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Abstract

Oligonucleotides are designed to target RNA using base pairing rules, however, they are hampered
by poor cellular delivery and non-specific stimulation of the immune system. Small molecules are
preferred as lead drugs or probes, but cannot be designed from sequence. Herein, we describe an
approach termed Inforna that designs lead small molecules for RNA from solely sequence. Inforna
was applied to all human microRNA precursors and identified bioactive small molecules that
inhibit biogenesis by binding to nuclease processing sites (41% hit rate). Amongst 29 lead
interactions, the most avid interaction is between a benzimidazole (1) and precursor
microRNA-96. Compound 1 selectively inhibits biogenesis of microRNA-96, upregulating a
protein target (FOXO1) and inducing apoptosis in cancer cells. Apoptosis is ablated when FOXO1
mRNA expression is knocked down by an siRNA, validating compound selectivity. Importantly,
microRNA profiling shows that 1 only significantly effects microRNA-96 biogenesis and is more
selective than an oligonucleotide.

INTRODUCTION

RNA has essential cellular functions and is a highly desirable target for small molecule
modulators of function. Indeed, recent studies have identified small molecules that bind to
and modulate the function of repeating RNAs, microRNAs (miRNAs)®, and viral
elements-8. Developing bioactive compounds targeting RNA is very challenging, however,
compounded by the perception that RNA is “undruggable™® 10, The lack of success in this
area can be traced to a fundamental lack of understanding about the RNA secondary

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

“Correspondence to: Matthew D. Disney; Disney@scripps.edu.
Supplementary Information: This article contains Supplementary Information online.

AUTHOR CONTRIBUTIONS: S. P. V. designed and completed all experiments and contributed to writing of the manuscript; S. M.
G. programmed Inforna; and M. D. D. conceived Inforna, designed experiments, and wrote the manuscript.

COMPETING FINANCIAL INTERESTS. Various aspects of this technology have copyright protection or are part of a provisional
patent application.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Velagapudi et al.

RESULTS

Page 2

structural motifs that are the preferred binding sites of small molecules and about the types
of small molecules that bind RNA motifs with high affinity and specificity. If small
molecules could be reliably designed to target RNA, it could enable investigations of RNA
function and the development of therapeutics, much like studies of antibacterials binding to
the ribosome were critical to elucidate the intricacies of the translational machinery1.

Despite the large number of potential RNA targets in the transcriptome, few small molecules
elicit their effects by modulating RNA function. Targeting RNA, however, could be
advantageous because structural information, such as the composite and orientation of RNA
motifs, can be accurately modeled from sequencel? 13, Moreover, many folded RNAs
contribute to cellular function and dysfunctionl4 13 establishing RNA as a promising
therapeutic target. Yet, non-ribosomal RNAs are rarely exploited with small molecules.
Merging the ability to convert RNA sequence into secondary structure accurately with
information about RNA secondary structural elements that bind to small molecules could
provide an expedited route to design small molecule modulators of RNA function. Such
studies have the potential to be completed quickly on a transcriptome-wide scale because the
only input required is the target RNA’s sequence.

Herein, we report a lead identification strategy called Inforna that integrates advances in
RNA structure determination and prediction, identification of RNA motif-small molecule
interactions, and the scoring of those interactions via statistical analysis (Fig. 1a).
Specifically, we employed Inforna to design lead small molecules that bind to Dicer or
Drosha processing sites in human miRNA precursors that are up-regulated in disease.
Amongst 29 lead interactions, 12 small molecules inhibit biogenesis of the desired miRNA
in primary cell lines, affording a hit rate of 41%. The most avid of these interactions targets
the desired miRNA at least as selectively as an oligonucleotide antagomir and induces
apoptosis in cancer cells. Collectively, these studies suggest that lead small molecules that
target RNA can be designed from solely sequence in a target agnostic fashion; that is, the
small molecule dictates the RNA target.

Development of Inforna, our lead identification strategy

Our research group previously developed a selection-based strategy (Two-Dimensional
Combinatorial Screening; 2DCS)6 and a method to statistically analyze selection data
(Structure-Activity Relationships Through Sequencing; StARTS) to identify and annotate
(score) RNA motif-small molecule interactions’: 18, In 2DCS, a small molecule library is
conjugated onto an agarose microarray surface. The microarray is then probed for binding to
a library of small RNA motifs likely to be found as components of larger cellular RNAs
(3x3 ILL, for example; Supplementary Results, Supplementary Fig. 1). Incubation is
completed in the presence of competitor oligonucleotides (C2-C8; Supplementary Fig. 1) to
ensure that small molecules bind to the randomized region (N’s; Supplementary Fig. 1) and
not regions common to all library members'6. During the selection process, the small
molecule binds precise tertiary structures that accommodate binding. Although the exact
nature of the tertiary structure and its interaction with the small molecule is unknown, this
information is stored implicitly in the selected RNA’s sequence. We have shown previously
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that a selected motif can be extracted and placed into a different context without affecting
binding affinity for the corresponding small moleculel8.

The sequences of selected RNAs are analyzed via StARTSY?: 18, StARTS is a statistical
approach that identifies features in RNA motifs that positively and negatively contribute to
bindingl”: 18, StARTS predicts the affinities and selectivities of RNA-small molecule
interactions by comparing the rate of occurrence of a feature in selected RNA motifs (a
guanine adjacent to an adenine, for example) to its rate of occurrence in the entire RNA
library. The confidence that a selected feature did not occur randomly is assigned a Z-score
and a corresponding two-tailed p-valuel?- 18. Only features that are statistically significant
(p<0.05 or =295% confidence) are considered. This analysis identifies features that contribute
positively (positive Z-score) and negatively (negative Z-score) to binding, allowing
prediction of RNAs that bind and RNAs that do not. Each RNA motif has many statistically
significant features. Therefore, the Z-scores for each feature are summed to afford a XZ-
score (Supplementary Fig. 2)17: 18, By combining statistical parameters from StARTS with
experimentally determined binding affinities, the affinity and selectivity of every RNA motif
displayed in a library can be predicted”- 18. The selectivity of an RNA for different small
molecules can be predicted by comparing its >Z-score for one small molecule to its >Z-
score for another. For example, an RNA that has a large XZ-score for small molecule A and
a small XZ-score for small molecule B is selective for small molecule A. Fitness Scores are
calculated by normalizing >Z-scores to the RNA motif with the highest >Z-score. Thus, a
Fitness Score of 100 indicates that a given RNA motif-small molecule interaction is the
highest affinity RNA motif(s) derived from an RNA library that binds to a given small
molecule. Likewise, a Fitness Score of 80 means that an RNA-small molecule interaction is
80% as fit as the optimal interaction (Fitness Score = 100).

Inforna, our lead compound identification strategy, integrates RNA motif-small molecule
interactions identified by 2DCS, the fitness of those interactions as determined by StARTS,
and structural information about the RNA target of interest, whether determined by
experiment, phylogeny, or computation (Supplementary Note). Specifically, Inforna
generates lead compounds for a target of interest by comparing the motifs found in its
structure to the motifs in our database of annotated RNA motif-small molecule interactions
(Fig. 1a). The output is the targetable motifs, the corresponding lead small molecules for the
RNA of interest, and the fitness of the predicted RNA-small molecule interaction. Lead
compounds are then tested for modulating biological function.

Inforna identifies lead compounds that inhibit miRNAs—We validated Inforna by
using it to design lead compounds that target miRNA precursors that have been identified
through sequencing and functional studies (Fig. 1)1 20, MiRNAs are 21-25 nucleotide
RNAs that negatively regulate gene expression through translational repression or cleavage
of a target MRNA. They are transcribed as precursors that are processed by the nucleases
Drosha and Dicer (Fig. 1a)2L. The goal of our studies was to use inforna to identify a small
molecule that binds a precursor miRNA and inhibits its maturation (Fig. 1a).

The sequences and secondary structures of all known precursor miRNAs in the human
transcriptome were downloaded from miRBasel3 and their structures modeled by free
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energy minimzation!2. Precursor miRNAs fold into small hairpin secondary structures (Fig.
1a) that can be predicted from sequence?2. The entire set of secondary structures was then
parsed by Inforna, which output the targetable motifs in each RNA and the corresponding
lead small molecules that bind them. By mining all precursor miRNAS in the human
transcriptome for overlap with the RNA motif-small molecule database, Inforna probed
>5,400,000 potential interactions (the motifs contained in 1,048 miRNA precursors (~6,850)
with 792 RNA motif-small molecule interactions housed in our database). In this study, we
required that the targetable motif and its closing base pairs were exact matches for motifs in
the database. Previously, it has been shown that the identity of internal loop closing pairs
can dramatically affect loop structure and thus recognition by a small molecule?3: 24,

Next, we refined the lead interactions based on the following criteria: (i) the targetable motif
must be in a Drosha or Dicer processing site, which are cleaved to produce pre-miRNAs and
mature miRNAS, respectively. Processing is required for the mature, active miRNA to be
produced?!. (Processing sites have been determined by comparing the sequences of
precursor miRNAs to mature miRNAs as determined by deep sequencing (RNA-seq)2>. The
information in miRBase is based on these experimental results?.); and (ii) the miRNA must
be causative of disease. In order to be validated as a miRNA up-regulated in disease,
phenotype reversal with oligonucleotides (i.e., antagomirs) must be previously
established?6-28, For miRNAs under-expressed in a disease, supplementation of the miRNA
to cells must improve disease-associated defects. In summary, lead small molecules were
identified for 22 different miRNA precursors that are causative of diseases including
prostate, breast, ovarian, and pancreatic cancers, Parkinson’s disease, and Alzheimer’s
disease (Figs. 1b & c, Supplementary Fig. 3, and Supplementary Table 1). The confidence in
the accuracy of the predicted structures for the miRNA hits was investigated by calculating
the probabilities of all pairings using a partition function2®. Importantly, ~77% (17/22) of
the putative binding sites for our lead small molecules are predicted with >90% probability
(Supplementary Fig. 4). Of the remaining six target sites, the loop nucleotides and 5° closing
base pair of three are predicted with >90% confidence. (Supplementary Fig. 4).

StARTS measures the fitness of lead interactions—StARTS analysis of hit
compounds was used to assess the fitness of each small molecule lead for binding the
corresponding RNA motif in the precursor miRNA target (Fig. 1b, Supplementary Fig. 2,
and Online Methods)17: 18, StARTS analysis determined that the fittest interactions were: 1
with the miR-96 precursor (Fitness Score = 100), 2 with the miR-210 precursor (Fitness
Score = 95), and 3 with miR-182 precursor (Fitness Score = 75) (Figs. 1b, 1c, and 2A). The
affinities and selectivities of these RNA motif-small molecule interactions and their Fitness
Scores were measured in previous studies!8: 30,

The activities of all lead small molecules in primary cell lines were assessed by measuring
mature miRNA expression by quantitative real time RT-PCR. As shown in Figures 2a & b
and Supplementary Figure 5, the expression of 12 miRNAs was significantly decreased by
the lead small molecule predicted by Inforna, corresponding to a hit rate of 41%. Inactive
lead compounds could be optimized by modular assembly approaches? 31 or chemical
similarity searching® 32-34, Importantly, these data show that bioactive small molecules
targeting RNA can be designed in a transcriptome-wide manner without target bias (or target
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agnostic). Below, we describe additional characterization of the miRNA:small molecule
combinations that were predicted to be the most optimal by Inforna: 1-miR-96; 2-miR-210;
and 3-miR-182.

Bioactivities and selectivities of compounds 1, 2, & 3—Compounds 1, 2, and 3
inhibited biogenesis of its target precursor miRNA to varying extents (Fig. 2b): 1 reduced
the expression level of miR-96 by 90% at 40 uM; 2 reduced the formation of miR-210 by
60% at 500 nM; and 3 reduced the production of miR-182 by 40% at 200 uM. (Treatment of
primary cells with higher concentrations of 2 led to reduced potency, perhaps due to a lack
of selectivity at these elevated concentrations.) These differences in bioactivity could be due
to differences in affinity, selectivity, permeability, and/or cellular localization. Interestingly,
small molecules targeting either Dicer (2) or Drosha (1 and 3) sites in precursor miRNAs
can inhibit biogenesis in cell culture.

MiR-96, —182, and —183 precursors (Fig. 2a) are transcribed as a single transcript3®; thus,
biogenesis of one miRNA can serve as an internal control for the others. Therefore, 1
(targets precursor miR-96) and 3 (targets precursor miR-182) were studied for decreasing
production of the other two miRNAs in the MCF7 cell line by gRT-PCR. Although 3
decreased production of the desired target, miR-182, by ~40% when cells are dosed with
200 uM compound, a less but significant effect was observed on miR-96 expression that
indicates sub-optimal selectivity (Fig. 2b). In contrast, 1 efficiently and selectively silenced
production of miR-96 at 40 uM while not affecting miR-182 or —183 (Fig. 2b). Thus, 1
knocked down expression of the target miRNA to a great extent than 2 and 3 and was more
selective than 3.

To confirm that the secondary structure of the miR-96 precursor was accurately modeled in
miRBase and that the binding site of 1 was accurately predicted by Inforna, we completed
enzymatic mapping assays. Indeed, the results of our enzymatic mapping studies were
consistent with the secondary structure reported in miRBase and predicted by RNAstructure
based on the probability of base pair formation (Supplementary Fig. 6). Moreover, the
cleavage pattern of the putative binding site for 1 did not change when placed in a different
context (Supplementary Figs. 6b & 6¢). These studies also confirm that 1 bound the Drosha
processing site as indicated by protection from nuclease cleavage (Supplementary Fig. 6a).
Moreover, 1 inhibited Drosha cleavage of pri-miR-96 in vitro (Supplementary Fig. 7a) and
invivo, as evidenced by an increase in the levels of pri-miR-96 and a reduction in levels of
pre- and mature miR-96 in treated cells, as expected if 1 binds to the Drosha site
(Supplementary Fig. 7b).

Next, we compared the selectivity of 1 to a locked nucleic acid (LNA) oligonucleotide that
is complementary to nucleotides 2-9 in miR-96’s seed region (Fig. 2c). The LNA directed at
miR-96 was studied for silencing miR-96, miR-182, and miR-183; miR-182:LNA and
miR-183:LNA complexes each contain a single mismatch. Interestingly, the LNA only
modestly discriminated between miR-96 and miR-183 at all concentrations tested (1 — 200
nM) (Fig. 2c). At 50 nM concentration, the LNA silenced ~90% of miR-96 expression and
~50% of miR-183 expression. (Non-selective effects of oligonucleotides designed to silence
specific miRNAs have been previously observed36.) In contrast, at a concentration of 1 that
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silenced 90% of miR-96 expression, miR-182 was affected by only 15% and miR-183 was
not affected (Fig. 2c). Taken together, small molecules can be more selective modulators of
function than oligonucleotides in some instances.

Assessing the downstream effects of 1—Next, the effect of 1 on the downstream
targets of miR-96 was assessed. MiR-96 is upregulated in cancer and is linked to oncogenic
transformation by silencing of FOXOL1 (Forkhead box protein O1) through translational
repression3’: 38, FOXO transcription factors function as regulators of cell cycle progression,
including apoptosis3®. We tested 1 for its ability to increase expression of FOXO1 protein
using a luciferase model system; that is, a target sequence fully complementary to miR-96
was inserted downstream of the Renilla luciferase gene38. A small molecule that inhibits
maturation of miR-96 will increase luciferase expression. MCF7 cells were transfected with
a plasmid that expresses the luciferase model system, followed by treatment with 1. In
agreement with decreased miR-96 production observed in gRT-PCR experiments (Fig. 2b),
1 stimulated production of luciferase, indicating inhibition of miR-96 maturation (Fig. 3c).
Specifically, 1 increased production of luciferase by ~1.7-fold when cells were treated with
40 uM of compound. Importantly, 1 did not affect production of luciferase when a plasmid
encoding a FOXO1 3’ UTR that is unresponsive to miR-96 was used (Fig. 3a), confirming
that miR-96, and not the FOXO1 UTR, is 1’s target.

Next, we tested 1 for its ability to increase endogenous levels of FOXO1 protein by Western
blotting (Figs. 3b & Supplementary Fig. 8). When MCF7 cells were treated with 40 uM of 1,
an ~2.5-fold increase in FOXOL protein levels was observed, consistent with luciferase
experiments. No effect was observed on the expression of a GAPDH control (Fig. 3b &
Supplementary Fig. 8). Since FOXO1 up-regulation stimulates apoptosis*?, we determined
if 1 stimulates apoptosis via a TUNEL assay. When MCF7 cells were treated with 40 uM of
1, approximately 40% of the cells were TUNEL positive (Fig. 3c). As a secondary test of
apoptosis, Annexin V/PI assays were employed as they can distinguish necrosis from early
apoptosis. As expected, these studies showed that 1 stimulated early apoptosis, not global
cell death via necrosis (Fig. 3¢ & Supplementary Fig. 9).

1 stimulates apoptosis via the miR-96-FOXO1 pathway—To confirm that 1 induces
apoptosis by modulation of the miR-96-FOXO1 regulation pathway, FOXO1 expression was
knocked down via an siRNA (Fig. 3d). If 1 induces apoptosis by selectively targeting
miR-96, then removal of FOXO1 should affect apoptosis. Indeed, when FOXOL1 siRNA was
applied to cells that were then treated with 1, a 70% reduction in apoptosis was observed
compared to cells transfected with an siRNA against GAPDH (control) and treated with 1
(Fig. 3d). It is not surprising that using an siRNA to ablate FOXO1 mRNA from cells does
not completely eliminate the apoptotic effect of 1 since it is well known that miRNAs can
target many different mRNAs for silencing simultaneously*L. These studies, however,
validated that the miR-96-FOXO1 mRNA pathway is regulated by 1 and that 1 is a specific
inducer of apoptosis.

The selectivity of 1 as revealed by miRNA profiling—Compound 1 was predicted to
bind Dicer and Drosha processing sites in other miRNA precursors; however, these
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predicted interactions are less fit than that between 1 and the miR-96 precursor (Fig. 4a).
Therefore, the selectivity of 1 for modulating expression of 149 disease-associated and
highly abundant miRNAs (Supplementary Table 2) was assessed via gRT-PCR. As shown in
Figure 4b, only miR-96 was significantly affected. These studies confirm the selectivity of 1
for the desired target on a transcriptome-wide level. For comparison, we profiled the effect
of a full-length antagomir directed at miR-96 (100 nM) on the expression of the same 149
miRNAs (Fig. 4b). The antagomir affected expression of 12 miRNAs (including miR-96) by
at least 2.5-fold. Thus, it appears that 1 provides an unparalleled level of selectivity for a
small molecule that modulates RNA function and that selectivity is greater than that
observed with some miRNA-targeting oligonucleotides, as evidenced by the studies in Figs.
2¢ & Fig. 4b. These results can be rationalized from our StARTS analysis: the Fitness Score
for 1 and the target site in miR-96 is 100, indicating the most fit interaction possible. The
Fitness Scores for 1 and potential binding sites in other miRNAs are much less fit, ranging
from ~10-40 (Fig. 4a). In fact, there are only five other motifs, none of which are found in
human miRNAs, that have Fitness Scores >50, indicating that 1 is a highly selective small
molecule (Fig. 4a).

Inforna vs. traditional medicinal chemistry approaches—The luciferase model
system described above provides a robust assay to test other small molecules for modulating
the miR-96-FOXO1 pathway. We therefore used this system to compare the design of small
molecules via Inforna to traditional medicinal chemistry approaches — screening and lead
optimization via the synthesis of compound derivatives. First, we tested a previously
constructed library of small molecules that are biased for binding RNA (28 total compounds;
Supplementary Fig. 10)*2. None of the compounds stimulated luciferase production at 40
UM (Supplementary Fig. 10), indicating that: (i) the compounds are not bioactive; and (ii)
the miRNA-FOXOL1 pathway is not easily druggable.

A commonly employed method for drug optimization is the synthesis of compound
derivatives, i.e., chemically similar small molecules. We therefore tested three compounds
that are chemically similar to 1, compounds 2, 4, and 5 (Fig. 1c), as determined by their
shape Tanimoto coefficients*3. Shape Tanimoto coefficients quantitatively determine the
three dimensional similarity of two compounds; values range from 0 (no similarity) to 1
(complete similarity)43. The shape Tanimoto coefficients for 2, 4, and 5 as compared to 1
are 0.94, 0.89 and 0.80, respectively, illustrating quantitative similarity between these
compounds. Although all four compounds are based on a benzimidazole scaffold, visual
inspection of structure suggests that 2 and 5 might bind RNA with higher affinity than 1
because of the larger surface area and additional hydrogen bond donors and acceptors. Each
factor suggests that these compounds could modulate miR-96 maturation. Despite their
similarities, 2 and 4 have very different Fitness Plots for binding to the target site of 1 in the
miR-96 precursor (Supplementary Fig. 11). (A Fitness Plot could not be generated for 5 as it
does not bind RNA motifs in 2DCS selections!®.) In fact, Inforna predicts that none of the
compounds should bind avidly. A lack of binding affinity of these compounds for the
miR-96 precursor was experimentally confirmed (Supplementary Fig. 12).
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The activities of compounds 2, 4, and 5 were studied in the MCF7 cells. The compounds
were inactive at 40 UM concentration in all assays: (i) they did not affect miR-96 expression
levels (Supplementary Fig. 13); (ii) they did not stimulate luciferase production in the
miR-96-FOXO1 model system (Fig. 3A); and (iii) they did not induce apoptosis (Fig. 3c).
The inactivity of 2, 4, and 5 was not due to differences in cellular permeability
(Supplementary Fig. 14). Thus, our integrated Inforna approach provides reliable prediction
of small molecules that are capable and incapable of targeting RNAs, and these predictions
are more accurate than standard medicinal chemistry approaches such as screening and
chemical similarity searching.

DISCUSSION

Herein, we have described a computational approach, based on experimentally derived
parameters, that identifies lead small molecules for RNA. Importantly, this Inforna method
allows the small molecule to dictate its ideal RNA target as defined by the fitness of the
interaction. That is, this approach can be “target agnostic” in that it can identify the potential
preferred RNA targets for a small molecule. Although a target agnostic approach was
employed herein, Inforna can potentially be used for any RNA target of interest. Its structure
need not be predicted from sequence; rather the structure can be determined from
experiment, phylogeny, computation, or combinations thereof and parsed by Inforna to
predict lead small molecules.

Indeed, Inforna successfully identified leads for 12 miRNA precursors, corresponding to a
hit rate of 41%. In these studies, we refined lead small molecule-miRNA interactions by
requiring the small molecule to bind to Dicer or Drosha processing sites as this could be a
general manner to inhibit mMiRNA biogenesis. We chose not to focus on apical (hairpin)
loops or targetable motifs within the mature miRNA for various reasons. Previous studies
indicate that the apical loop is dispensable** and that there is poor phylogenetic conservation
of the apical loop of a given miRNA across vertebrate genomes (only ~14% of all
miRNASs)#. This suggests that, in general, the loop is not essential for processing. It is
likely that those that are conserved require special trans-factors for efficient biogenesis*®.
Aptamers have been developed that target apical loops; two inhibit Drosha processing#6: 47
while another stimulates it4”. Targetable motifs located within the mature miRNA sequence
were also not considered as a recent study showed that, in some instances, mutations within
these regions are well tolerated; that is, they do not affect processing*®. Taken together,
apical loops or structures within the stem region do not appear to be general target sites for
inhibition of miRNA biogenesis.

The most fit small molecule-miRNA interactions predicted by Inforna is highly selective in
vivo as determined from miRNA profiling studies (Fig. 4). This selectivity can be traced to
modulation of an oncogene rather than non-specifically affecting cellular function. Most
anticancer therapeutics, such as cis-platin and chlorambucil, target biomolecules non-
specifically, giving rise to side effects*. Moreover, compound 1 was more selective than an
LNA oligonucleotide that binds miR-96’s seed region and an antagmoir (Figs. 2 & 4). Taken
together, our studies suggest that small molecules targeting the secondary structure of
precursor miRNAs can be more selective modulators of function than oligonucleotides that
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target RNA sequence. This is perhaps due to energetic degeneracy in targeting sequence
(even with mismatches) that may not occur when targeting structure. Moreover, StARTS
can provide insight into the energetic degeneracy of a small molecule for binding to more
than one RNA target. Another important advantage of small molecules is their cellular
permeability, a property not innate to oligonucleotides.

Inforna’s hit rate for providing bioactive compounds is quite good and suggests that our
approach could be more efficient than high throughput screening or other computational
approaches such as structure-based design and docking. We compared the bioactivity of
compound 1 to a library of small molecules that are biased for binding to RNA and three
chemically similar compounds. None affected miR-96 biogenesis (Supplementary Figs. 12 —
14). We have demonstrated that Inforna enables reliable design of bioactive small molecules
from only sequence. Since a myriad of genomic and functional studies are rapidly providing
information about disease-associated genes®°, our approach could provide an expedited
route to small molecules that target the RNA product of those genes and potentially
transform the manner in which RNA-directed chemical probes or therapeutics are identified.
It is likely as our dataset expands that Inforna can enable targeting of other RNA targets
with small molecules, including viral RNAs and structured regions in mRNAs such as
UTRs. Such rational, computational approaches could afford lead compounds to study
function without requiring the 3D structure of the RNA (structure-based design/docking) or
completing a high throughput screen, expeditiously fulfilling the promise of genomics-to-
patient therapeutics.

ONLINE METHODS
DNA Templates and PCR Amplification

The RNA motifs (internal loops) used in these studies were embedded into a hairpin
cassette, C1 (Supplementary Fig. 1)°1. The corresponding DNA templates (Integrated DNA
Technologies, Inc.) were PCR amplified in 1x PCR Buffer (10 mM Tris, pH 9.0, 50 mM
KCI, and 0.1% (v/v) Triton X-100), 2 uM forward primer (5’-
GGCCGGATCCTAATACGACTCACTATAGGGAGAGGGTTTAAT), 2 UM reverse
primer (5’-CCTTGCGGATCCAAT), 4.25 mM MgCl,, 330 uM dNTPs, and 1 pL of Taq
DNA polymerase in a 50 L reaction. The cycling conditions used for PCR were 95 °C for
305,50 °C for 30 s, and 72 °C for 1 min.

The miR-96 precursor used in nuclease protection assays was modified to contain a 5’-GGG
overhang to facilitate transcription using T7 RNA polymerase, or GGG-pre-microRNA-96.
There was no change in the lowest free energy secondary structure predicted by
RNAstructurel2, and nuclease protection assays confirmed that the predicted structure is
adopted in solution (Supplementary Fig. 6). The DNA template for GGG-pre-microRNA-96
was PCR amplified as described above except the primers were 5’-
GGCCGGATCCTAATACGACTCACTATAGGGTGGCCGATTTTGGC (forward) and 5’-
TTTCCCATATTGGCA (reverse) and the cycling conditions were 95 °C for 30 s, 55 °C for
30, and 72 °C for 1 min. The DNA templates used for PCR to produce double stranded
DNAs suitable for transcription were: C1: 5°-
GGGAGAGGGTTTAATTACGAAAGTAATTGGATCCGCAAGG 5’UUU/3’AUA:S’-
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GGGAGAGGGTTTAATTTTACGAAAGTAATATTGGATCCGCAAGG 5’'CGAUUU/
3’GGUAUA: 5’-GGGAGAGGGTTTAATCCGATTTTACGAAAGTAATATG-
GGATTGGATCCGCAAGG GGG-pre-microRNA-96:
S’GGGTGGCCGATTTTGGCACTAGCACATTTTTGCTTGTGTC-
TCTCCGCTCTGAGCAATCATGTGCAGTGCCAATATGGGAAA

RNA Transcription

RNA oligonucleotides were in vitro transcribed by T7 RNA polymerase in 1x Transcription
Buffer (40 mM Tris HCI, pH 8.1, 1 mM spermidine, 0.001% (v/v) Triton X-100 and 10 mM
DTT)>2 containing 2.25 mM of each NTP and 5 mM MgCl, at 37 °C overnight. The
transcribed RNAs were purified on a denaturing 15% polyacrylamide gel and isolated as
previously described39. Concentrations were determined by absorbance at 260 nm and the
corresponding extinction coefficient. Extinction coefficients were calculated using the
HyTher server®3: 54 which uses parameters based on the extinction coefficients of RNA
nearest neighbors®®.

Binding Affinity Measurements

Dissociation constants were determined using an in solution, fluorescence-based assay2.
The RNA of interest was folded in 1x Assay Buffer (8 mM NayHPOy, pH 7.0, 190 mM
NaCl, 1 mM EDTA and 40 pg/mL BSA) by heating at 60 °C for 5 min and slowly cooling to
room temperature. Fluorescently labeled small molecule was added to a final concentration
of 50 nM for 1-FI, 4-FI, and 5-FI or 500 nM for 2. Serial dilutions (1:2) were then
completed in 1x Assay Buffer supplemented with 50 nM of 1-FI, 4-FI, or 5-FI or 500 nM of
1. The solutions were incubated for 30 min at room temperature and then transferred to a 96-
well plate and fluorescence intensity measured. The change in fluorescence intensity as a
function of RNA concentration was fit to the following equation6:

I=Io+0.5A¢(([FL],+[RNAJ,+K;) — (([FL]o+[RNAJ,+K¢)? — 4[FL],[RNA],)"")

where | and Ig are the observed fluorescence intensity in the presence and absence of RNA
respectively, Ae is the difference between the fluorescence intensity in the absence of RNA
and in the presence of infinite RNA concentration, [FL]y and [RNA]g are the concentrations
of small molecule and RNA, respectively, and K; is the dissociation constant.

The targetable loops (motifs) were embedded into C1 (Supplementary Fig. 1) such that
affinity measurements could be completed. The secondary structures of the RNAs as
predicted by RNAstructure? and representative binding curves are shown in Supplementary
Fig. 12.

Nuclease Protection Assays

GGG-pre-microRNA-96 was 5’end labeled with 32P as previously described®’. Double
stranded RNA-specific endoribonuclease cleavage: The RNA was folded in 1x Reaction
Buffer (Ambion) by heating at 60 °C for 5 min and slowly cooling to room temperature.
Double stranded-RNA specific endoribonuclease (Escherichia coli RNase I11; Ambion) was
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then added to a final concentration of 0.15 units/uL followed by addition of serially diluted
concentrations of 1. The solution was incubated at 37 °C for 2 h, and the cleavage products
were separated on a denaturing 15% polyacrylamide gel. RNase T1 Cleavage: The RNA
was folded in either 1x RNA Sequencing Buffer (Ambion; denaturing conditions) or 1x
RNA Structure Buffer (Ambion; native conditions) by incubating it at 55 °C for 10 min
followed by slowly cooling to room temperature. RNase T1 was added to a final
concentration of 0.1 units/uL followed by addition of serially diluted concentrations of 1.
The solution was incubated at room temperature for 15 min, and the cleaved products were
separated on a denaturing 15% polyacrylamide gel.

Preparation of Cell Extracts Containing Drosha

HEK 293T cells were maintained in DMEM supplemented with 10% FBS in a T-75 flask.
After cells reached 70% confluency, they were transfected with Drosha-cmyc®® (Addgene
plasmid 10828) using Lipofectamine 2000 (Invitrogen) per the manufacturer’s protocol.
Approximately 48 h post-transfection, the cells were collected by scraping into 1 mL ice-
cold 1x DPBS followed by centrifugation at 6000 rpm for 5 min at 4 °C. The cells were
resuspended in 500 uL of 1x Lysis Buffer (20 mM Tris HCI, pH 8.0, 100 mM KClI, and 0.2
mM EDTA) and sonicated for 30 s. Cellular debris was pelleted by centrifugation (12000
rpm for 15 min at 4 °C), and the supernatant containing Drosha was transferred to a new
tube.

Inhibition of Drosha Cleavage In Vitro

Cell Culture

The cDNA template for pri-miRNA-96 was PCR amplified from MCF7 genomic DNA
using the following primers: forward primer, 5’-
GGCCGAATTCTAATACGACTCACTATAGGCACCAGTGCCATCTGCTT,; and reverse
primer, 5’~-CGCAGCTGCGGGTCCT. The forward primer contains a T7 promoter that was
employed to produce pri-miR-96 via run-off transcription as described above. Internally
labeled pri-miR-96 was transcribed using [a-32P]JATP and purified using a denaturing 10%
polyacrylamide gel.

To determine if 1 inhibits Drosha cleavage in vitro, 2 uL of 32P-labeled pri-miR-96 (approx.
10,000 counts) and 40 uM of 1 were incubated in 6.4 mM MgClI, (30 pL total volume) at
room temperature for 10 min. (Untreated controls included 0.04% DMSO, the same
concentration as in treated samples). Then, 1 pL of the Drosha-cmyc lysate was added, and
the samples were incubated at 37 °C for 3 h. The reactions were quenched by phenol-
chloroform extraction followed by ethanol precipitation. The resulting pellet was dissolved
in 10 pL of 2x Gel Loading Buffer (8 M urea, 50 mM EDTA, 0.05% (w/v) bromophenol
blue, 0.05% (w/v) xylene cyanol), and the reaction products were separated on a denaturing
10% polyacrylamide gel.

MCFT7 cells were cultured in Dulbecco’s modified eagle medium/F12 (DMEM/F12)
supplemented with 10% FBS (complete growth medium) at 37 °C and 5% CO».
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Plasmids
All luciferase constructs were generous gifts from Dr. Bruce White (University of
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Connecticut Health Center)38.

RNA Isolation and Quantitative Real Time Polymerase Chain Reaction (QRT-PCR) of

miRNAs

MCF7 cells were cultured in either 6-well or 12-well plates, and total RNA was extracted
using TRIzol LS reagent (Ambion) per the manufacturer’s protocol. Approximately 200 ng
of total RNA was used in reverse transcription reactions, which were completed using a
Tagman MicroRNA RT Kit (Applied Biosystems) or a miScript Il RT kit (Qiagen) per the
manufacturer’s protocol. qRT-PCR was performed on a 7900HT Fast Real Time PCR
System (Applied Biosystem) using Tagman Universal PCR Master Mix or power SYBR
Green Master Mix (Applied Biosystems). All primer sets for mature miRNAs were
purchased from Applied Biosystems. The expression level of mature miRNAs was
normalized to U6 small nuclear RNA.

Pri-, pre-, and mature miR-96 RT-PCR products were analyzed on a denaturing 10%
polyacrylamide gel stained with ethidium bromide. Expression levels were normalized to
GAPDH. The primers used for pre- and pri-miR-96 and GAPDH were purchased from IDT
(Supplementary Table 2). Statistical significance was calculated using a two-tailed student t-
test.

Transcriptome-wide Profiling of Mature MiRNAs by qRT-PCR

MCF7 cells were cultured and total RNA extracted as described above. Approximately 1 ug
of total RNA was used in reverse transcription reactions, which were completed using
miScript Il RT kit (Qiagen) per the manufacturer’s protocol. gRT-PCR was performed using
power SYBR Green Master Mix (Applied Biosystems) on a 7900HT Fast Real Time PCR
System. All forward primers were purchased from Life Technologies while the universal
reverse primer was purchased from IDT (Supplementary Table 2). Expression levels were
normalized using RNU6, SNORD44, SNORD47 and SNORDA48. Cells were treated with 40
UM of 1 or 100 nM of full-length antagomir against miR-96 (anti-hsa-miR-96-5p; Qiagen).

Dual Luciferase Assay

MCF7 cells were grown in 96-well plates to ~80% confluency in complete growth medium.
The cells were transiently transfected with 100 ng of plasmid encoding either the miR-96 3’
UTR target or a mutated 3° UTR target using Lipofectamine 2000 per the manufacturer’s
protocol. Approximately 5 h post transfection, the small molecule of interest was added in
complete growth medium, and the cells were incubated for another 20 h. Luciferase activity
was then measured using a Dual Glo Luciferase Assay System (Promega) per the
manufacturer’s protocol. The values reported are the average of at least three measurements,
and errors are the corresponding standard deviations. Statistical significance was calculated
using a two-tailed student t-test.
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Western Blotting

MCEF7 cells were grown in 6-well plates to ~80% confluency in complete growth medium.
The cells were then incubated with 40 uM of 1 for 20 h. Total protein was extracted using
M-PER Mammalian Protein Extraction Reagent (Pierce Biotechnology) using the
manufacturer’s protocol. Extracted total protein was quantified using a Micro BCA Protein
Assay Kit (Pierce Biotechnology). Approximately 40 ug of total protein was resolved on an
8% SDS-polyacrylamide gel, and then transferred to a PVDF membrane. The membrane
was briefly washed with 1x Tris-buffered saline (TBS), and then blocked in 5% milk
dissolved in 1x TBST (1x TBS containing 0.1% Tween-20) for 1 h at room temperature.
The membrane was then incubated in 1:1000 FOXO1 primary antibody (Cell Signaling
Technology) in 1x TBST containing 3% (w/v) BSA overnight at 4 °C. The membrane was
washed with 1x TBST and incubated with 1:2000 anti-rabbit IgG horseradish-peroxidase
conjugate (Cell Signaling Technology) in 1x TBS for 1 h at room temperature. After
washing with 1x TBST, protein expression was quantified using SuperSignal West Pico
Chemiluminescent Substrate (Pierce Biotechnology) per the manufacturer’s protocol. The
membrane was then stripped using 1x Stripping Buffer (200 mM glycine, pH 2.2 and 0.1%
SDS) followed by washing in 1x TBS. The membrane was blocked and probed for GAPDH
following the same procedure described above using 1:2000 GAPDH primary antibody
(Abcam). ImageJ software (National Institutes of Health) was used to quantify band
intensities. Statistical significance was calculated using a two-tailed student t-test.

siRNA Treatment

ON-TARGETplus SMARTpool FOXO1 siRNA and ON-TARGETplus GAPD Control Pool
(Dharmacon; Thermo Scientific) were used at a final concentration of 100 nM. MCF7 cells
were reverse transfected in a 6-well plate using Lipofectamine RNAIMAX reagent
(Invitrogen) per the manufacturer’s protocol.

APO BrdU TUNEL Assay

MCEF7 cells were grown in 6-well plates to 70-80% confluency. For experiments in which
an siRNA was used to knock down FOXOL1 or GAPDH expression, the cells were first
transfected as described above. Cells were treated with small molecules for 20 h followed by
completion of an APO BrdU TUNEL assay (Molecular Probes) per the manufacturer’s
protocol. Flow cytometry was performed using a BD LSRII instrument (BD Biosciences).
At least 10,000 events were used for analysis. Statistical significance was calculated using a
two-tailed student t-test.

Annexin V/PI Assays

MCF7 cells were grown in 6-well plates to 70-80% confluency. The cells were incubated
with 40 pM of 1 for 20 h and then detached from the surface using accutase. They were
washed twice with ice cold 1x DPBS and then twice with 1x Annexin Binding Buffer (50
mM Hepes (pH 7.4), 700 mM NaCl and 12.5 mM CaCl,). The cells were resuspended in
100 pL 1x Annexin Binding Buffer, and then 5 pL Annexin V-APC (eBioscience) were
added. The solution was incubated for 10 min at room temperature followed by washing
with 1x Annexin Binding Buffer. The cells were then stained with 1 pg/mL propidium
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iodide (PI) in 300 pL of 1x Annexin Binding Buffer for 15 min at room temperature. Flow
cytometry was performed using a BD LSRII instrument (BD Biosciences). At least 10,000
events were used for analysis. Statistical significance was calculated using a two-tailed
student t-test.

Cellular Permeability

MCF7 cells were grown in 6-well plates to ~80% confluency in complete growth medium.
Then, 10 uM of the indicated small molecule was added, and the cells were incubated for 20
h. The cells were trypsinized from the plate, washed twice with 1x DPBS, and stained with 1
pg/mL PI for 30 min on ice. Cellular permeability was quantified by flow cytometry using a
BD LSRII flow cytometer (BD Biosciences) and Hoechst filters. At least 10,000 events were
used for analyses (Supplementary Fig. 14).

Assessment of Cellular Morphology

MCF7 cells were grown in 6-well plates to ~80% confluency in complete growth medium.
Then, 40 uM of the indicated small molecule was added to the well, and the cells were
incubated for 20 h. The cells were imaged using an Olympus 1X71 microscope
(Supplementary Fig. 14).

Synthesis of 1, 2, 4, 5 and their fluorescein conjugates

Compounds 1, 2, 4 and 5 and the fluorescein conjugates of 1 and 4 (1-FI and 4-Fl,
respectively; Supplementary Fig. 15) were synthesized as previously described?2.
Compounds 1-FI, 4-FI, and 5-FI were used to measure binding affinities; 2 was used directly
to measure affinities (without fluorescein conjugation).

Synthesis of 5-FI (Supplementary Figs. 15 & 16)

A 3.4 umol sample of N-(2-propynyl) 5-fluoresceincarboxamide in methanol was added to a
solution containing 10 umol 5, 34 pumol CuSQy, 72 umol freshly dissolved ascorbic acid,
and 0.3 pmol TBTA. The final volume was brought to 1.5 mL with methanol. The reaction
mixture was transferred to a microwave reaction vessel, a magnetic stir bar was added, and
the flask was sealed with a Teflon septum and aluminum crimp top. The reaction vessel was
placed in an Emrys™ Optimizer system (Biotage), and the reaction was maintained at 110
°C for 4 h with stirring. The crude reaction mixture was purified by reverse phase HPLC
using a linear gradient of 20% to 100% B in A over 60 min (A is 0.1% (v/v) TFA in water
while B is 0.1% (v/v) TFA in methanol). The purity of the product was evaluated on a
Waters Symmetry® C18 5 um 4.6x150 mm column using a Waters 1525 binary HPLC
pump equipped with a Waters 2487 dual ) absorbance detector system. Separations were
completed at room temperature using a 1 mL/min flow rate and a linear gradient of 0% to
100% B in A over 50 min. Absorbance was monitored at 220 and 254 nm. tg = 35 min;
isolated yield = 70% (determined by absorbance at 496 nm in 1X PBS, pH 7.4 using an
extinction coefficient of 45000 M~ cm™1). High-resolution mass spectrometry analysis:
calculated mass: 890.3580 (M+H™); observed mass: 890.3590 (M+H*). IH NMR: (CD30D,
400 MHz) & 8.46 (s, 1H), 8.23 (2H,d, J=9), 8.00 (3H, m), 7.68 (1H,d, J=9), 7.40 (1H, J=9),
7.34 (1H, dd, J=2,34) 7.25 (2H, d, J=9), 6.71 (s, 2H), 6.57 (4H, m), 5.00 (s, 1H), 4.70 (s,
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2H), 4.44 (2H, t, J=14), 4.18 (2H, t, J=14),3.95 (2H, m), 3.70 (3H,m), 3.24 (5H, m), 3.02
(3H, s), 2.43 (2H, t, 14), 2.13 (4H, m); 13C NMR: (CD40D, 175 MHz) § 173.9, 163.3,
149.2,149.1, 132.1, 129.2, 126.2, 117.8, 115.6, 114.6, 113.9, 102.2, 99.6, 67.5, 53.2, 46.5,
42.1,36.0, 31.8, 29.6, 24.7;

Inforna Software

Inforna is freely available for academic use and may be accessed at http://RNA-
inforna.florida.scripps.edu. Please visit http://www.scripps.edu/disney/software.html for
access. The authors request citation of the use of Inforna in all published works that use this
resource.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The Inforna approach to design small molecules that target RNA from sequence applied to

human miRNA precursors. (a), sequences of all miRNA precursors in the human
transcriptome were downloaded from miRBase2C and their secondary structures were
predicted via RNAstructurel2, Inforna then extracted the secondary structural elements
(motifs) from each RNA and compared them to a database of RNA motif-small molecule
interactions identified by 2DCS. (b) and (c), the results of Inforna mining of mMiRNA
precursor-small molecule interactions. (b)a plot of the miRNA precursors for which a small
molecule was predicted to bind Dicer or Drosha processing sites as a function of Fitness
Score. Higher Fitness Scores indicate a higher affinity interaction. (c)structures of small
molecules 1, 2, 3, and 4 that bind to processing sites in miRNA precursors. Compound 5 is
structurally similar to compound 1 and was employed in various assays. Structures of the
other small molecules indicated in panel B can be found in Supplementary Fig. 3: 6 — 6’-
N-5-hexynoate neamine (upside down triangle); 7 — 5-O-(2-azidoethyl)-neamine (star); 8 —
6”-azido-tobramycin (hexagon); 9 — 5”-azido-neomycin B (diamond).
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Designer small molecules targeting miRNA precursors identified via Inforna are bioactive.
(a) secondary structures of the miRNA precursors studied. Compounds 1, 2, and 3 bind the
regions indicated with gray boxes in miR-96, miR-182, and miR-210 precursors,
respectively. MiR-96, —182, and —183 are transcribed as a cluster. (b)results of gqRT-PCR
analysis for production of mature miRNAs showing that the desigher compounds modulate
biogenesis to varying extents and with varying selectivities. (c) Left, sequence of the mature
miRNAs that were studied. The underlined regions indicate designed oligonucleotide
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binding sites; mismatches are shown in black. Right, gRT-PRC data for miR-96, miR-182,
and miR-183 after treatment with an LNA oligonucleotide targeting miR-96. The LNA is
unable to discriminate between miR-96 and miR-182 at any concentration tested. In
contrast, 1 selectively silences miR-96 (panel B). “*” indicates p<0.05 while “**” indicates
p<0.01 as determined by a two-tailed student t-test (n=3). Error bars are the standard
deviations in the measurements.
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Fig. 3.

Ef?‘ects of small molecules on the downstream targets of miR-96. (a) a luciferase model
system was used to monitor the effect of 1 on FOXO1 expression, which is negatively
regulated by miR-96. Small molecules that inhibit miR-96 maturation increase luciferase
activity. Compound 1 increases luciferase activity by ~1.7-fold when MCF7 cells are treated
with 40 uM compound. No effect on luciferase expression is observed when the miR-96
seed region is mutated such that it is unresponsive to miR-96. Compounds 2, 4, and 5 have
no effect on luciferase expression. (b)1 increases endogenous FOXOL1 protein expression as
determined by Western blot. (c) 1 induces apoptosis as determined by TUNEL and Annexin
V/PI assays (see also Supplementary Fig. 9). Since FOXO1 expression induces apoptosis, a
small molecule that inhibits miR-96 maturation (thus increasing FOXO1 expression) should
induce apoptosis. As expected, 1 stimulates apoptosis when MCF7 cells are treated with 40
UM compound while 2, 4, and 5 do not (also at 40 uM). (d)to confirm that 1 induces
apoptosis via increasing expression of FOXO1 protein, RNAI was used to knock down
expression of FOXO1 mRNA. If the expression of another protein is affected by 1, then
treatment should still induce apoptosis. Compound 1’s ability to induce apoptosis was
reduced by ~70% upon FOXOL1 siRNA treatment. Thus, its mode of action is via inhibition
of pre-miR-96 maturation and concomitant induction of FOXO1 expression. “**” indicates
p<0.01 as determined by a two-tailed student t-test (n33). Error bars are the standard
deviations in the measurements.
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Profiling of disease-associated miRNAs that are affected upon addition of 40 uM of
compound 1 or a miR-96 antagomir. (a)Fitness Plot for compound 1 in which potential off-
targets are indicated. Orange circles indicate Drosha sites; green circles indicate Dicer sites.
(b)plot of the change in expression of 149 miRNAs after treatment with 1. Amongst 149
miRNAs, only the production of mature miR-96 is significantly affected. (c)plot of the
change in expression of 149 miRNAs after treatment with a miR-96 antaogmir. The
expression of 12 miRNAs significantly change (=2.5-fold) upon tranfection of the
antagomir. These studies demonstrate the selectivity of the small molecule for the intended

target and pathway.
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