Data Fig. 3b,c), supporting
our molecular-recognition hypothesis.

To confirm on-target bindingin cells, a Chem-CLIP probe, pre-miR-
155-Chem-CLIP (Extended DataFig. 6a,b), was synthesized by installing
chlorambucil and biotin through the carboxylic acid handle. A control
Chem-CLIP probe was also synthesized that lacks the RNA-binding mod-
ule (Ac-CA-Biotin, where Acindicates acylated; Extended DataFig. 6a).
Pre-miR-155-Chem-CLIP (100 nM) enriched pre-miR-155 by around sev-
enfold in MDA-MB-231cells, atriple-negative breast cancer cell line that
aberrantly expresses miR-155%, whereas no enrichment was observed
for Ac-CA-Biotin (Extended Data Fig. 6¢). Importantly, this pull-down
and enrichment of pre-miR-155 by pre-miR-155-Chem-CLIP was com-
peted dose-dependently by co-treatment with C1 (Extended Data
Fig. 6¢). Collectively, these studies demonstrate that C1 directly binds
to pre-miR-155 in cells. To affirm the precise binding site of C1 within
the miR-155 precursor, we used chemical cross-linking and isolation
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Fig.2|Pre-miR-155-RIBOTACselectively degrades pre-miR-155inanRNase-L-
dependent mannerinbreast cancer cells. a, Schematic of convertinganinert
binder engaging pre-miR-155into an active RIBOTAC degrader. b, Structures
ofthe compounds used to target pre-miR-155. ¢, The effects of pre-miR-155-
RIBOTAC on mature (mat) (n = 4 biological replicates), pre- (n =3 biological
replicates) and pri- (n =3 biological replicates) miR-155 levels, competed by
increasing concentrations of pre-miR-155-binder in MDA-MB-231 cells.d, The
effect of siRNA knockdown of RNase L on pre-miR-155-RIBOTAC-mediated
cleavage of pre-miR-155in MDA-MB-231 cells, as determined using RT-qPCR.
n=3biologicalreplicates. e,Immunoprecipitation of pre-miR-155 using an anti-
RNaseL antibodyinthe presence of pre-miR-155-RIBOTAC in MDA-MB-231 cells

by pull-down to map small molecule RNA-binding sites (Chem-CLIP-
Map-Seq)®.Indeed, invitro, pre-miR-155-Chem-CLIP cross-linked adja-
centto the A bulge-binding site (Extended Data Fig. 6d).

The effects of the pre-miR-155-binder on miR-155 biogenesis was
assessed by measuring levels of pre- and mature miR-155 using quantita-
tive PCRwithreverse transcription (RT-qPCR). As expected, no effect
wasobserved onthelevels of either formofthe miRNAfrom0.01to 5 uM,
concentrations at which no toxicity was observed; similarly, pre-miR-
155-amide-binder was also inactive (Extended Data Fig. 6e). Notably,
the 5GAU/3’C_Abulge found in the miR-155 precursoris also foundin
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(n=3biologicalreplicates).f, The effect of pre-miR-155-amide-binder (left;
100 nM; n =4 biological replicates) and pre-miR-155-RIBOTAC (right; 100 nM;
n=3biological replicates) on the levels of the 373 miRNAs expressed in MDA-
MB-231cells. FC, fold change. g, Western blot analysis of SOCS1, adirect target
of miR-155, after treatment of MDA-MB-231 cells with pre-miR-155-RIBOTAC
(n=3biologicalreplicates). h, The effect of pre-miR-155-RIBOTAC on the
activity of aSOCS13’ UTR-luciferasereporter transfected into HEK293T cells,
establishing both dose (left) and time dependence (right; n = 4 biological
replicates). Dataare mean + s.d. (c-e, g and h). Statistical significance was
determined using two-tailed Student’s t-tests (c-e, g and h) or a Wald'’s test (f).

11other human miRNAs, including three miRNAsinwhich the Abulge is
presentinthe Dicer processing site (miR-18a, miR-196a and miR-4435).
Indeed, Chem-CLIP studies revealed that4 out of these 11 miRNAs were
directly engaged in MDA-MB-231 cells—miR-1226, miR-3168, miR-4435
and miR-4700 (Extended Data Fig. 6f). Note that six of the remaining
miRNAs were not detectable in this assay, and pre-miR-4640 was not
enriched. As expected, because the small molecule binding siteis alsoa
processingsite, pre-miR-155-amide-binder reduced the levels of mature
miR-18a, miR-196a and miR-4435in adose-dependent manner, but did
not affect the levels of the other nine miRNAs (Extended Data Fig. 6f).



Given thatpre-miR-155-binder engages the pre-miR-155 target yet
is biologically inert, we converted this RNA binder into a RIBOTAC
through conjugation of pre-miR-155-COOH to an RNase-L-recruiting
small molecule’, affording pre-miR-155-RIBOTAC (Fig. 2b). Approaches
for converting functionally silent molecules into functional chimeric
molecules are well studied in the protein-degradation field**?, but
not in the RNA-degradation field. Two control compounds were
also synthesized—Ac-RIBOTAC, the RNase L-recruiting module lack-
ing pre-miR-155-binder, and pre-miR-155-Ctr, which contains a less
active RNase-L-recruiting module (Fig. 2b). Notably, the affinity of
pre-miR-155-RIBOTAC for 5’GAU/3’C_A using the minimized binding
siteis similar to that of pre-miR-155binder, whether measured by MST
(K4=0.8+0.1 uM versus 0.53 + 0.09 puM, respectively) or using the
2AP-substituted bulge (K;=3.9 £ 1.2 uM versus 4.6 + 1.2 uM, respec-
tively) (Extended DataFig. 3b,c). Furthermore, pre-miR-155-RIBOTAC
binds to pre-miR-155withan affinity of 2.2 + 0.9 pMin the 2AP assay with
no binding observed for a pre-miR-155 mutant in which the A bulge is
mutated to an AU pair (Extended Data Fig. 3e).

Invitro, pre-miR-155-RIBOTAC recruited RNase L to pre-miR-155and
inducedits cleavage at the predicted cleavage site—the 5’UUU/3’GUCA
motif—in a dose-dependent manner (Extended Data Fig. 7a). Fur-
thermore, cleavage was reduced, dose-dependently, after addition
of increasing concentrations of pre-miR-155 binder (Extended Data
Fig. 7a). Importantly, mutation of the C1-binding site or of the cleav-
age site abolished the activity of pre-miR-155-RIBOTAC, indicating
thatbothsites arerequired for cleavage (Extended Data Fig. 7b). Simi-
larly, Ac-RIBOTAC did not induce cleavage of pre-miR-155 (Extended
Data Fig. 7b). These in vitro results, for both pre-miR-155-RIBOTAC
and pre-miR-155-Ctr, were verified using a model of the pre-miR-155
Abulge labelled at the 5’ and 3’ ends with fluorescein and a black hole
quencher, respectively (Extended Data Fig. 3f).

As invitro studies suggested specific degradation of pre-miR-155
through the recruitment of RNase L by pre-miR-155-RIBOTAC, its effect
onpri-, pre-and mature miR-155 levels was studied in MDA-MB-231 cells.
Treatment with 100 nM of pre-miR-155-RIBOTAC reduced mature miR-
155levelsinatime-dependent manner with no observed toxicity and a
maximum reduction of 71 £ 10% after 48 h (Extended DataFig.7c,d and
Supplementary Figs. 2 and 3). Furthermore, a dose-dependent reduc-
tioninall three species was observed after a48 h treatment period, and
each was rescued by co-treatment with pre-miR-155-binder (Fig. 2c),
indicating that the two molecules compete for the same binding site.
Moreover, removal of pre-miR-155-RIBOTACin awash-out study resulted
inatime-dependent restoration of pre-miR-155 levels with a half-life of
about19.3 h (Extended Data Fig. 7e), in accordance with the reported
turnover of miR-155in cells®. Neither control molecule Ac-RIBOTAC nor
pre-miR-155-Ctr affected pre- or mature miR-155 levelsincells (Extended
DataFig. 7f).Similarly, in CFPAC-1 cells—a pancreatic cancer cellline that
overexpresses miR-155*—pre-miR-155-RIBOTAC reduced precursor and
mature levels of miR-155 by around 20% and 65% respectively, whereas
the pre-miR-155-binder-amide did not do so (Extended Data Fig. 7g).

Tovalidate the mode of actionfor pre-miR-155-RIBOTAC, MDA-MB-231
cells were transfected with a short interfering RNA (siRNA) targeting
RNase L oracontrol siRNA. Notably, RNase-L-siRNA ablated the ability
of pre-miR-155-RIBOTAC to reduce miR-155levels (Fig. 2d); compound
activity is therefore dependent on this RNase. Furthermore, RNase L
immunoprecipitation enriched pre-miR-155 by around 2.4-fold from
MDA-MB-231 cells treated with pre-miR-155-RIBOTAC, but not pre-miR-
155-Ctr, both as compared with treatment with vehicle (Fig. 2e). Thus,
pre-miR-155-RIBOTAC directly engages the miR-155 precursor and
recruits RNase L to cleave the transcript.

pre-miR-155-RIBOTAC is selective

The selectivity of pre-miR-155-RIBOTAC for miR-155 was assessed
miRNome-wide using RT-qPCR profiling. An analysis of 373 miRNAs

expressed in MDA-MB-231 cells showed that pre-miR-155-RIBOTAC selec-
tively reduced miR-155 levels in asimilar manner as LNA-155 (Extended
DataFig. 7h), without significant effects on any other miRNAs (Fig. 2f),
including those that have the same A bulge. Note that repression of a
subset of these miRNAs was observed at pre-miR-155-amide-binder con-
centrations of higher than1puM, tenfold greater than the concentration
of pre-miR-155-RIBOTAC (100 nM) (Extended Data Fig. 6f). To confirm
these findings, the selectivity of pre-miR-155-RIBOTAC and LNA-155,
anantagomir that targets mature miR-155-5p, was also assessed using
miRNA-seq. Notably, both modalities have a similar effect across the
miRNome (Extended Data Fig. 7h).

The miRNAs with the same A bulge—miR-18a, miR-101-1, miR-1226
(bound by C1in Chem-CLIP studies), miR-3945 and miR-4435 (bound
by C1in Chem-CLIP studies)—also have potential RNase cleavage
sites (Extended Data Fig. 6f). However, it appears that the miR-155
precursor harbours the superior RNase L cleavage site. In vitro, cleav-
age occurred at nucleotides U28-U30, within and adjacenttoal x 2
asymmetric loop juxtaposed to the apical hairpin loop. RNA second-
ary structure prediction indicates that this loop is probably dynamic
and may formalarge hairpin of single-stranded nucleotides with only
alkcal mol™difference in predicted free energy. Furthermore, the
RNase L cleavage sites in these five other miRNAs are at different dis-
tances from the binding site than in miR-155 (7 bp), suggesting that
distances between binding and degrader sites can be used to pro-
gram selectivity (Extended Data Fig. 6f). Collectively, these studies
show that both the RNA-binding site and the RNase L cleavage site
are required for pre-miR-155-RIBOTAC to induce degradation of its
target RNA.

To assess the selectivity of pre-miR-155-RIBOTAC on the transcrip-
tome, RNA-seq analysis was performed in MDA-MB-231 cells treated
with either pre-miR-155-RIBOTAC or LNA-155 (Extended Data Fig. 7i).
Among the 13,332 transcripts detected, 29 (0.22%) were significantly
affected by pre-miR-155-RIBOTAC treatment (P < 0.05 and log,[fold
change] > 1), with 1upregulated and 28 downregulated. Notably, these
29 transcripts were also affected to a comparable extent by LNA-155
treatment (Extended Data Fig. 7i). When considering downstream
targets of miR-155 predicted by TargetScanHuman (v.7.0)* (n=469),
307 (65%) were upregulated by pre-miR-155-RIBOTAC. A similar per-
centage (68%) of these 469 targets was also upregulated by LNA-155.
Notably, 263 targets were upregulated by both pre-miR-155-RIBOTAC
and LNA-155. A comparison of the normalized read counts for all
genes between pre-miR-155-RIBOTAC and LNA-155 treatment showed
a highly significant correlation, with R > 0.99 (Extended Data Fig. 7i).
Collectively, these dataindicate that pre-miR-155-RIBOTAC affects the
transcriptome insimilar ways to an oligonucleotide targeting miR-155
(LNA-155) and with limited off-target effects, although additional stud-
iesare neededto assess the selectivity of miRNA knockdown. Notably,
pre-miR-155-RiboTAC selectively reduced miR-155levels miRnome-wide
in MDA-MB-231 cells forced to express wild-type pre-miR-155 but not
those forced to express abinding site mutant (Extended Data Fig. 8a).

Upregulation of miR-155modulates breast cancer cell migrationand
invasion by repressing SOCS1, which dampens cytokine signalling.
Indeed, pre-miR-155-RIBOTAC (100 nM) treatment increased SOCS1lev-
elsbyaround 50% (Fig.2g). These data were confirmed using aluciferase
reporter fused to the SOCS13’ untranslated region (UTR), establishing
both dose and time dependence of the RIBOTAC’s derepression of miR-
155'sdirect target (Fig. 2h). Global proteomics analysis confirmed that
selective effects were induced by pre-miR-155-RIBOTAC. Of the 3,158
detectable proteins, 385 were upregulated and 98 of these are associ-
ated with miR-155 (Fig. 3a). Among these 98 proteins, the transcripts
levels of 86 (88%) were also upregulated as determined using RNA-seq
analysis. Notably, although SOCS1was not detectable, the change in two
miR-155-regulated proteins, IRF2BPL and SMARCAD], was statistically
significant (P < 0.01). Finally, inspection of proteins associated with
pre-miR-18a, which was not affected by pre-miR-155-RIBOTAC, revealed
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Fig.3|Pre-miR-155-RIBOTAC selectively degrades pre-miR-155 and reduces
lung colonizationinvivo. a, Left, proteome-wide changes in MDA-MB-231 cells
treated with pre-miR-155-RIBOTAC (100 nM) versus vehicle (n = 3 biological
replicates). Right, pre-miR-155-RIBOTAC significantly upregulated miR-155
related proteins (n = 98 proteins), asindicated by aKolmogorov-Smirnov analysis
(right) of their levels versus all proteins (n = 3 biological replicates). b, The
effect of pre-miR-155-RIBOTAC on MDA-MB-231 cell migration (n =3 biological
replicates); 2 fields of view were quantified per replicate. Scale bars, 0.5 mm.

that those that were detectable (n =42 out of 264) were unaffected by
treatment with this RIBOTAC (Fig. 3a).

The cleavage of pre-miR-155 and subsequent upregulation of SOCS1
suggested that pre-miR-155-RIBOTAC may inhibit the migration of
MDA-MB-231 cells. Indeed, treatment with pre-miR-155-RIBOTAC, but
not with pre-miR-155-Ctr, reduced MDA-MB-231 cell migration by around
50% (Fig. 3b and Extended Data Fig. 8b). To confirm that these effects
of pre-miR-155-RIBOTAC are due to abrogation of the miR-155 circuit,
MCF-10a cells—a model of normal breast epithelial cells—were engi-
neeredtoexpress either wild-type pre-miR-155 or amutantinwhich the
Cl1-binding site was abolished by mutation of the A bulge to a base pair
(Extended DataFig.9a). Forced expression of both pre-miRNAs increased
the migratory ability of MCF-10a cells (Extended Data Fig. 9b), indicat-
ing that miR-155 indeed contributes to this phenotype as previously
reported®®?>¢, Notably, treatment of MCF-10a cells expressing WT, but
not mutant, pre-miR-155with pre-miR-155-RIBOTAC reduced pre-miR-155
levels as well as the migration of these cells (Extended Data Fig. 9a-c).

Complementary analysis of pre-miR-155-RIBOTAC was performed
in human umbilical vein endothelial cells (HUVECSs), in which miR-155
controls angiogenesis through modulation of the Von Hippel Lindau
(VHL) protein®. Treatment with pre-miR-155-RIBOTAC (100 nM) down-
regulated miR-155 levels to a similar extent to that observed in MDA-
MB-231 cells, whereas pre-miR-155-binder and pre-miR-155-Ctr
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¢, pre-miR-155-RIBOTAC suppresses lung colonizationin vivo, as determined
by countinglung nodules (n = 5mice) and by haematoxylin and eosin (H&E)
staining (n = 5Smice; 2 fields of view were quantified per replicate). Scale bars,
1mm (left) and 0.2 mm (right). d, The effect of pre-miR-155-amide-binder and
pre-miR-155-RIBOTAC on pre-miR-155levelsin vivo, as determined by RT-qPCR
using primers selective for human pre-miR-155 (n =3 mice). Dataare mean + s.d.
(bandd). Statistical significance was determined using a Wald’s test (a)
ortwo-tailed Student’s t-tests (b-d).

were inactive (Extended Data Fig. 9d-f). Moreover, there were no
effects of pre-miR-155-RIBOTAC on the levels of other miRNAs with
pre-miR-155-binder-binding sites (Extended Data Fig. 9g). Finally,
reduction of miR-155 by pre-miR-155-RIBOTAC boosted VHL protein
levels by around 50% and reduced tubule branching by approximately
35%, indicating reduced angiogenic ability (Extended Data Fig. 9h,i).
To assess the ability of pre-miR-155-RIBOTAC to inhibit miR-155-
mediated colonization of breast cancer to the lungs, mice were injected
through the tail vein with MDA-MB-luc cells®®. After 5 days, mice were
treated with pre-miR-155-RIBOTAC (1 mg per kg, every other day) by
intraperitoneal injection. The dosage was determined by drug metabo-
lism and pharmacokinetics studies (C,,,, =1.2 uM in the plasma with
half-life of 1.8 h; Extended Data Fig. 8c). As evidenced by the reduced
number of nodules, lung colonization was significantly inhibited in the
pre-miR-155-RIBOTAC-treated group versus the vehicle- or pre-miR-
155-binder-amide-treated cohorts (Fig. 3 and Extended Data Fig. 8d).
Histological staining of lung tissue sections showed marked reduc-
tions in tumour burden after treatment with the RIBOTAC (Fig. 3c).
As mouse pre-miR-155 has a different secondary structure lacking the
binding site for pre-miR-155-RIBOTAC, fluorescence in situ hybridiza-
tion (FISH) and RT-qPCR were used to assess the levels of human mature
and pre-miR-155, respectively. There were marked reductionsinmature
(Extended DataFig. 8e) and pre- (Fig. 3d) miR-155inhuman TBNC cellsin
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inMIAPaCa-2cells (n =4 biological replicates). e, The effect of JUN-RIBOTAC
on/UNmRNA levelsin MIA PaCa-2 cellsin which RNase L was knocked down by
CRISPR (n =3 biological replicates) and in the corresponding MIA PaCa-2

mouse lung tissues after treatment with pre-miR-155-RIBOTAC, whereas
treatment with pre-miR-155-binder-amide had no significant effect.
Collectively, these results demonstrated that pre-miR-155-RIBOTAC
canimpair miR-155-mediated tumour colonization in vivo.

RIBOTACs targeting JUN and MYC mRNAs

Totest whether our approachto convertbiologically silentinteractions
intobioactive onesis broadly applicable, we designed RIBOTACs for two
other oncogenic RNAs—/UNand MYC.Notably, bothoncoproteins are
intrinsically disordered and are considered to be undruggable. Their
transcripts harbour an internal ribosomal entry site (IRES) in their 5
untranslated regions (UTRs) that can drive cap-independent transla-
tion of MYC*# and cap-dependent specialized translation initiation of
JUN*2 To determine whether these mRNAs form targetable structures
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control celllinein which CRISPR editing was performed using ascrambled
guide RNA (n =4 biological replicates), as determined using RT-qPCR. f, The
effect of JUN-RIBOTAC on the proliferation of MIA PaCa-2 cells (n = 6 biological
replicates). g, The effect of JUN-RIBOTAC on the invasiveness of MIA PaCa-2
cells, as determined using a Boyden chamber assay (n =2 biological
replicates; 2 fields of view were quantified per replicate). Dataare mean + s.d.
(c-f). Statistical significance was determined using two-tailed Student’s t-tests
(d-f) and one-way analysis of variance (ANOVA) adjusted for multiple
comparisons (c).

intheir 5’ UTRs, we coupled Infornawith the state-of-the-art RNA struc-
ture computing program, ScanFold*, whichidentifies regions of unu-
sual thermodynamic stability within an RNA, an indicator of function
and potential evolutionary conservation. Indeed, both mRNAs form a
thermodynamically stable regionin their IRESs that house structures
thatare targetable with smallmolecules and that are proximal to poten-
tial RNase-L-cleavage sites (Figs. 4a and 5a).

The JUNIRES comprises a hairpin with various internal loops and
bulges embedded in its stem that is recognized by eukaryotic ini-
tiation factor 3 (elF3) (Fig. 4a). Inforna identified a small-molecule
candidate for the Abulge (5’'UAU/3’A_A), named JUN-binder (Fig. 4b).
Notably, this A bulge is adjacent to a pyrimidine-rich internal loop
(5’GUCCG/3’CUCUC), a probable substrate for RNase L. Using the
2AP-binding assay, JUN-binder binds to this loop with a half-maximal
effective concentration (ECs,) of 1.1+ 0.2 uM, with no observable
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Fig.5|MYC-RIBOTAC selectively targets MYCinan RNase-L-dependent
manner. a, Schematic of the targeted degradation of the MYCIRES. b, Compound
structures.c, The effect of MYC-binder and MYC-RIBOTAC on MYC mRNA levels
inHeLa cells, as determined using RT-qPCR. n =3 biological replicates.d, The
effect of MYC-RIBOTAC onMYC protein levelsin HeLa cells (n = 3 biological
replicates). e, The effect of MYC-RIBOTAC on the proliferation (left) and
apoptosis (right) of HeLa cells (n = 3 biological replicates). f, The effect of MYC-
RIBOTAC on MYCIRES luciferase reporterin HEK293T cells (left) or on a control
reporter lacking the IRES (right)(n = 3 biological replicates). g, Transcriptome-
wide changesinHeLa cellstreated withMYC-RIBOTAC (10 pM) after treatment
for48h (n=3biological replicates). EGRIis awell-known downstreamtarget of
MYC*. h, Cumulative distribution analysis of the effect of MYC-RIBOTAC and a
MYC-selective siRNA on 87 well-validated downstream targets of MYC, or on

binding toacontrol RNAinwhich the bulged nucleotide was converted
toabase pair (EC5, > 50 pM) (Extended Data Fig.10a). These datawere
corroborated by an orthogonal binding assay using Cy-5-labelled RNAs
(Extended Data Fig. 10b). Target engagement was validated both
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thedownstreamtargets of HIF-1a, as indicated by aKolmogorov-Smirnov
analysis of their levels relative to all proteins (n = 3 biological replicates).

i, The effect of MYC-Ctrand MYC-RIBOTAC on MYC mRNA levels in Namalwa
Burkitt lymphoma cells (n = 3 biological replicates) compared with the vehicle
(n=6Dbiologicalreplicates).j, The effect of MYC-RIBOTAC on MYC protein
levelsin Namalwa cells (n =2 biological replicates). k, The effect of MYC-
RIBOTAC onthe cell cycle of Namalwa cells. n =2 biological replicates.l, The
ability of MYC-RIBOTAC or MYC-Ctr toinduce apoptosis of Namalwa cells
(n=2biological replicates). m, The effect of MYC-RIBOTAC on colony formation
of Namalwacells (n = 2biological replicates). Dataare mean + s.d. (c-fand ).
Statistical significance was determined using a one-way ANOVA adjusted for
multiple comparisons (c), two-tailed Student’s t-tests (d-i), Wald’s test (g),

or Kolmogorov-Smirnov test (h).

invitro and in the pancreatic cancer cell line MIA PaCa-2 (Extended
Data Fig.10c,d) using Chem-CLIP and its competitive variant. Finally,
although in vitro binding assays and target validation confirmed
engagement of the JUN IRES with JUN-binder, this molecule was



biologically inert, with no effects onJUN mRNA or protein levels up to
concentrations of 2 pM (Fig. 4c and Extended Data Fig. 10e).

Given these findings, the RIBOTAC strategy was applied, affording
JUN-RIBOTAC and the corresponding control molecule with the less
active RNase L-recruiting regioisomer, JUN-Ctr (Fig. 4b). The binding
affinities of these molecules were studied in the same manner as for
the JUN-binder, using 2AP- or Cy5-labelled RNAs. JUN-RIBOTAC and
JUN-Ctrbindto the JUNIRES similarly in the Cy5 assay with K, values of
0.5+ 0.2 pMand 0.4 + 0.1 uM, respectively, whereas there was no satu-
rable binding toafully paired control RNA (Extended Data Fig.10b). To
test whether JUN-RIBOTAC induced cleavage of the JUNIRES by recruit-
ingRNase L, the JUNIRES was labelled with a fluorophore and quencher
atits 5’and 3’ ends, respectively (Extended Data Fig. 10f).JUN-RIBOTAC
increased fluorescenceintensity, suggesting its ability toinduce RNase
L cleavage of the JUNIRES, while having no effect on amutantinwhich
the Abulge was converted to an AU pair; furthermore, JUN-Ctr did not
induce cleavage of the wild-type IRES (Extended Data Fig. 10f).

In MIA PaCa-2 cells, JUN-RIBOTAC reduced JUN mRNA levelsina
dose-dependent manner up to about 40% and reduced protein levels
by around 75% at a dose of 2 uM (Fig. 4c,d and Supplementary Fig. 4),
whereasJUN-binder wasinactive (Extended Data Fig.10e). To confirm
the mode of action, we evaluated the activity of JUN-RIBOTAC in MIA
PaCa-2 cells in which RNase L was knocked down by CRISPR (Supple-
mentary Fig.5). As predicted, JUN-RIBOTAC was inactive in the RNase
L CRISPR cell line, whereas it showed around a 40% decrease in JUN
mRNA level in the CRISPR control cell line (Fig. 4e). JUN contributes
to proliferative and invasive phenotypes in different tumour types,
including pancreatic cancer***¢. The reduction in JUN protein levels
by JUN-RIBOTAC in MIA PaCa-2 cells was sufficient to inhibit both cell
proliferation (-40% at 2 uM; Fig. 4f) and invasion (-60% at 2 uM; Fig. 4g).

The oncogenic transcription factor MYC coordinately regulates
the cell cycle, proliferation and metabolism in many cancer types,
including in cervical cancer as exemplified by HelLa cells***%, Nota-
bly, the MYCIRES also forms a thermodynamically stable structure
comprising two hairpins and three internal loops (Fig. 5a)***and,
fortuitously, one internal loop, 5’UUCG/3’ACCC, is targetable with a
molecule from our database, named MYC-binder (Fig. 5b). Moreover,
thisloopisadjacent toapyrimidine-rich hairpinloop (Fig.5a). The phe-
nylene bis-phenylurea group of MYC-binder interacts with theinternal
loopwithak;0f2.3 +1puM, asdetermined using a fluorescence-based
binding assay with a Cy5-labelled RNA; no binding was observed to a
fully paired RNA (Extended Data Fig. 11a). Furthermore, the derived
MYC-Chem-CLIP probe engaged endogenous MYC mRNA in HelLa
cellsin a dose-dependent manner (about 50% enrichment at 20 pM;
Extended Data Fig. 11b), and this enrichment was depleted by addition
of competing concentrations of MYC-binder (Extended Data Fig. 11b).
Finally, although the MYCIRES is a functional site, engagement by
MYC-binder did not affect MYC protein levels or MYC mRNA levels
(Fig.5c and Extended Data Fig. 11c).

As MYC-binder was biologically inert, it was appended with the heter-
ocyclicRNase-L-recruiter to afford MYC-RIBOTAC, or with the less active
regioisomer to afford MYC-Ctr (Fig. 5b). MYC-RIBOTAC and MYC-Ctr
bind to the MYC5’UUCG/3’ACCC internal loop similarly in the Cy5 assay
withK;valuesof1.1+0.1pMand 0.9 £ 0.2 uM, respectively, whereas no
saturable binding was observed to afully paired control RNA (Extended
DataFig.11a). Akinto the dual-labelled JUNIRES model (Extended Data
Fig.9f), anin vitro fluorescent reporter was created to study whether
MYC-RIBOTAC could recruit RNase L and induce MYCIRES degradation.
Indeed, MYC-RIBOTAC but not MYC-Ctr recruited RNase L to the MYC
IRES, asevidenced by the resulting increase in fluorescence, and again
no change in fluorescence was observed after incubation of the fully
paired RNA with either molecule (Extended Data Fig. 11d). Notably,
pre-miR-155-RIBOTAC had no effect on the MYCIRES RNA and vice versa
(Extended Data Fig. 11d), supporting the selectivity of the RIBOTAC
approach with different RNA-binding modules.

In contrast to MYC-binder, MYC-RIBOTAC decreased the abun-
dance of MYC mRNA in HelLa cells in a dose-dependent manner, up
to around 50% at a10 uM dose (Fig. 5¢ and Supplementary Figs. 6
and 7) with a concomitant reductionin MYC protein levels (Fig. 5d). A
reductionin MYC protein was associated with reduced HeLa cell pro-
liferation and the induction of apoptosis (Fig. 5e). Notably, MYC-Ctr
and two control molecules in which the RNase-L-recruiting module
(Ac-RIBOTAC) or the RNA-binding module was conjugated to pro-
pylamine (MYC-amide-binder) were inactive (Extended Data Fig.11e,f).
To confirm that reduction of MYC mRNA levels by MYC-RIBOTAC was
dependent on RNaseL, we knocked down RNase LinHeLacells with an
siRNA. As expected, the effect of MYC-RIBOTAC on MYC mRNA levels
was ablated in cells after RNase L knockdown (Extended Data Fig.11g).
Notably, the proteolysis-targeting chimera (PROTAC) MZ-1targets the
proteinbromodomain containing 4 (BRD4), aknown regulator of MYC
transcription; its degradation by MZ1 therefore leads to downregula-
tion of MYC mRNA and protein levels* (Supplementary Fig. 8). We
therefore assessed the antiproliferative and apoptotic effects of MZ1
and MYC-RIBOTAC from 0.1to 10 pM in HeLa cells. The two chimeras
inhibited proliferation to asimilar extentat the 10 pM dose. However,
MZ1is more potent at provoking cell death—1 uM MZ1 led to reduc-
tions in cell viability that were observed in cells treated with 10 pM of
MYC-RIBOTAC (Extended Data Fig.11h). Finally, MYC-RIBOTAC showed
asimilar effect on the reduction of MYCmRNA and protein levels as well
as cellular phenotype in MDA-MB-231 breast cancer cells (Extended
Data Fig. 11i). Similarly, the effect of MYC-RIBOTAC on MYC mRNA
levels was ablated in MDA-MB-231 cells after knockdown of RNase L
(Extended DataFig.11j). To verify these results, we studied the effect of
MYC-RIBOTAC on a MYCIRES-luciferase reporter assay in transfected
HEK293T cells. MYC-RIBOTAC reduced luciferase levels (-40%), yet had
no effect onacontrolluciferase reporter lacking the MYCIRES (Fig. 5f).
Furthermore, mutating the IRES in the luciferase reporter such that
the 5’UUCG/3’ACCC binding site forms base pairs (5’UUCG/3’AAGC)
rendered the RIBOTAC inactive at both the mRNA and protein levels
(Extended Data Fig. 11k).

To evaluate the selectivity of MYC-RIBOTAC transcriptome-wide
in HeLa cells, we performed global RNA-seq analysis. Among 21,027
transcripts detected, 84 (0.40%) were significantly affected, with 51
transcripts upregulated and 33 downregulated (Fig. 5g and Extended
DataFig.11l). Notably, the most significantly downregulated transcript
was EGRI, aknown downstream target of MYC* (Fig. 5g). Similar results
were obtained fromthe transcriptome-wide analysis of the MYCsiRNA,
which significantly affected 90 (0.38%) transcripts among the 23,741
detected (Extended DataFig. 111). Cumulative distribution analysis of 837
well-validated MYC-target genes® >> demonstrated asignificant decrease
inthese transcripts after treatment with MYC-RIBOTAC (P < 0.001) or
the MYCsiRNA (P < 0.001) (Extended DataFig.11l). By contrast, the same
analysis of 63 downstream targets of HIF-1a, another transcription factor
thatrecognizes asimilar DNA sequence (ACGTG)* toMYC (CCACGTG)*,
showed no significant change by MYC-RIBOTAC (Extended Data Fig.111).

The selectivity of MYC-RIBOTAC across the transcriptome was mir-
roredinthe proteome. Only 28 (1.0%) out of 2,769 detectable proteins
were significantly affected (16 downregulated and 12 upregulated;
Extended Data Fig. 11m). Notably, 4 out of the 16 downregulated pro-
teins are direct downstream targets of MYC. Eight of the 16 downregu-
lated proteins are associated with the ribosome pathway, one of the
main functional pathways of MYC-target genes*. Cumulative distribu-
tion analysis of the proteome data showed results consistent with those
on the transcriptome, where MYC-RIBOTAC treatment significantly
downregulated the protein levels of downstream targets of MYC, but
not those of HIF-1a (Fig. 5h and Extended Data Fig. 11m). Collectively,
these results confirm that MYC-RIBOTAC is selective transcriptome-
and proteome-wide.

To further evaluate MYC-RIBOTAC in other relevant tumour cell
lines, the human Burkitt lymphoma cell lines Namalwa and Raji and the
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leukaemia cell line HL-60 were tested, in which MYC is overexpressed
due to translocations or amplification. Notably, the RNase L expres-
sion level varies among the cell lines by 25-fold—it is highly expressed
in HeLa cells and has low expression in Raji Burkitt ymphoma cells
(Extended Data Fig. 11n). The activity of MYC-RIBOTAC tracked with
RNase L expression: MYC mRNA levels were reduced by around 50%
inHeLa cells (Fig. 5¢), 25% in Namalwa cells (Fig. 5i), 10% in HL-60 cells
and there was no reduction in Raji cells (Extended Data Fig. 11n). As
expected, MYC-Ctr was inactive in Namalwa Burkitt lymphoma cells
(Fig. 5i). By contrast, MYC-RIBOTAC reduced MYC protein levels by
around 50% after treatment with 5 uM (Fig. 5j), induced cell cycle arrest
and provoked apoptosis (Fig. 5k,|, Extended Data Fig. 11n and Supple-
mentary Fig. 9) and reduced colony formation by about 50% (Fig. 5m).
Notably, MYC-Ctr, which cannot degrade MYC mRNA, had no effectin
any of these assays (Fig. 5k-m).

Programming small-molecule RNA degraders

Here we have demonstrated that inactive, biologically inert small
molecules engaging an RNA target canbe programmed into bioactive
degraders. Applying this strategy to amiRNA precursor demonstrated
thatthe RIBOTAC degrader reduced the levels of the miRNA in multiple
celllines coveringtwo diseases and in vivo. This degradationinhibited
cellular phenotypes and colonization processes that are driven by
this miRNA. As a further proof of concept, this strategy was extended
to convert biologically silent interactions into bioactive ones for two
additional oncogenic targets, JUN and MYC mRNAs. Their RIBOTAC
degraders, derived from binders designed by Inforna, degraded the
desired targets and disabled transcriptional and proteomic programs
driven by these oncoproteins.

Collectively, this study provides examples of converting functionally
silent binders into potent degraders that can selectively downregu-
late disease-causing RNAs. To our knowledge, all previously reported
bioactive small molecules that target miRNAs bind in or nearby func-
tionalssites, whichin this study constituted only around 30% of human
miRNAs. Muchless is known about functional sites in mRNAs, making
the RIBOTAC strategy perhaps even more important for this class of
targets. Complementarily, about 50% of a given RNA targetis unstruc-
tured, providingideal target sites for designer oligonucleotides. Small
molecules provide ameans to target the remaining structured regions,
which is probably no longer limited to functional regions using the
RIBOTAC approach.
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Methods

General methods

AlIDNA templates and primers were purchased from Integrated DNA
Technologies (IDT) and used without further purification. Chemically
synthesized RNA oligonucleotides and oligonucleotide competitors
were obtained from Dharmacon and deprotected according to the
manufacturer’s recommended protocol. After deprotection, the RNAs
were desalted using a PD-10 Sephadex column (GE Healthcare) accord-
ing to the manufacturer’s protocol. All oligonucleotide concentra-
tions were determined by their absorption at 260 nmat 90 °Cand the
corresponding extinction coefficient provided by the manufacturer.
The compound MZ1was purchased from MedChemExpress.

All autoradiographical images and ethidium bromide staining
images were obtained onthe Typhoon FLA9500 variable mode imager
(GE Healthcare). The Western blotimages were obtained using the AFP
Imaging Mini-Medical/90 system. These images were quantified using
Image] (v.1.8.0_112). All numerical calculations were performed using
Microsoft Excel (Office 365) and GraphPad 8 (v.8.0.2).

Statistics and reproducibility

Experimental results shown as representative blots or gel autoradio-
grams were successfully replicated two or more times to ensure the
reproducibility of the reported findings. The number and type of repli-
cates aswell as statistical significance are provided in the figure legends.

Invitro Chem-CLIP binding site mapping

Pre-miR-155 RNA (500 pmol) was folded in 1x folding buffer (FB; 20 mM
HEPES, pH7.5,150 mMNacCl, and 5mMKClI) by heating at 95 °Cfor 30 sfol-
lowed by coolingonice for 5 min. Next, 50 nM of pre-miR-155-Chem-CLIP
was added to the folded pre-miR-155, and the sample was incubated at
37 °C overnight. Cross-linked pre-miR-155 was captured on Dynabeads
and eluted according to the manufacturer’s protocol. Reverse tran-
scription of the pulled-down RNA was performed using a gene-specific
primer (5’-CAGACGTGCTCTTCCGATCTCTGTTAATGCTAATAT-3')
and Superscript IlI (SSIII) according to the manufacturer’s protocol.
The RT reaction was processed using RNAClean XP (Beckman Coulter)
accordingtothe manufacturer’s protocol. AssDNA adaptor (5’phosphate-
NNNAGATCGGAAGAGCGTCGTGTAG-3C spacer) was ligated to the puri-
fied RT product using T4 RNA ligase | (New England BioLabs (NEB)) and
then RNA Clean XP was added according to the manufacturer’s pro-
tocol. The ligated cDNA was amplified using Phusion polymerase (NEB)
using the following primers: 5-CTACACGACGCTCTTCCGATCT-3’ and
5-CAGACGTGCTCTTCCGAT-3". The PCR reaction was purified with a
denaturing 10% acrylamide gel and ethanol precipitation. The purified
PCR product was cloned into NEB’s pminiT 2.0 vector according to the
manufacturer’s protocol and sequenced by Eton Biosciences.

Tissue culture

MDA-MB-231 triple-negative breast cancer cells (HTB-26; ATCC) were
culturedin RPMImedium with L-glutamine and 25 mM HEPES (Corning;
10-041) supplemented with 10% (v/v) fetal bovine serum (FBS; Sigma-
Aldrich; F2442) and 1x penicillin-streptomycin solution (Gibco; 15140122).

MCF-10a breast epithelial cells (CRL-10317; ATCC) were cultured in
DMEM/F1250/50 medium with L-glutamine and 15 mM HEPES (Corning;
10-092-CV) containing 20% (v/v) FBS, 1x antibiotic-antimycotic solu-
tion (Corning; 30-004-Cl), 20 ng mI™ human epidermal growth factor
(Pepro Tech; GMP100-15), 100 pg ml™ insulin and 0.5 mg ml™ hydro-
cortisone (Sigma-Aldrich; HO888).

CFPAC1 ductal adenocarcinoma epithelial cells (CRL-1918; ATCC)
were cultured in 1x IMDM medium (Gibco, 12440053) with 10% (v/v)
FBS and 1x antibiotic-antimycotic solution.

HUVECs (Lonza, CC-2517) were cultured in EGM prepared using the
EGM-2bulletkit (Lonza; CC-3162) according to the manufacturer’s pro-
tocol.

HeLa cells (CCL-2, ATCC) and HEK293T cells (CRL-3216, ATCC) were
cultured in 1x DMEM medium with 4.5 g I glucose (Gibco, 11965092)
supplemented with 2 mM glutamine or 1% Glutagro (Corning;
25-015-Cl), 1x penicillin-streptomycin solution and 10% (v/v) FBS.

MIA PaCa-2 pancreatic adenocarcinoma cells (CRL-1420; ATCC) and
CRISPRlines derived from MIA PaCa-2 pancreatic adenocarcinoma cells
(Supplementary Fig. 6) were cultured in1x DMEM mediumwith4.5g1?
glucose supplemented with 1% Glutagro, 1x penicillin-streptomycin
solution and 10% (v/v) FBS.

Namalwa (CRL-1432) and Raji (CCL-86) Burkitt lymphomacells, and
HL-60 (CCL-240) myeloid leukaemia cells, were obtained from ATCC and
were cultured in RPMImedium withL-glutamine and 25 mM HEPES sup-
plemented with10% (v/v) FBS and 1x penicillin-streptomycin solution.

The passage number for all cell lines was <20, except for HUVECs
(<6) and HeLa cells (<30). All cells were checked to be free of myco-
plasma contamination before conducting experiments using a PCR
Mycoplasma Test Kit (PromoCell).

Forced expression of pre-miR-155in MCF-10a cells

The plasmid to overexpress wild-type pre-miR-155 were purchased
from Genecopoeia (HmiR0358) and the mutant plasmids were custom
synthesized by GeneScript. MCF-10a cells were seeded at around 70%
confluency in 60 mm dishes and transfected with a plasmid (2 pg per
dish) encodingeither wild-type or mutant pre-miR-155 (Extended Data
Fig.9a) using Lipofectamine 3000 (Invitrogen) according to the manu-
facture’s protocol. The cells were incubated in the transfection cocktail
for 6 hfollowed by changingto fresh growth mediumandincubated for
anadditional 16 h. Cells were then trypsinized and seeded for biological
experiments as described in the following sections.

Cellular Chem-CLIP and competitive Chem-CLIP analysis of
pre-miR-155, MYCandJUN

General protocol for cellular Chem-CLIP. After compound treat-
ment as specified for each target below, cells were washed once with
1x DPBS and irradiated by ultraviolet light for 15 min. Total RNA was
extracted using the Zymo Quick-RNA MiniPrep Kit according to the
manufacturer’s protocol. The input RNA (10 pg) was incubated with
azide-modified agarose beads (Click Chemistry Tools) according to the
manufacturer’s protocol, followed by adding a total of 45 pl reaction
solution with 1:1:1 of ascorbic acid (250 mM), CuSO, (10 mM), THPTA
(tris-hydroxypropyltriazolylmethylamine; 50 mM). After incubating
at 37 °C for 2 h, the beads were washed six times with washing buffer
(10 mM Tris-HCI, pH 7,4 M NaCl, 1 mM EDTA and 0.1% Tween-20) and
resuspended in100 pl release solution containing 200 mM TCEP and
400 mMK,CO,. The mixture wasincubated at 37 °C for 30 min, followed
by adding 50 pl of 800 mMiodoacetamide and incubating for another
30 min. The supernatant containing RNA was carefully transferred to
aclean tube and purified by RNAClean XP beads (Beckman Coulter)
according to the manufacturer’s protocol. The purified RNA was ana-
lysed using RT-qPCR as described in the ‘RT-qPCR analysis of mRNAs
and pri-, pre-and mature miRNA levels’ section.

Pre-miR-155 Chem-CLIP. MDA-MB-231 cells, grown to about 80% con-
fluency in100-mm-diameter dishes, were treated with DMSO (vehicle;
0.1% (v/v), the final concentration in all compound-treated cells),
100 nM pre-miR-155-Chem-CLIP or 100 nM control probe Ac-Chem-CLIP
for 6 h. Competitive Chem-CLIP was performed by pretreating
MDA-MB-231 cells with pre-miR-155-amide (0-1 M as indicated) for
2 h followed by addition of pre-miR-155-Chem-CLIP (100 nM) and
incubating the cells for 16 h.

JUN Chem-CLIP. MIA PaCa-2 cells, grown to about 90% confluency
in 100-mm-diameter dishes, were treated with DMSO (vehicle),
JUN-Chem-CLIPor Ctrl-Chem-CLIPattheindicated concentrationsforé h.
Competitive Chem-CLIP was performed by pretreating MIA PaCa-2 cells



withJUN-binder atthe indicated concentrations for 2 hfollowed by the
addition of JUN-Chem-CLIP and incubating cells for another 5 h. After
cross-linkingand RNAisolation as described in the ‘General protocol for
cellular Chem-CLIP’, the RNA samples were supplemented with a click
reaction mixture consisting of disulfide biotin azide (Click Chemistry
Tools, 1168, 0.5 ul, 100 mM), CuSO, (1 pl, 10 mM), THPTA (1 pl, 50 mM)
and sodium ascorbate (1 ul, 250 mM). The reaction was incubated at
37 °Cfor 3 h. After the incubation period, 100 pl of Streptavidin beads
(Dynabeads MyOne Streptavidin C1 beads; Thermo Fisher Scientific)
was added, and the samples were incubated at room temperature for
1h. The washing and elution steps were identical to those described in
the ‘General protocol for cellular Chem-CLIP’ section.

MYC Chem-CLIP. Hela cells, grown to about 80% confluency in
60-mm-diameter dishes, were treated with vehicle, MYC-Chem-CLIP or
control probe Ctrl-Chem-CLIP for 5 h. MYC competitive Chem-CLIP was
performed by pretreating HeLa cells withMYC-binder at the indicated
concentration for 2 h followed by addition of MYC-Chem-CLIP (10 uM)
and incubating the cells for 5 h. The remaining steps were performed
asdescribed in the ‘General protocol for cellular Chem-CLIP’ section.

RT-qPCR analysis

General Protocol for RT-qPCR analysis. Total RNA was extracted us-
ing the Zymo Quick-RNA MiniPrep Kit according to the manufacturer’s
protocol. For pri-and pre-miRNAs and mRNAs, RT was performed us-
ing 200 ng of RNA with a Qscript cDNA Synthesis Kit (QuantaBio). For
mature miRNAs, the RT reaction was performed using 200 ng of RNA
with the miScript Il RT Kit in a total volume of 20 pl (Qiagen). Subse-
quentqPCRanalysis (see Supplementary Table 2 for primer sequences
and Supplementary Figs.2-7 for primer validation) using Power SYBR
Green Master Mix (Life Technologies) or a TagMan assay and a Applied
Biosystems QS5 384-well PCR system (software v.1.3.0). For mature
miR-155 levels, TagMan assays were performed using the ipu-miR-155
Tagman Assay (Thermo Fisher Scientific, 467534). Datawere analysed
using the AAC, method as described previously®.

RT-gPCR analysis of mMRNA and pri-, pre- and mature miRNA levels.
MDA-MB-231 cells or MCF-10a cells were seeded in 12-well plates
ataround 60% confluency. Cells were treated with compound, LNA-
155 miRCURY LNA Power Inhibitor (Qiagen; 5’UUAAUGCUAAUCGUG
AUAGGGGU) or vehicle (0.1% (v/v) DMSO, the final concentrationin all
compound-treated samples) at the indicated concentrations for48 h
in growth medium (unless noted otherwise; Extended Data Fig. 6e).
For washout experiments, MDA-MB-231 cells (around 40% confluency)
were treated with pre-miR-155-RIBOTAC at the indicated concentra-
tion in growth medium for 48 h. After the treatment period, the cells
were washed with1x DPBS and fresh growth medium without the com-
pound was added. Total RNA was then collected from the cells at the
indicated timepoints after treatment (12,24 and 36 h). For competitive
experiments with the binder and the RIBOTAC, both compounds were
addedtothegrowth mediumat theindicated concentrations, applied
to the cells and incubated for 48 h. For miRNA profiling, cells were
treated with pre-miR-155-RIBOTAC (100 nM) or LNA-155 (50 nM) in
growthmedium for 48 h.

CFPAC cells were seeded in 12-well plates at about 50% confluency
and treated with compounds at theindicated concentrations for 48 h.
HUVECs cells were seeded in 12-well plates at around 60% confluency
and treated with compound prepared in growth medium at the indi-
cated concentrations for 48 h. The competitive experiment with the
binder and the RIBOTAC was performed by adding both compounds
to the growth medium to the desired concentrations, applying the
mixture to the cells and incubating for 48 h.

RT-gPCR analysis of JUN mRNA.MIA PaCa-2 cells, whether unmodified
or CRISPR-modified cell lines, were grown to around 40% confluency

in12-well plates and then treated with vehicle (DMSO; 0.1% (v/v), the
final concentration in all compound-treated samples) or compound
ingrowth medium at the indicated concentration. The siRNA directed
atJUN (Dharmacon; L-003268-00-0005) or ascrambled control siRNA
(Dharmacon; D-001810-10-05) was transfected with Lipofectamine
3000 (Invitrogen, L3000001) according to the manufacturer’sinstruc-
tions. After RT as described above, qPCR amplification was performed
using the TagMan gene expression assay (GAPDH: Hs03929097 g1,
4331182; JUN:Hs00277190 s1,4331182) and the TagMan Fast Advanced
MasterMix. The same protocol was used for MIA PaCa-2 cells in which
RNase L was knocked down by CRISPR and cells for which a control
guide RNA was used.

RT-qPCR analysis of MYC mRNA. Hela cells and MDA-MB-231 cells
(whether unmodified or CRISPR-modified cell lines), grown to around
30% or 50% confluency in12-well plates, respectively, were treated with
vehicle (DMSO; 0.1% (v/v), the final concentration in all compound-
treated samples) or compound of interest in growth medium for 24 h.
After 24 h, the medium was removed, and the cells were treated with
fresh medium containing compound for additional 24 h. For MYC
siRNA studies, cellswere seeded in 12-well platesand 1 nM of MYC siRNA
(SantaCruz, sc-29226) or scrambled control (SantaCruz, sc-37007)
was transfected with Lipofectamine 3000 according to the manufac-
turer’srecommended protocol. Namalwa (0.4 x 10 cells per ml, 2 ml),
HL-60 (0.5 x 10 cells per ml, 2 ml) and Raji (0.7 x 10° cells per ml, 2 ml)
cellswere treated with vehicle, MYC-RIBOTAC or MYC-Ctr for 48 h. For
Namalwa, HL-60 and Raji cells, RNase LmRNA levels were also measured
using RT-qPCR. For studies performed in MCF-10a and MDA-MB-231
cells, TagMan assays were also performed using the TagMan gene expres-
sion assay (GAPDH: Hs03929097_gl, 4331182; MYC: Hs00153408_ml1,
4331182) and the TagMan Fast Advanced MasterMix.

RT-gqPCR analysis of MYC IRES-luciferase mRNA. HEK293T cells were
transfected and treated as described in the ‘MYC luciferase reporter
assay’ section exceptin12-wellinstead of 96-well plates. After 48 h, the
total RNA was extracted and RT-qPCR was performed as described for
mRNAs in the ‘General protocol for RT-qPCR analysis’ section.

Western blot analysis

General protocol for western blotting. After treatment as specified
for eachtarget below, total protein was collected using M-PER Extrac-
tion Reagent (Thermo Fisher Scientific), and protein concentration
was measured using the Pierce Micro BCA Protein Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol. Approxi-
mately 20 pg of total protein, except for analysis of SOCS1 protein
(which used 40 pg due to its low abundance), was resolved on a 10%
SDS-polyacrylamide gel. After transferring to a PVDF membrane and
blocking the membrane with 1x tris-buffered saline supplemented
with 0.1% (v/v) Tween-20 (TBST; 50 mM Tris-CI, pH 7.5,150 mM NacCl
and 0.1% (v/v) Tween-20) with 5% (w/v) milk, the membrane was incu-
bated with the primary antibody (see below for each target) in 1x TBST
with 5% (w/v) milk at 4 °C for 16 h. The membrane was washed three
times with 1x TBST (5 min per wash) at room temperature. The blot
was thenincubated with IgG horseradish-peroxidase (HRP) secondary
antibody conjugate in 1x TBST with 5% milk at room temperature for
1h. After washing five times with 1x TBST (5 min per wash), the target
protein was detected by using SuperSignal West Pico Chemilumines-
cent Substrate (Pierce Biotechnology) and quantified using Image].
The membrane was thenstripped (200 mM glycine, pH 2.2,4 mM SDS,
1% (v/v) Tween-20) at room temperature for 30 min and blotted again
with either B-actin or GAPDH for normalization.

Western blot analysis of SOCS1. MDA-MB-231 cells were seeded in six-
well plates at about 60% confluency and treated with pre-miR-155-
RIBOTAC at the indicated concentrations for 48 h. The anti-SOCS1
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primary antibody (Cell Signaling Technology (CST), 3950S) was used
at1:2,500 dilution followed by anti-rabbit IgG-HRP secondary antibody
conjugate (CST, 7074S) at 1:5,000 dilution. After stripping, B-actin
primary antibody (CST, 3700S) was used at 1:5,000 dilution, followed
by anti-mouse IgG HRP secondary antibody conjugate (CST, 7076S) at
1:10,000 dilution.

Western blot analysis of VHL. HUVECs (around 60% confluency) were
seeded in six-well plates and treated with pre-miR-155-RIBOTAC at the
indicated concentration for 48 h. The anti-VHL primary antibody (CST,
68547S) was used at 1:1,000 dilution followed by anti-rabbit IgG HRP
(CST, 7074S) at 1:5,000 dilution. B-Actin was detected as described
aboveinthe ‘Western blot analysis of SOCS1’ section.

Western blot analysis of JUN and RNase L. MIAPaCa-2 cells were seeded
insix-well plates and treated with vehicle (0.1% (v/v) DMSO; the final con-
centrationinallcompound-treatedsamples) orcompoundattheindicated
concentrations in growth mediumfor 72 h once they reached around 40%
confluency. The anti-JUN primary antibody (CST, 9165S) or anti-RNase L
antibody (CST, D4B4]J) was used at 1:1,000 dilution followed by anti-
rabbit IgG HRP (CST, 7074S) at 1:10,000 dilution. B-Actin was detected
asdescribed above in the ‘Western blot analysis of SOCS1’ section.

Western blot analysis of MYC. HeL a cells in six-well plates (around
30% confluency) or MDA-MB-231 cells (about 60% confluency) were
seeded in six-well plates and treated with vehicle or compound
at the indicated concentrations in growth medium for 24 h. The
compound-containing growth medium was removed and replaced
with fresh growth medium containing compound. The cells were
incubated for an additional 24 h at which point total protein was col-
lected as described above. Namalwa cells (0.4 x 10° cells per ml, 10 ml)
were treated with vehicle, MYC-RIBOTAC or MYC-Ctr for 48 h (single
dose), and then total protein was collected. The anti-MYC antibody
(CST, 5605S) was used at 1:1,000 dilution followed by anti-rabbit IgG
HRP (CST, 7074S) at 1:5,000 dilution. The anti-GAPDH primary anti-
body (CST, 51332S) was used at 1:3,000 dilution followed by direct
imaging (no secondary antibody needed as this antibody is an HRP
conjugate). The membrane was not stripped and was directly blotted
with anti-GAPDH antibodies for normalization.

Western blot analysis of BRD4. The same procedure was followed as
describedinthe ‘Western blot analysis of MYC’ section except that the
primary antibody was anti-BRD4 (Cell Signaling Technologies, 13440S)
at1:1,000 dilution. The effect of MZ1 on BRD4 and MYC protein levels
was validated and shown in Supplementary Fig. 8.

SOCSI1 luciferase reporter assay (pre-miR-155)

HEK293T cellsin 60-mm-diameter dishes (around 80% confluency) were
co-transfected with4 pg of a plasmid encoding SOCS1 fused to luciferase
(Genecopoeia, HmiT021399-MT06) and 1 pg of the plasmid expressing
wild-type pre-miR-155 using jetPRIME (Polypuls,101000027) according
to the manufacturer’s recommended protocol. The cells were seeded
to 96-well plates (7,000 cells per well) after transfection. After incu-
bating for 12 h, the cells were treated with DMSO (vehicle, 0.1% (v/v))
or pre-miR-155-RIBOTAC. A dose-response was measured by treating
pre-miR-155-RIBOTACat 0,10 and 100 nMfor 48 hand atime course was
measured by treating pre-miR-155-RIBOTAC (100 nM) for 6, 24, 48 and
72 h. The Dual-Glo Luciferase Assay System (Promega, E2920) was used to
measure luciferase activity, according to the manufacturer’s instructions.

MYC luciferase reporter assay

The MYCIRES luciferase plasmid was custom-synthesized by GenScript
(U6617GC310) by inserting the MYCIRES sequence between the two
Click Beetle luciferases (CBR and CBG) within the pcDNAS vector.
HEK293T cells in 60-mm-diameter dishes (around 80% confluency)

were co-transfected with 2 pg of a plasmid and 500 ng of a plasmid
expressing Renilla luciferase (normalization) using jetPRIME (Polyplus,
101000027) according to the manufacturer’s recommended proto-
col. Control experiments were performed by co-transfecting 2 pg of
aplasmid encoding luciferase lacking the IRES (GenScript) and 500 ng
of a plasmid expressing Renilla luciferase (for normalization). The
cells were trypsinized and seeded into 96-well plates (7,000 cells per
well). After incubating for 12 h, the cells were treated with vehicle or
MYC-RIBOTAC (10 pM) for the indicated time. Click Beetle (which uses
the same substrate as firefly luciferase) and Renilla luciferase activities
were measured using the Dual-Glo Luciferase Assay System (Promega,
E2920) according to the manufacturer’s instructions.

To constructamutant MYCIRES plasmid in which the small-molecule-
binding motif was mutated into base pairs, the Q5 Site-Directed
Mutagenesis Kit (NEB, E0554S) was used according to the manufac-
turer’srecommendations. The primers used to create the mutant were:
5’CGCCTCTGGCGAAGCCCTCCCG and 5’AAGCCCCCTATTCGCTCC
(IDT), where the bold nucleotide indicates the point mutation. The
mutagenesis product was transformed into chemically competent
Escherichiacoli(included in thekit) and selected using ampicillin-agar
plates. The mutant plasmid sequence was confirmed by Sanger
sequencing, and the plasmid was tested in HeLa cells according to
the same procedure as described above.

Methylcellulose colony assays

Namalwa Burkitt lymphomacells (1,000 cells per ml, 3 ml) were treated
with MYC-Ctr (10 uM) or MYC-RIBOTAC (10 uM) for 48 h (single dose).
Thecellswere then collected by centrifugation for 5 minat1,000 rpm,
and1x 10?viable cells were resuspended in 400 pl of IMDM medium
containing 2% (v/v) FBS. The cells were then added to 4 ml of Methocult
(STEMCELL Technology, H4230), and 1.1 ml was carefully spread intoa
SmartDish (STEMCELL Technology, 27370). Cells were incubated for
7-10 days, and colonies were counted manually.

Cell cycle analysis

Namalwa (0.4 x 10° cells per ml, 2 ml), HL-60 (0.5 x 10° cells per ml, 2 ml)
and Raji (0.7 x 10° cells per ml, 2 ml) cells were treated with vehicle,
MYC-RIBOTAC (10 uM) or MYC-Ctr (10 pM) for 48 h (single dose). To
assess the percentage of cells at each stage of the cell cycle, 1 x 10° cells
were fixed dropwise with 70% (v/v) ethanol at room temperature, and
then stored for 24 h at —20 °C. Fixed cells were washed twice with 1x
PBS, and then treated with 50 pl 0f 100 pg ml™ RNase A (Sigma-Aldrich,
R-6148) for 5 min room temperature. The cells were then stained with
200 plof50 pg ml propidiumiodide; Sigma-Aldrich, P4170) prepared
in1x PBS. The stained cells were analysed for the percentage in the G1,
S and G2 phases of the cell cycle in a BD LSRII (BD Biosciences) flow
cytometer. Cell doublets were excluded from analysis.

Drug metabolism and pharmacokinetic studies (pre-miR-155)
Female C57BIl/6 mice (n = 3) were treated once with either pre-miR-155-
RIBOTAC or pre-miR-155-amide-binder at 1 mg per kg (10:10:80 of
DMSO:Tween-80:H,0) byi.p.injection. The plasmawas then collected
at0,15,30, 60,120,240,360,480 and 1,440 min to determine the con-
centrationin plasma.

Invivo studies to assess lung colonization of breast cancer cells
(pre-miR-155)

Mice were housed in individually ventilated (IVC), JAG 75 cages with
micro-isolator lids. HEPA filtered air was supplied into each cage at a
rate of 60 air exchanges per h. The dark-light cycle was set for 08:00
(on)-20:00 (off). The temperature was maintained at 72 + 2 °F (22.2 +
1.1°C). Humidity was maintained at 30-70%. Female NOD/SCID mice
(n=8 per group; 5-7 weeks; The Jackson Laboratory) were used
for breast cancer studies as described previously*®, and all studies
were approved by The Scripps Research Institute IACUC (protocol



no.16-025). The maximal tumour size allowable under this protocol is
500 mm?or 2 cmin diameter.

In brief, mice were intravenously injected (tail vein) with MDA-MB-
231-Luc cells (0.8 x 10 cells per mouse). Compound treatment began
5 days later as determined by luciferase activity, where the averaged
luciferase signalin the lung tissue is ten times higher than background
measured from neighbouring tissues. Luciferase activity was measured
byi.v.injection of luciferin (150 mg per kg) every other day as measured
by LagoX (Spectral Instruments). Mice were splitinto two groups: vehi-
cle group (10:10:80 of DMSO:Tween-80:H,0) or 1 mg per kg of either
pre-miR-155-RIBOTAC or pre-miR-155-amide in the same formulation.
Compound or vehicle was delivered by i.p. injection every other day.

After 30 days, mice were euthanized by affixiation with CO, in accord-
ance with guidelines provided by the American Veterinarian Medical
Association. For each group, the lungs from five mice were perfused
with 1x PBS, collected and immediately fixed in Bouin’s solution
(Sigma-Aldrich, HT10132-1L) to image nodules. After imaging, the lungs
were sectioned and stained with H&E staining or analysed using FISH to
assess pre-miR-155 levels. The FISH probe and qPCR primers are specific
to human mature and pre-miR-155; mouse pre-miR-155 has a different
secondary structure lacking the binding site for pre-miR-155-RIBOTAC.
Human and mouse SOCS1 protein cannot be distinguished by available
antibodies; therefore, SOCS1 protein levels were not determined. For
the remaining three mice from each group, the lungs were collected
and snap-frozen for extracting total RNA to measure mature-miR-155
levels by RT-qPCR.

Toimage lung nodules, lungs were fixed in 60 ml of Bouin’s solution
for 24 h followed by briefly rinsing in 10% neutral buffered formalin
solution (Harleco). After counting nodules, the lungs were washed
with 60 mlof 10% (v/v) formalin solution four times (8 h per wash with
gentle shaking at room temperature). Paraffin-embedded sections
were generated by the Histology Core at The Scripps Research Insti-
tute using a Sakura Tissue-Tek VIPS paraffin processor. H&E staining
was performed on the Leica ST5010 Auto-Stainer XL at The Scripps
Research Institute’s Histology Core.

For FISH analysis to assess mature miR-155 levels, the sections were
incubated at 60 °C for 15 minfollowed by deparaffination with xylene. The
sectionswererinsed oncein each of the following solutions: 95%, 80%, 50%
and 0% ethanol in water. The sections were then treated with 20 pg mI™*
proteinase K in 50 mM Tris, pH 7.5, for 10-20 min at 37 °C, followed by
rinsing in water five times. The sections were then treated with ice-cold
20% (v/v) aceticacid for 20 sto permeabilize cells, followed by rinsing with
Nanopure water three times. The sections were dehydrated by rinsingin
100%ethanol. The sections were then prepared for FISH analysis by rinsing
thesectionsin40%formamide/2xSSC (0.3 Msodium chlorideand 0.03M
sodium citrate, pH 7.0) buffer for 5 min. The slides were then incubated
with40%formamide/2x SSCbuffer containing 0.2 uMFITC-labelled DNA
probe (5’-AACCCCTATCACGATTAGCATTAA), 2 pg mI' BSA,10 nMtRNA
(Roche,10109517001) in a humidified chamber at 37 °Cfor 16 h. The slides
were then rinsed three times with 2x SSC, and once with 1x DPBS, fol-
lowed by addition of ananti-FITC antibody (Abcam, 6656;1:500 dilution
in1xTBST buffer containing 1% (v/v) goat serum (Sigma-Aldrich)). After
incubationatroomtemperature for2 h, theslides wererinsed three times
with 1x DPBS and visualized using a DAB Substrate Kit (Abcam, 64238)
according to the manufacturer’s protocol. Images were acquired using
abright-field microscope (Leica DM800) and quantified using Image]J.

The lungs from the other three mice were frozen at -80 °C and
homogenized using tissue plastichomogenizing probes (OmniInter-
national, 10062-782). The RNA extraction and RT-qPCR analysis were
performed the same as described above in the ‘RT-qPCR analysis of
mRNAs and pri-, pre- and mature miRNA levels’ section.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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All data and materials are available from the corresponding author
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Extended DataFig.1|To-Pro-1dye displacement assay validationand
newlyidentified small molecules that bind RNA are chemically dissimilar
from previously known RNA binders. a, To-Pro assay optimization and
validation. Optimization of the signal to noise ratio of To-Pro-1dye displacement
froman RNA 3x3internal loop library (3x3 ILL) by altering the concentration of
the dye and the RNA (left; n =3 independent replicates). Validation using
Hoechst 33258 as a positive control to displace To-Pro-1 (middle; n=3
independentreplicates). Z-factor analysis of the screening conditions using 10
and 100 pM Hoechst 33258 (right). For each concentration, n = 690 in asingle
independent experiment. Dataarereported as the mean +SD. b, AbsorbArray
screening with a 5-**P-labelled 3x3 ILL. Compounds were delivered to the array
surfacein doseresponse (200 nL of 10 - 0.625 mM, log, dilutions). ¢, Heat map
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chemically distinct, having -35-fold higher CLogP, an-20% reductionin polar
surfacearea (TPSA),and an~15% reduction inthe number of both H-bond donors
and acceptors™>*”%8 f, Unique chemical patterns indicate chemically similar
compounds within the azolium scaffold. Compounds C7-C10 have a Tanimoto
scoresranging from 0.7 to >0.995 and cluster together. Compounds C12-C15
arenearly chemically identical as they share the cholesterol-derived azolium
core, differing only by the other N-substituent. However, when compared to
theremaining compounds (C1-Cl1and C16-C20), their Tanimoto score ranges
from 0.29-0.32, indicating they are unique among the hits obtained. Cland
Cl1exhibit high similarity (Tanimoto coefficient = 0.82), although they appear
very different structurally. This could be due to their similar spatial orientations,
asbothhave alkylsubstituted benzenes on their azolium cores. Compounds
C4,C5,C6,and C20 are structurally unique compared to all other hits.
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Extended DataFig.2|LOGO analyses for C1- Cé6, showingboth preferred loops. Similarities and differences were found amongst the small molecules.
and discriminated sequences and structures.a, LOGO analysis of the selected For example, within the azoliumscaffold, C1 prefers C at positions one and
RNAsinthetop 0.5% of Z,,, and the secondary structures of the selected RNAs threeand A at positions four and six (that is, internal loops with two Cs opposite
with the four highest Z,, values. b, LOGO analysis of RNAs discriminated against ~ two As), while C3, which differs by the substituents on the azolium core,
by each small molecule, i.e.,in the bottom 0.5% of Z,,,,, and the secondary prefers Aat positions one, three and four, but C at positions six. Interestingly,
structures of the RNAs discriminated against with the four lowest Z, values. C1-C6, despite their chemical differences in scaffolds, all discriminate against

Interestingly, many have GC closing base pairs and are 2x2 nucleotide internal a5’ GCclosingbase pair (Gand Cat positions one and six, respectively).
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Extended DataFig. 3 |See next page for caption.



Extended DataFig. 3 |Invitro characterization of pre-miR-155-binder
anditsderivatives for pre-miR-155’s Abulge. a, Representative binding curves
of pre-miR-155-binder and two A bulges identified from the 2DCS selection
and afully based paired control, as determined by microscale thermophoresis
(MST). Thebulge found in pre-miR-155is highlighted in green. b, Representative
binding curves for pre-miR-155-binder and its derivatives for aminimized A
bulge construct or fully paired mutant, as determined by MST. ¢, Representative
binding curves for pre-miR-155-binder and its derivatives and pre-miR-155’s A
bulgelabelled with 2-aminopurine (2AP) or a fully base paired control
(n=2independent experiments).d, Summary of K s of pre-miR-155-binder

analogues and otherimidazolium salts identified by 2DCS. The affinity of

C19 for the Abulge was undetermined due toits aggregation under assay
conditions. e, Wild type pre-miR-155but not the AU based paired mutant

RNA can compete the binding of pre-miR-155-RiboTAC (5 M) to 2AP labelled
RNA (1pM) withaKy0f2.2+ 0.9 uM (n=2independent experiments).

f, pre-miR-155-RiboTACinducesin vitro RNA cleavage with wild-type (WT)
pre-miR-155 construct (left), while no cleavage with mutated base pair control
(right) (n=3independent experiments). Alldataarereported asthemean +S.D.
ofindependentreplicates. All p-values were calculated using a two-tailed
Student’st-test.
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Extended DataFig.4|LOGO analyses for preferred and discriminated
sequences for C7-C13. Interestingly, ten of the 14 azoliums share a

internal loops predominate for C7-C20 (75%) (p < 0.001, as compared to its
distributionin 3x3ILL), withsingle nucleotide bulges and 1x1 and 2x2 internal

tetradecahydro-1H-cyclopentalalphenanthrene substituent, six of whichare loops comprising 14%. Interestingly, C7 and C11 prefer to bind AU base pairs
fusedto the azolium (Supplementary Table 1). Ingeneral, all 7compounds (pink box). Right, LOGO analysis of RNAs discriminated against by each small
preferloops with Csand As, with astrong preference for Ain the sixth position, molecule, i.e.,inthe bottom 0.5% of Z,,,, and the secondary structures of the
withdegree of preference at each position unique toeachcompound. Likewise, ~ RNAsdiscriminated against with the four lowest Z,; values for compounds

all 7 compounds discriminate against loops with Us, particularly in the sixth C7-C13. Motifs that are discriminated against for binding are significantly
position. Left, LOGO analysis of the selected RNAs inthe top 0.5% of Z,,,and enriched for single nucleotide bulges (18%) (p < 0.001, as compared toits
thesecondarystructures of the selected RNAs with the four highest Z,,, values distributionin3x3ILL) and 1x1 nucleotide internal loops (29%) (p < 0.001, as
for compounds C7-C13. Generally, these compounds prefer motifs richin C compared toitsdistributionin3x3ILL), with position 6 predominately U. Notably,

and A residues, with position 6 almost exclusively A. Similar to C1-C6, 3x3 Cllacksthestrongpreference for Aat position 6.
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Extended DataFig.5|LOGO analyses for preferred and discriminated
sequences for C14 - C20. Left, LOGO analysis of the selected RNAs in the top
0.5% of Z,,, and the secondary structures of the selected RNAs with the four
highest Z,,, values for compounds C14-C20. Generally, these compounds
prefer motifsrichin Cand A residues, with position 6 almost exclusively A.
Similar to C1-C6, 3x3 internal loops predominate for C7-C20 (75%) (p < 0.001,
ascompared toitsdistributionin3x3ILL), withsingle nucleotide bulges and
1x1and 2x2internal loops comprising 14%. Right, LOGO analysis of RNAs
discriminated against by each small molecule, i.e.,inthe bottom 0.5% of Z,,,,

andthesecondarystructures of the RNAs discriminated against with the four
lowest Z,,, values for compounds C1-C20. Preferred sequences for C14-C20
arerichinCandA, with positions1and 6 preferred as Gand A, respectively. Two
of the azoliums, C16 and C17, are the most similar to C1; in C16, the substituted
phenylsin Clare replaced with methyl groups, whilein C17, the alkyl chains
havebeenshortened from C;5to C;and the 1,3-diisopropyl-2-methyphenyl
groups have beenreplaced withbenzyl groups. Like the other azoliumssalts,
LOGO analyses of these three compoundsrevealed a preference for Cand A
nucleotides, with positional differences for all three molecules.
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Extended DataFig. 6 | pre-miR-155-binder and derivatives directly engage
pre-miR-155and other Abulge containing miRNA precursorsin MDA-MB-
231cellsandinvitro. a, The Chem-CLIP probe for target validation studies
(pre-miR-155-Chem-CLIP) was synthesized by conjugating pre-miR-155-COOH
to chlorambucil (CA; cross-linking module; blue triangle) and biotin (pull-down
module; yellow circle). A control Chem-CLIP probe, Ac-CA-biotin, comprises
the cross-linking and pull-down module but lacks the RNA-binding module

and accounts for non-selective reaction of the CA module.b, Chem-CLIPisa
proximity-based reaction driven by the RNA-binding module. Following
treatment, total RNA isisolated and purified with streptavidin beads and
analysed by RT-qPCR. ¢, Results of target validation studies in MDA-MB-231
breast cancer cells. Cells were treated with either Ac-CA-Biotin (100 nM) or
pre-miR-155-Chem-CLIP (100 nM). Enrichment of pre-miR-155in the pulled-
down fraction, as compared to the starting cell lysate, was quantified by
RT-qPCR (left). Co-treatment with pre-miR-155-Chem-CLIP and pre-miR-
155-binder resultedin dose dependent depletion of pre-miR-155in the pull-
down fraction, indicating that the Chem-CLIP probe and the simple binding

compound pre-miR-155-binder occupy the samesite (n=3 biological replicates).
d, pre-miR-155-Chem-CLIP cross-links to pre-miR-155 at anucleotide 5bp from
the Abulge binding site (indicated withablue arrow in the secondary structure),
identified by in vitro Chem-CLIP-Map-Seq. e, Effect of pre-miR-155-binder
(red; left) and pre-miR-155-amide-binder (blue; middle) (n = 3 biological
replicates) on pri-, pre-,and mature miR-155 levels as well as the two compounds’
effectson cellular viability (right) (n = 4 biological replicates).f, Chem-CLIP
analysis (100 nM pre-miR-155-Chem-CLIP) of miRNA precursors that have the
same bulge as pre-miR-155bound by pre-miR-155-binder (n =3 biological
replicates) where ND indicates that the miRNA was not detectable in the pulled
down fraction. Effect of pre-miR-155-amide-binder (0.1to 10 pM) on the levels
of miRNAs that contain the Abulge in miR-155, as determined by RT-qPCR (n=3
biological replicates). Pre-miR-155-RiboTAC (100 nM) has no effect on the
levels of mature RNAs that share C1's A bulge in miR-155 (Extended Data Fig. 6h).
Alldataarereported asthe mean +S.D. All p-values were calculated using a two-
tailed Student’s t-test.
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Extended DataFig.7|Invitro and cellular activities of pre-miR-155-RiboTAC
anditsderivatives. a, left: Representative gel autoradiogram of the cleavage
of 5"-[*2P]-pre-miR-155by RNase L induced by pre-miR-155-RiboTAC and
quantification thereof (IC5,=~100 nM; n =3 independent replicates); right:
Representative gel autoradiogram of the pre-miR-155-RiboTAC-induced
cleavage of pre-miR-155as a function of pre-miR-155-binder concentration
(IC5=1.9 £ 0.5 uM), demonstrating pre-miR-155-binder and pre-miR-
155-RiboTACbind the samessite, and the corresponding quantification thereof
(n=3independentreplicates). b, Representative gel autoradiogram of (left to
right): RNase L cleavage of cleavage site mutant of pre-miR-155 induced by
pre-miR-155-RiboTAC; RNase L cleavage of the binding site mutant pre-miR-155
induced by pre-miR-155-RiboTAC; and RNase L cleavage of WT pre-miR-155
induced by Ac-RiboTAC, whichlacks the RNA-binding module (n=3independent
replicates). For panelsaandb, “H” indicates a hydrolysis ladder while “T1”
indicates treatment with RNase T1, which cleaves guanosine nucleotides.

c, Effect of pre-miR-155-RiboTAC (n =3 biological replicates) or pre-miR-
155-Ctr (n =4 Dbiological replicates) on the viability of MDA-MB-231 cells following
a48htreatment,asassessed by WST-1assay. d, pre-miR-155-RiboTAC (single
dose) reduces mature miR-155levelsin MDA-MB-231 cellsin atime-dependent
manner (n=3biological replicates). e, Duration of pre-miR-155-RiboTAC’s
effecton pre-miR-155's levels after a48 htreatment (wash outexperiment; n=3
biological replicates). The compound-containing medium was removed after
thetreatment period, and total RNA was harvested at the indicated times
post-treatment, affordingat,;,=19.3 h. The observed half-lifeisinaccord with

reported half-lives of miR-155, which range from12.4-28 h®. f, Effect of
Ac-RiboTAC (green), the RNase L recruiter lacking the RNA-binding module,
and pre-miR-155-Ctr (red), achimerawith theless active regioisomer of the
RNase L recruiter,on miR-155biogenesis after a48 htreatment as determined
by RT-qPCR (n =3 biological replicates). g, Effect of pre-miR-155-RiboTAC and
pre-miR-155-binder on pre-miR-155 (left; n = 6 biological replicates) and
mature miR-155 (right; n = 3 biological replicates for compound-treated cells;
n=6Dbiological replicates for vehicle-treated) levels in CFPAC-1 (pancreatic
ductaladenocarcinoma) cells, as determined by RT-qPCR. h, Correlation of
miRNome-wide changes of MDA-MB-231 cells treated with pre-miR-155-RiboTAC
(100 nM) or LNA-155 (50 nM) (n =3 biological replicates). Comparison of
normalized read counts for each miRNA between pre-miR-155-RiboTAC and
LNA-155 treatment (left). Effect of pre-miR-155-RiboTAC (100 nM,n=3
biological replicates) on other miRNAs sharing the targeted A bulge (right).

i, Correlation of transcriptome-wide changes of MDA-MB-231 cells treated with
pre-miR-155-RiboTAC (100 nM) or LNA-155 (50 nM) (n=3 biological replicates).
From left to right: (i) Volcano plot of transcriptome-wide changes of MDA-MB-
231cellstreated with pre-miR-155-RiboTAC (100 nM) us. vehicle and LNA-155
(50 nM) vs. vehicle after a48 htreatment period; (ii) comparison of normalized
read counts for each gene between pre-miR-155-RiboTAC and LNA-155
treatment; (iii) comparison of normalized % change for genes commonly
affected by both pre-miR-155-RiboTAC and LNA-155 treatment (n =26 genes,
right). Alldataarereported as the mean+S.D. All p-values were calculated
using atwo-tailed Student’s t-test.
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Extended DataFig. 8| Cellular and invivo activity of pre-miR-155-RiboTAC
anditsderivatives. a, Effect of pre-miR-155-RiboTAC (100 nM) onthe
miRNome of MDA-MB-231cells forced to express WT pre-miR-155 (left;n=3
biological replicates); and effect of pre-miR-155-RiboTAC (100 nM) onthe
miRNome of MDA-MB-231 cells forced to express the binding site mutant of
pre-miR-155 (right; n =3 biological replicates). b, Effect of pre-miR-155-Ctr on
the migration of MDA-MB-231 cells (n =3 biological replicates). c, Drug
Metabolism and Pharmacokinetics (DMPK) analysis of pre-miR-155-RiboTAC

in C57BL/6 mice (n=3 mice per time point).d, Invivo treatment of pre-miR-
155-RiboTAC (1mg/kg, g.0.d.,30 days) decreased the number of lung nodules
(nodulesindicatedinred) stained with Bouin’s solution (n = Smice). e, Lung
tissue treated with pre-miR-155-RiboTAC, but not pre-miR-155-amide binder,
exhibited decreased mature miR-155levels, as determined by FISH (n = 5 mice).
Alldataarereported asthe mean +S.D. Statistical significance was indicated by
aWalds test (a) or two-tailed Student’s t-test (b-e).
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Extended DataFig. 9| Cellularactivity of pre-miR-155-RiboTACin MCF-10a
cells overexpressing miR-155and in HUVECs. a, Effect of pre-miR-155-
RiboTAC on pre- and mature miR-155in MCF-10a cells forced to express wild-type
pre-miR-155, abinding site mutant of pre-miR-155 (A bulge to AU base pair), ora
RNaseL cleavage site mutant (pyrimidine-rich asymmetric loop mutated to base
pairs) (n =3 biological replicates). b, Forced expression of pre-miR-155, a mutant
pre-miR-155in which pre-miR-155-binder’s binding site hasbeen mutated, or
amutant pre-miR-155in which the RNase L cleavage site has been abolished
enhances the migratory nature of MCF-10a cells, amodel of healthy breast
epithelium (n=3biological replicates). ¢, pre-miR-155-RiboTAC impairs the
migration of MCF-10a cells forced to express WT pre-miR-155 but not those
forced express the binding site or cleavage site mutants (n = 3 biological
replicates). d, left: Effect of pre-miR-155-RiboTAC on mature miR-155levelsin
HUVECs, asdetermined by RT-qPCR (n =3 biological replicates). right: Effect

of pre-miR-155-binder on the cleaving capacity of pre-miR-155-RiboTAC, as
assessed by measuring pre-miR-155 levels by RT-qPCR (n = 4 biological
replicates). e, Effect of pre-miR-155-binder on mature and pre-miR-155 levelsin
HUVECs, as determined by RT-qPCR (n = 3 biological replicates for mature miR-
155; n=4biological replicates for pre-miR-155).f, Effect of control RiboTAC
pre-miR-155-Ctr on mature and pre-miR-155levelsin HUVECs, as determined
by RT-qPCR (n =3 biological replicates). g, Effect of pre-miR-155-RiboTAC

(100 nM) onthelevels of mature miRNAs that harbour miR-155’s Abulge in their
precursorsin HUVECs, as determined by RT-qPCR (n =3 biological replicates).
h, Representative Westernblot and quantification thereof of the effect of
pre-miR-155-RiboTAC on pre-miR-155'sdownstream target, Von-Hippel Lindau
(VHL) (n=3biological replicates).i, Effect of pre-miR-155-RiboTAC on the
angiogenic capacity of HUVECs (n =2 biological replicates). Alldataarereported
asthemean+S.D. All p-values were calculated using atwo-tailed Student’s t-test.
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Extended DataFig.10|Invitroandin cellular characterization of Quantification of the enrichment of c-Jun mRNA by c-Jun-Chem-CLIP or
c-Jun-binder andits derivatives. a, Representative binding curvestomeasure  Ctr-Chem-CLIP in pulled-down fraction as compared to RNA not subjected to
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binding curves tomeasure the affinity of c-Jun-binder, c-Jun-RiboTAC and pull-down fractionsin adose dependent fashion (n =4 biological replicates).

c-Jun-CtrforaCy5-labelled model of the c-Jun IRES and afully paired RNA control e, Effect of c-Jun-binder on c-JUN proteinlevelsin Mia-PaCa-2 cells (n=3
(n=2independent experiments). The fully paired RNA was created by mutating  biological replicates).f, c-Jun-RiboTAC inducesin vitro RNA cleavage with WT
the Abulgebindingsite toan AU pair. ¢, Chemical structure of c-Jun-Chem-CLIP c-Jun construct (left), while no cleavage of the mutated base pair control (right)
probe and control probe. Pull-down of the c-/un mRNA in vitro by c-Jun-Chem- wasobserved (n=3).Alldataarereported as the mean = S.D. All p-values were
CLIP or Ctr-Chem-CLIP (n =3replicates).d, left: Target engagement studies calculated using atwo-tailed Student’s t-test.

completed by Chem-CLIPin MIA PaCa-2 cells (n =3 biological replicates).
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Extended DataFig.11|Invitro and cellular characterization of c-Myc-
binder andits derivatives. a, Representative binding curves to measure the
affinity of c-Myc-binder, c-Myc-RiboTAC and c-Myc-Ctr for a Cy5-labelled
model of the c-Myc IRES 5’UUCG/3’ACCC 2x2 internal loop or a fully paired RNA
control (n=2independent experiments). b, Chemical structures of c-Myc-
Chem-CLIP and Ctr-Chem-CLIP probes (top) and target validation studiesin
HeLacells (bottom). c-Myc-Chem-CLIP dose dependently enriches MYCmRNA
(lower left; n=3biological replicates), which is competed by c-Myc-binder
(lower right; n= 6 biological replicates). ¢, Effect of c-Myc-binder on MYC
mRNA and proteinlevelsin HeLa cells (n = 3 biological replicates).d, c-Myc-
RiboTACinducesinvitro cleavage of the WT MYCIRES (left), while no cleavage
of amutated base pair control was observed (middle). Pre-miR-155-RiboTAC
and c-Myc-RiboTAC have no effect on the non-cognate RNA (right) (n=3
biological replicates for all panels). Concentrations were selected based on the
cellularactivity for the cognate target. e, Chemical structures of c-Myc-amide-
binder and Ac-RiboTAC. f Effect of c-Myc-amide-binder, Ac-RiboTAC, and
c-Myc-Ctron MYCmRNA and proteinlevelsin HeLa cells (n = 3 biological
replicates). g, Effect of siRNA knock-down of RNase L (-85%) on the activity of
c-Myc-RiboTACinHelLacells (n =3 biological replicates). h, Effects of c-Myc-
RiboTAC and BRD4 degrader MZ1on the proliferation and apoptosis of HeLa
cellsupon48htreatment (n=3biological replicates).i, Effect of c-Myc-
RiboTAC on MYCmRNA levels (left; n =3 biological replicates), protein
abundance (middle; (n=2biological replicates for vehicle (note that the third
lane was excluded from quantification due to air bubble) and n = 3 biological

replicates for compound-treated sampled), and proliferation (right;n=3
biological replicates) in MDA-MB-231cells. j, Effect of siRNA knockdown of
RNaseL onc-Myc-RiboTAC-mediated degradation of MYC mRNA in MDA-
MB-231cells (n =3 biological replicates). k, Effect of c-Myc-RiboTAC on a c-Myc-
IRES-luciferase reporter or abinding site mutant thereofin transfected
HEK293T cells (n =4 biological replicates). l, Transcriptome-wide changes
observedinHeLacells treated with vehicle, c-Myc-RiboTAC, scrambled siRNA,
or MYCsiRNA (n =3 biological replicates). Volcano plots of transcriptome-wide
changes of HeLa cells treated with MYC-siRNA (1nM) vs. scrambled siRNA (1nM)
aftera48 htreatment period (left). Cumulative curves of MYCtargets and HIF-1a
targetsinHeLacells treated with c-Myc-RiboTAC (10 uM) vs. vehicle (middle)
or c-Myc-siRNA (1nM) vs. scrambled siRNA (1nM) (right). m, Volcano plots of
proteome-wide changes of HeLa cells treated with c-Myc-RiboTAC (10 pM) vs.
vehicle (left) or MYC-siRNA (1nM) vs. scrambled siRNA (1 nM) (right) aftera48 h
treatment period (n=3biological replicates).n, Abundance of RNase L mRNA
invariouscelllines (left; n = 3 biological replicates). Effect of c-Myc-Ctr (10 uM)
and c-Myc-RiboTAC (10 pM) on MYCmRNA levelsin lymphoma or leukaemia
cells, Raji,and HL-60 cells, respectively (middle left; n = 6 biological replicates
forvehicleand n=3biological replicates for compound treatment) and on
apoptosis (middleright and right; n =2 biological replicates). Interestingly,
these datasuggest that RiboTAC activity is correlated with RNase L expression.
Alldataarereported asthe mean +S.D. of biologicallyindependent replicates.
Statistical significance was calculated using atwo-tailed Student’s t-test (b-h, n),
Wald’s test (i, leftand m), or Kolmogorov-Smirnov test (i, middle and right).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 O XX OOS

HEEEN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No custom code was used to collect data.
RT-gPCR data was collected on Applied Biosystem QuantStudio 5 v1.3.0.
Western blots were collected on AFP Imaging - Mini-Medical/90.
Autoradiographic imaging and ethidium bromide staining imaging was performed by Typhoon FLA9500 variable mode imager.
Proteomics data were collected by using a Q Exactive HF-X mass spectrometer.
RNA-seq data were collected by using a NextSeq 500 sequencer.
Microscale thermophoresis binding assays were measured by using the MST Monolith instrument (NT.115).
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Data analysis No custom code was used for data analysis. General data analysis was completed with Microsoft Excel (Office 365) and GraphPad 8 (v8.0.2).
Inforna was used to identify druggable sites within pre-miR-155. The Inforna database can be accessed via the following URL https://
rnainforna.com. Access is freely granted for academic users after completion of a software license agreement (https://disney.scripps.ufl.edu/
wp-content/uploads/2020/05/software-licensing-agreement-1.pdf). Inforna and R-BIND (https://rbind.chem.duke.edu/) were used to identify
known RNA-binding small molecules.

Tanimoto coefficients and physicochemcial properties of small molecules were calculated by using Instant JChem v.19.8.0

LOGOS analysis was performed by using JMP, v.13.2.1 and DiffLogo, version 3.16, installed on RStudio (v.1.2.5042) with R 3.6.3.

Microscale thermophoresis binding assays were analyzed by MO.AffinityAnalysis v1.115

Western blots were analyzed with Image Jv.1.8.0_112

For RNA-seq data analysis, STAR (v2.5.2a) was used for alignment; featureCounts (v2.0.0) was used to extract read counts from bam files; and
DESeq?2 (v3.13) was used for differential gene expression analysis.

Proteomic data analysis was performed by using MaxQuant (v2.3.0.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data and materials are available from the corresponding author upon reasonable request. The data for global proteomics and RNA-seq studies are available on
Mendeley Data (DOI:10.17632/xgr83xy8pm.1). The sequencing data for plasmids used in this study are available on Mendeley Data (10.17632/9zgw67j7s.1). The
raw sequencing data are deposited in the Sequence Read Archive (SRA) with BioProject ID: PRINA914317. The R-Bind database is publicly accessible via the
following URL https://rbind.chem.duke.edu. The Inforna database can be accessed via the following URL https://rnainforna.com. Access is freely granted for
academic users after completion of a software license agreement (https://disney.scripps.ufl.edu/wp-content/uploads/2020/05/software-licensing-
agreement-1.pdf).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size The sample size was chosen to enable measuring statistical significance of differences observed between treated and untreated groups or
compound-treated and vehicle-treated groups. No statistical methods were used to predetermine the sample sizes. However, sample sizes

were in agreement with many other literature reports that measure changes in miRNA levels, protein levels, etc (see PMID 30116813,
28288108, 25849773, 20354188, 30620551, 35355011, 26030728, 35561226, 25104390, 34826236, and 35641483 as examples).

Data exclusions  There were no data exclusions except for in the case of RT-gPCR when OD260/0D280 < 1.8. These samples were excluded from analysis.

Replication All experiments were confirmed with multiple replicates as indicated in each figure legend. Plots show all data points; representative Western
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Replication blots, binding curves, histology analyses, and FISH images were provided.

Randomization  All mice were randomly assigned to either the control group or the treatment group. For cellular and in vitro experiments, plate wells were
randomly assigned to treatment groups.

Blinding Investigators were blinded when i) grouping the mice; ii) dosing the mice; iii) harvesting the organs; iv) counting the number of nodules on
lung samples; and iv) preparation of histology samples. Investigations were not blinded when i) extracting RNA samples for RT-gPCR and ii)
quantifying histology images. All in vitro and cellular samples not blinded as they yield quantitative results that are not subject to investigator
bias. It should be noted that these types of experiments are typically unblinded from the literature (see PMID 36725932, 36859550 as
examples).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
[]IPX Antibodies XI|[] chip-seq

] Eukaryotic cell lines ] Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| Animals and other organisms

|Z |:| Clinical data

|Z |:| Dual use research of concern

Antibodies

Antibodies used B-actin primary antibody (Cell Signaling Technology, 3700S)
RNase L primary antibody (Cell Signaling Technology, D4B4J)
anti-rabbit IgG horseradish-peroxidase secondary antibody conjugate (Cell Signaling Technology, 7074S)
anti-mouse 1gG horseradish-peroxidase secondary antibody conjugate (Cell Signaling Technology, 7076S)
SOCS1 primary antibody (Cell Signaling Technology, 3950S)
VHL primary antibody (Cell Signaling Technology, 68547S)
c-JUN primary antibody (Cell Signaling Technology, 9165S)
c-Myc primary antibody (Cell Signaling Technology, 5605S)
BRD4 primary antibody (Cell Signaling Technology, 13440S)
GAPDH primary antibody (Cell Signaling Technology, 51332S)

Validation All antibodies are validated by the manufacturer as below:
B-actin primary antibody: https://www.cellsignal.com/products/primary-antibodies/b-actin-8h10d10-mouse-mab/3700?
_=1678131448181&Ntt=3700S&tahead=true

RNase L primary antibody: https://www.cellsignal.com/products/primary-antibodies/rnase-l-d4b4j-rabbit-mab/27281?site-search-
type=Products&N=4294956287&Ntt=d4b4j&fromPage=plp

anti-rabbit 1gG horseradish-peroxidase secondary antibody conjugate: https://www.cellsignal.com/products/secondary-antibodies/
anti-rabbit-igg-hrp-linked-antibody/70747?site-search-
type=Products&N=4294956287&Ntt=7074s&fromPage=plp&_requestid=767849

anti-mouse IgG horseradish-peroxidase secondary antibody conjugate: https://www.cellsighal.com/products/secondary-antibodies/
anti-mouse-igg-hrp-linked-antibody/70767?site-search-
type=Products&N=4294956287&Ntt=7076s&fromPage=plp&_requestid=768047

SOCS1 primary antibody: https://www.cellsignal.com/products/primary-antibodies/socs1-al56-antibody/39507site-search-
type=Products&N=4294956287&Ntt=3950s&fromPage=plp&_requestid=768092

VHL primary antibody: https://www.cellsignal.com/products/primary-antibodies/vhl-antibody/68547

c-JUN primary antibody: https://www.cellsignal.com/products/primary-antibodies/c-jun-60a8-rabbit-mab/9165
c-Myc primary antibody: https://www.cellsignal.com/products/primary-antibodies/c-myc-d84c12-rabbit-mab/5605
BRD4 primary antibody: https://www.cellsignal.com/products/primary-antibodies/brd4-e2a7x-rabbit-mab/13440

GAPDH primary antibody: https://www.cellsignal.com/products/antibody-conjugates/gapdh-d4cér-mouse-mab-hrp-conjugate/51332
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

MDA-MB-231 cells (HTB-26, ATCC), HEK293T (CRL-3216, ATCC), HUVEC-Umbilical Vein Endo cells(CC-2517, Lanza), MCF-10A
cells (CRL-10317, ATCC), CFPAC-1 (CRL-1918,ATCC), Hela (CCL-2, ATCC), HEK293T (CRL-3216, ATCC), Namalwa (CRL-1432,
ATCC), Raji (CCL-86, ATCC), HL-60 (CCL-240, ATCC), and MIA PaCa-2 (CRL-1420, ATCC). MDA-MB-luc cells were a gift from
Prof. Derek Duckett (Moffitt Cancer Center) as reported in Rosenberg et al. Therapeutic Targeting of Casein Kinase 16 in
Breast Cancer. Sci Trans| Med. 2015 Dec 16; 7(318): 318ra202.

Commercially available cell lines were authenticated by the manufacturer, and a specification sheet was provided by the
manufacturer confirming identity. MDA-MB-luc were as reported in Rosenberg et al. Therapeutic Targeting of Casein Kinase
168 in Breast Cancer. Sci Transl Med. 2015 Dec 16; 7(318): 318ra202. All cell lines were frequently checked by their
morphological features to confirm their authentication.

All cell lines were tested to be mycoplasma-negative by using PCR Mycoplasma Test Kit I/C (PromoKine, PK-CA91-1024)

No commonly misidentified cell lines are used in this study.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals Female NOD/SCID mice and C57BI/6 (5-7 weeks, purchased from Jackson Laboratory) were used in this study.
Wild animals The study did not involve wild animals.
Reporting on sex No sex-based design or analysis was performed for this study.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight Scripps Florida Institutional Animal Care and Use Committee approved the protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Namalwa (0.4 million cells/mL, 1 mL), HL-60 (0.5 million cells/mL, 1 mL), and Raji (0.7 million cells/mL, 1 mL) were treated
with vehicle, c-Myc-RiboTAC, or c-Myc-Ctr for 48 h. Apoptosis was measured by CellEvent Caspase-3/7 Green ReadyProbes
Reagent (ThermoFisher, C10423) and DAPI (0.1 pg/ml, Molecular Probe) following the manufacturer’s protocol. Dye was
directly added to cells in flow cytometry analysis buffer (1x DPBS, 10% (v/v) FBS), and incubated for 20 min at room
temperature. For Propidium lodide cell cycle analyses, cells were harvested and washed in PBS. Cells were fixed for 30 min at
40C in cold 70% ethanol. Cold 70% ethanol was added drop wise to the pellet while vortexing. Fixed cells were washed twice
in PBS. Cells were spun at 850 g and the supernatant discard. Cells were treated the with ribonuclease by adding 50 ul of a
100 pg/ml (1:100 from 10mg/ml, Sigma R-6148) stock of RNase. 200 ul Pl was then added prior to analysis (50 ug/ml-from
1:20 of 1mg/ml stock solution, Millipore Sigma, P4170).

BD LSRII (BD Biosciences) flow cytometer

BD FACSDiva for sample acquisition and FlowJo for sample analysis
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Cell population abundance The purities of the samples were not determined. As customary in FACS analysis, debris was excluded by evaluating forward
scatter vs. side scatter (FSC vs. SSC).

Gating strategy For Caspase-3/7 Green analyses, cells are gated via FSC vs SSC, singlets are further gated for analyses.
For Propidium lodide cell cycle analyses, the following gates were used prior to Pl quantification.
SSC-Avs FCS-A
SSC-W vs SSC-H
FCS-W vs FCS-H
610/20-W vs 610/20-A= Pl singlets

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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