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small molecules that can target RNAs. This paper reports a simple

and efficient method to comprehensively analyze RNA motifs that _Pre-miRNA mutant
. . library (4,096 mutants) - -

can be bound by a specific small molecule. The method involves v High-throughput sequencing
Dicer-mediated pre-miRNA cleavage and subsequent analysis of small molecule

. : . () ()
the reaction products by high-throughput sequencing. A pre- mutanti 263 173

: . . : . B mutant 2 325 405 Identification of RNA motifs

miRNA mutant library containing a randomized region at the Dicer mutants 168 128 for amall-onolecule
cleavage site was used as the substrate for the reaction. Sequencing mutant 4 134 31
analysis of the products of the reaction carried out in the presence mutant 4096 12 8

or absence of a synthetic small molecule identified the pre-miRNA

mutants whose Dicer-mediated cleavage was significantly altered by the addition of the small molecule. The binding of the small
molecule to the identified pre-miRNA mutants was confirmed by surface plasmon resonance, demonstrating the feasibility of our
method.

Bl INTRODUCTION Next-generation sequencing (NGS) technology, also known

The Encyclopedia of DNA Elements (ENCODE) project' has as high-throughp ut sec!u'encing technology, en"‘g’}% simulta-
revealed that >70% of the human genome is transcribed into neous sequencing of r.mlhor.15 of DNA frag.ments,. " and h?s
RNA, whereas only ~3% of the genome encodes proteins. The been _"‘P};li‘;g 1 various 1nvest1ga.t1on3s L};ncludmg genorie
RNAs that are not translated to proteins are called non-coding analysis, transcriptome - profiling, and epigenomic

RNAs (ncRNAs), and they have been found to exhibit diverse ;nalyls)l s. Using ?GS J tec.h nology, SYnthetlsa,sfs{Nf; hbre;rlcis
functions in various biological processes.”~* With an increasing ave been screened to identify RNA aptamers and catalytic

35,36 . )
number of reports describing the important roles of ncRNAs in RNA,S' d RNA sfe:quenalrll & bYl NGIS has bee.n apPP he,d to COEFC}:
cellular functions and diseases,” strategies that target specific massive data sets for small molecule=RNA interactions, whic
ncRNAs and modulate their functions using small molecules should advance the development of small molecules that target

have attracted the interest of researchers from various research RNAs. In particular, by combining NGS with other detection

methods and bioinformatics analysis, target RNA motifs of small
11

fields, includi 1l biology, dicine, biotechnology, and
C}elenslisgl;su—gmg cell biofogy, Mmedicine, biotechinology, an molecules have been identified from RNA libraries.

In the past decade, methods have been developed to identify . Hcf.rein, we dgscribe 2 sirgple anfi efﬁci‘enAt method FO identify
small molecules and drugs that target RNAs. They are in binding motifs in a pre-miRNA-like hairpin for a given small
vitro'® 7 or in silico™” screening of a chemical library molecule. We have previously shown that a small molecule can

)

structural modification of natural pro ducts,?"2? and more inhibit the cleavage of precursor miRNAs (pre-miRNAs) by

1 . . 37,38 ¢ . /
recently, design of small molecules using databases of RNA- binding to the‘cher cleavageA51te. D1c.er recognizes the 3
small molecule interactions.2>>* Although these methods end of a pre-miRNA and cuts it at a fixed distance from the end

successfully discovered small molecules that target various with little sequence preference. This mode of cleavage by the

RNAs including microRNA (miRNA) precursors'”'*2* and Dicer and our previous results inspired us to design a new
long ncRNAs (IncRNAs),” identification of small molecules
that bind target RNAs with high affinity and selectivity remains a Received: May 24, 2022
challenge. This is partly due to our limited understanding of the Accepted:  September 1, 2022
small molecule—RNA interactions. To understand the nature of Published: September 23, 2022
small molecule—RNA interactions, collecting and analyzing

RNA binding pairs of a small molecule comprehensively is of

crucial importance.
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Figure 1. (A) Outline of the method in this study. (B) Sequences and predicted secondary structures of pre-miR-136 and the pre-miRNA-NG6 library.
The arrowheads indicate the putative Dicer cleavage site. (C) Chemical structure of NCD and binding to §’-CGG-3'/5'-CGG-3’ in dsDNA. The
dashed blue box shows the hydrogen bonding between the N-methoxycarbonyl-1,8-naphthyridine unit and guanine.

method for the identification of RNA motifs that can be bound
by small molecules in the pre-miRNA structural context. We use
a pre-miRNA mutant library containing a randomized sequence
at the Dicer cleavage site that can serve as the binding site for a
small molecule as the substrate for the Dicer. We hypothesized
that the binding of a small molecule to the randomized region
would affect the Dicer-mediated cleavage of particular pre-
miRNA mutants and this can be assessed by analyzing the
reaction products by NGS. To demonstrate our strategy, we
analyzed the effect of a small molecule, naphthyridine carbamate
dimer (NCD), on Dicer-mediated cleavage of the pre-miRNA
mutant library and identified pre-miRNA mutants whose
cleavage was affected by NCD. The identified pre-miRNA
mutants were evaluated for their binding to NCD by surface
plasmon resonance (SPR) and the effect of NCD binding on the
Dicer-mediated cleavage by gel electrophoresis to confirm the
accuracy and effectiveness of our proposed method.

B RESULTS AND DISCUSSION

Sequencing Analysis of Dicer-Cleaved Pre-miRNA
Mutant Library. Our method involves the enzymatic digestion
of target RNA substrates in a pre-miRNA mutant library
followed by high-throughput sequencing of uncleaved substrates
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by the NGS platform (Figure 1A). The pre-miRNA mutant
library containing a randomized sequence adjacent to the
putative Dicer cleavage site was designed and used. Following
the addition of the small molecule and Dicer treatment, the
uncleaved substrates were converted into a DNA library for
high-throughput sequencing. The sequencing data were
analyzed to count the number of reads for each pre-miRNA
mutant. The difference in the frequency of each mutant between
the library with or without the small molecule was statistically
analyzed.

We first constructed a pre-miRNA library for the Dicer-
mediated cleavage reaction. We chose pre-miR-136 as a
structural template (Figure 1B). Pre-miR-136 was demonstrated
to be a suitable substrate for the Dicer with high cleavage
efficiency in our previous study.” Pre-miR-136 has a cytosine
bulge near the 5" end, a §’-UUU-3'/5'-UCU-3' internal loop in
the middle of the stem, and a 9-nt terminal loop. Six nucleotides,
5'-GAU-3'/5’-AUC-3’ (shown in bold in Figure 1B), close to
the putative cleavage site of the Dicer were randomized as 5'-
N|N,N;-3"/5'-N,N3N4-3" to generate the pre-miRNA-N6
library that consists of 4,096 pre-miRNA mutants. In this
study, we used the compound NCD (Figure 1C) from our
chemical library to test this method. NCD is a synthetic

https://doi.org/10.1021/acschembio.2c00452
ACS Chem. Biol. 2022, 17, 2817-2827


https://pubs.acs.org/doi/10.1021/acschembio.2c00452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00452?fig=fig1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.2c00452?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

Table 1. Summary Statistics for the High-Throughput Sequencing Data”

experiment no. 1

experiment no. 2

NCD

B

584738 (52.1%)
537127 (47.9%)
1121865

matched reads
non-matched reads
1060 688

total reads 891 410

484051 (45.6%) 485458 (54.5%)
576 637 (54.4%) 405952 (45.5%)

“Values in parentheses are percentages of the matched or nonmatched reads to total reads.

compound that contains two naphthyridine rings connected by a
flexible methylene linker. NCD binds to the 5'-CGG-3'/S'-
CGG-3’ sequence motif in double-stranded DNA by formin
hydrogen bonds with the unpaired guanines in the motif.*
However, NCD exhibits only weak binding to the same
sequence motif in a double-stranded RNA (unpublished data).
Recently, we coincidentally found a high-affinity interaction
between NCD and RNA."!

The in vitro Dicer reaction of the pre-miRNA-NG6 library was
performed in the absence or presence of NCD. Cleaved and
uncleaved RNAs in the reaction were reverse-transcribed into
cDNA using a primer partially complementary to the 3" arm
sequence of the pre-miRNA-N6 library. The ¢cDNA was
amplified using PCR. Adapter sequences and a barcode
sequence required for sequencing analysis were incorporated
during the PCR (Figure 1A). The reverse-transcription primer
binds to uncleaved and cleaved RNAs that contain the 3’-arm
sequence of the library but not to cleaved RNAs that contain
only the S’-arm sequence. During the PCR amplification, the
forward primer binds only to cDNAs that contain the sequence
partially complementary to the 5’ arm sequence of the pre-
miRNA-N6 library. This results in selective amplification of
cDNAs corresponding to the uncleaved RNA mutants. The
obtained dsDNA library was sequenced on the ion PGM
platform. We conducted three independent experiments
(experiments #1, #2, and #3) and investigated how the addition
of NCD affects Dicer-mediated cleavage of each pre-miRNA
mutant in the library.

The sequencing results are summarized in Table 1. We
identified reads that perfectly matched the primer regions and
internal fixed regions using an in-house Perl script. In
experiment #1, the number of matched reads was 584 738 for
the NCD (—) sample and 484 051 for the NCD (+) sample. On
average from three independent experiments, the number of
matched reads was 510942 for the NCD (—) sample and
442 556 for the NCD (+) sample. The matched reads were
counted for all 4096 mutants, and the obtained counts were
transformed into log,RP100K (reads per 100 000 total reads)
values. First, we generated histograms to compare the frequency
distribution of log-fold-change (log FC) values for 4096 mutants
between NCD (—) and (+) samples of each experiment (Figure
2). The histograms obtained from experiments #1 and #3
showed a similar frequency distribution of log FC, where the
majority of the mutants were within the range of —1 < log FC <
+1 (Figure 2A,C,D).

In contrast, the frequency of the log FC values in experiment
#2 had a broader distribution with a peak shift compared with
that of the other experiments (Figure 2B). Most of the mutants
showed a decreased frequency of reads in the NCD (+) sample,
indicated by negative log FC values (Figure 2B,D). The
difference in the frequency distribution of log FC among the
three experiments leads to false identification of mutants if
analyzed by the same statistical procedures. Therefore, we
performed a linear regression analysis on the log,RP100K values

experiment no. 3 average
+ — + — +
387013 (49.5%) 462631 (53.0%) 456634 (54.4%) 510942 442 566
395258 (50.5%) 410202 (47.0%) 383587 (45.6%) 451094 451 827
782271 872 833 840221 962 036 894 393
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Figure 2. Frequency distribution of log-fold-change (log FC) values for
4096 mutants. The log FC values were calculated by subtracting the
log,RP100K values in the NCD (—) sample from the log,RP100K
values in the NCD (+) sample in (A) experiment #1, (B) experiment
#2, and (C) experiment #3. (D) Box-plot representation of the
frequency distribution of log FC values.

between NCD (—) and (+) samples using the middle 50%
mutants of the log FC distribution, and normalized the
experimental data by the obtained equations (Figure S1). The
normalized log,RP100K values of the mutants from the NCD
(—) and (+) samples were plotted and are shown in Figure 3A—
C. The normalized log,RP100K values were converted back to
the read counts and a statistical analysis of the difference in
frequency of each mutant obtained for NCD (—) and (+)
samples was performed using Pearson’s chi-square test with
Bonferroni correction.”” Details of the chi-square test are
described in the Methods section. We identified 70, 110, and 14
mutants that exhibited significant differences (g <0.05) between
NCD (-) and (+) samples in Experiment #1, #2, and #3,
respectively. Among these mutants identified, 67, 105, and 11
mutants (obtained from experiments #1, #2, and #3,
respectively) yielded more reads in the NCD (+) sample,
showing that Dicer-mediated cleavage of these mutants
proceeded less efficiently in the presence of NCD than in the
absence of NCD. We refer to these mutants as inhibited mutants
(Figure 3A—C, red dots). In contrast, 3, S, and 3 mutants
(obtained from experiments #1, #2, and #3, respectively)
yielded more reads in the NCD (—) sample, showing that Dicer-
mediated cleavage of these mutants proceeded more efficiently

https://doi.org/10.1021/acschembio.2c00452
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Figure 3. (A—C) Scatter plots representing the normalized log,-transformed read counts for 4096 pre-miRNA mutants obtained from the reaction in
the absence («x-axis) and presence (y-axis) of NCD. Red dots represent the inhibited mutants, and light blue dots represent the promoted mutants.

in the presence than in the absence of NCD. We refer to these
mutants as the promoted mutants (Figure 3A—C, light blue
dots). The numbers of the inhibited mutants and promoted
mutants obtained from each of the three experiments are shown
in Table 2. We found 11 inhibited mutants and two promoted
mutants that were identified in all three experiments (Table 3).

Table 2. Summary of the Number of Mutants That Showed
Significant Difference in the Frequency Obtained for the
NCD (—) Sample and NCD (+) Sample

experiment no. inhibited mutants  promoted mutants  total

1 67 3 70
2 105 S 110
3 11 3 14
identified in 1, 2, and 3 11 2 13

The 11 inhibited mutants exhibited a clear preference for the
guanine base in the randomized region (Figure 4A). The overall
content of guanines in the randomized region was >70%, which
is considerably higher than that of the other bases. Significantly
high frequencies of guanine were observed at positions N; (10
out of 11 mutants, 91%), N, (9 out of 11 mutants, 82%), and N,
(100%). On the other hand, uracil was preferred at position N

A Inhibited B Promoted
N]NZN,3 NNZN>
GGG C
U C
<U U
Ng Ny N, N Ng N,

Figure 4. Sequence logo of the randomized region for (A) 11 inhibited
mutants and (B) two promoted mutants identified in all of the three
experiments.

(7 out of 11 mutants, 64%). The frequencies of adenine and
cytosine bases in the randomized region were as low as 5% and
3%, respectively. The two promoted mutants share a similar
sequence (5'-CGG-3'/5'-AGU-3’ and 5'-CGG-3'/5'-AGC-3")
in the randomized region, where the only difference is in the
nucleobase at the Ny position (U or C) (Figure 4B). To confirm
that the observed changes in the frequency of mutants are
indeed due to the effect of NCD addition to the Dicer reaction
and not because of the effect of NCD on other steps such as
reverse transcription and PCR, we performed sequencing
analysis on the pre-miRNA-NG library without subjecting it to
Dicer cleavage but treating with NCD (Table S1 and Figure S2).

Table 3. List of the Inhibited Mutants and the Promoted Mutants

experiment no. 1

experiment no. 2 experiment no. 3

log,RP100K log,RP100K log,RP100K
sequence: 5'-N;N,N;-3'/5'-N,N;N¢-3’ NCD (-) NCD (+) log FC NCD (=) NCD (+) log FC NCD (=) NCD (+) log FC
Inhibited Mutants
GUG GGU 6.71 8.68 1.97 5.93 9.64 3.71 6.87 7.73 0.86
GGU GUG 7.11 8.78 1.67 6.21 991 3.70 7.17 7.94 0.77
GGU GUA 6.64 8.78 2.14 6.13 10.02 3.88 691 7.78 0.88
GGU GGU 7.33 9.14 1.81 6.56 10.45 3.89 7.56 8.19 0.63
GGG GUU 7.34 9.07 1.73 6.92 10.12 3.20 7.68 8.28 0.60
GGG GUG 6.51 8.14 1.64 5.94 9.07 3.13 6.69 7.50 0.81
GGG GGU 7.18 8.73 1.55 6.54 9.83 3.29 7.28 8.11 0.82
GGG GGG 6.20 7.585 1.35 5.27 8.68 3.42 6.35 7.31 0.96
GGC GGU 6.77 9.13 2.36 6.26 10.57 4.30 6.99 7.93 0.94
GCA GGU 5.93 8.25 231 5.46 9.25 3.80 6.17 7.16 1.00
AGG GGU 5.96 8.36 2.40 5.70 9.62 3.93 6.28 7.33 1.06
Promoted Mutants
CGG AGU 7.53 5.62 —-191 6.95 6.10 —0.85 7.63 5.24 —-2.40
CGG AGC 6.12 4.20 -1.92 5.39 4.51 —0.88 6.13 4.08 —2.06
2820 https://doi.org/10.1021/acschembio.2c00452
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Figure 5. Denaturing PAGE analysis of Dicer-mediated cleavage in the presence or absence of NCD of (A) the inhibited mutants, (B) the promoted
mutants, and (C) the non-responders. Densitometric analyses were performed on SYBR Gold-stained gels and the fractions of uncleaved substrate (%)
in the absence (light gray bars) and presence (dark gray bars) of NCD are shown as bar graphs in panels (D) the inhibited mutant, (E) the promoted
mutants, and (F) the non-responders. NCD concentration: 100 uM, S: Substrate, I: Intermediate, P: Product. Data are represented as mean = SD of

three independent experiments. *p < 0.05 and **p < 0.01 versus the sample

without NCD addition (paired t-test).

We identified one promoted mutant that exhibited significant
differences (g < 0.05) between the NCD (—) and (+) samples in
experiment #3, but this mutant was not identical to any of the
mutants identified above in the samples with Dicer cleavage.
Validation of the Identified RNA Motifs. To validate the
sequencing data, the inhibited mutants and the promoted
mutants (Table 3) were separately prepared and cleaved by the
Dicer in the presence or absence of NCD. We also selected 7
mutants that exhibited a high g value (non-responder) in all
three experiments and used them as controls for the Dicer
cleavage reaction. The reaction products were analyzed by
denaturing PAGE, and RNA bands were visualized by staining
the gel with SYBR Gold (Figure SA—C). Densitometric analyses
of the visualized bands were performed to determine whether
the addition of NCD to the Dicer reaction affects the relative
abundance of cleaved RNAs and the uncleaved substrate (Figure
SD—F). In all of the inhibited mutants, the intensity of the band
and the fraction of the uncleaved substrate significantly
increased in the presence of NCD (Figure SA,D). For the §'-
GGU-3'/5'-GUG-3’ mutant, the fraction of the uncleaved
substrate increased by 12.3-fold from 7.2 + 3.2% in the absence
to 88.4 + 3.0% in the presence of NCD. A similar increase of
11.8-fold was observed for the 5'-GUG-3'/5’-GGU-3’ mutant,
where the fraction of the uncleaved substrate was 6.6 + 2.1% in
the absence and 78.6 + 3.0% in the presence of NCD. The
inhibitory effect of NCD on the cleavage of the 5-GGU-3'/5'-
GUG-3’ mutant and 5'-GUG-3'/5'-GGU-3’ mutant was
concentration-dependent and the IC50 values of NCD were
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estimated as 4.5 + 0.1 and 5.2 + 0.4 uM, respectively (Figure
S3). Among the inhibited mutants, relatively small changes in
the fraction of the uncleaved substrate were observed for 5'-
GGG-3'/5-GUU-3’, §'-GGG-3'/5'-GUG-3', and 5'-GGG-3'/
5'-GGG-3' mutants (1.5-, 1.4-, and 1.5-fold increase,
respectively), probably because of the moderate cleavage of
these mutants by the Dicer in the absence of NCD. These data
obtained for the inhibited mutants demonstrate the inhibitory
effect of NCD on Dicer-mediated cleavage of these mutants.
In contrast to the inhibited mutants, the effect of NCD
addition was not evident for Dicer-mediated cleavage of the
promoted mutants (Figure SB,E). The fractions of the
uncleaved substrate for 5-CGG-3'/5-AGU-3’ and 5'-CGG-
3'/5'-AGC-3’ mutants did not change significantly in the
presence of NCD, 1.1- and 1.0-fold changes, respectively. NCD
had different effects on the Dicer-mediated cleavage of the non-
responders (Figure SC,F). In 4 out of 7 non-responders that
were tested, NCD addition did not significantly change the
fraction of the uncleaved substrate, suggesting that NCD had
little effect on Dicer-mediated cleavage of those mutants. On the
other hand, NCD affected Dicer-mediated cleavage of the other
three mutants with statistical significance. Densitometric
analysis showed that the fraction of the the uncleaved substrate
increased for 5'-GGC-3'/5'-GUG-3’ and 5'-ACA-3'/5'-GCG-
3’ mutants in the presence of NCD (S.1- and 1.9-fold increase,
respectively). The addition of NCD decreased the fraction of the
uncleaved substrate for the S-CAC-3'/5’-GCG-3’ mutant (0.4-
fold). The discrepancy observed between the sequencing and
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Figure 6. SPR analysis of the binding of NCD to (A) the inhibited mutants and (B) the promoted mutants. RNA was added stepwise at 0.01 uM
(yellow), 0.03 uM (green), 0.1 uM (blue), 0.3 (purple), and 1.0 uM (red) to the NCD-immobilized sensor surface. Insets are higher magnification

views.

PAGE results for the promoted mutants and non-responders is
discussed later in this paper.

Confirmation of NCD Binding to the Identified RNA
Motifs. Next, we assessed whether NCD binds to these selected
mutants by surface plasmon resonance (SPR) assay. NCD was
immobilized onto a sensor chip surface (Scheme S1) and the
association and dissociation kinetics of the mutants to the sensor
surface were recorded at five concentrations ranging from 0.01
to 1 uM (Figure 6). Among the 11 inhibited mutants, eight
mutants produced a significant increase in the SPR signal for the
NCD-immobilized sensor surface, whereas three mutants (5'-
GGG-3'/5'-GUU-3’, 5'-GGC-3'/5'-GGU-3/, and 5'-GCA-3'/
5’-GGU-3’ mutants) showed weaker responses (Figure 6A).
The apparent dissociation constant (KD;PP) values calculated

from rate constants, assuming a 1:1 binding stoichiometry,
revealed that these inhibited mutants have an affinity for NCD in
the nanomolar range (15.5—110 nM) (Table S2). The 2
promoted mutants showed weak responses to the NCD-
immobilized sensor surface (Figure 6B), and they exhibited
higher Ky,  values than the inhibited mutants (Table S2). The
SPR responses obtained for the non-responders were smaller
than those obtained for the inhibited mutants, except for one
mutant 5'-GGC-3'/5'-GUG-3’ (Figure S3). The Ky, values
calculated for the non-responders varied, ranging from 65.5 nM
to 23.1 uM (Table S2). Overall, the SPR responses obtained for
the inhibited mutants were higher than those obtained for the
promoted mutants and non-responders. However, the Kp__
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values obtained for the binding of NCD to the promoted
mutants or non-responders are within 4-times the highest Ky,

value of 110 nM obtained for the inhibited mutant 5'-GCA-3'/
5'-GGU-3’, except for two non-responders (5'-GCC-3'/S’-
GGC-3' and §'-CAC-3'/5-GCG-3’) that showed extremely
high Ky, values.

Search for the Identified RNA Motifs in Endogenous
Pre-miRNA Hairpin. MiRNAs regulate gene expression at the
post-transcriptional level. They are produced by sequential
cleavage of hairpin-structured precursors by two RNase III
enzymes, Drosha and Dicer.””** Mature miRNAs are loaded
onto argonaute 2 protein (AGO2) to form an RNA-induced
silencing complex, where they bind to their target sequence in
mRNA and lead mRNA cleavage or translational repression.
Because miRNAs are involved in many cellular processes
including carcinogenesis, targeting the biogenesis of a specific
miRNA by small molecules can be a therapeutic strategy for the
treatment of diseases associated with miRNA dysregulation.

We, therefore, looked at whether the identified NCD-binding
RINA motifs are present in the endogenous pre-miRNA hairpins.
To date, 34 675 sequences of pre-miRNA hairpins have been
deposited in the miRBase database.

The sequences of pre-miRNA hairpins in the database were
downloaded and their secondary structures were predicted using
the ViennaRNA package.** The RNA motifs identified in the 11
inhibited mutants were searched in the stem region, and the pre-
miRNA hairpins that was found to contain the RNA motifs were
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FC: fold change. *p-value < 0.0S.

counted. We found that the 11 RNA motifs are present in 738
positions in the pre-miRNA hairpins in the database (Figure
SS5A,B), and 49 positions in 41 human pre-miRNA hairpins
(Figure 7), respectively. Among the 11 RNA motifs, the §'-
GGU-3'/5-GGU-3’ motif was the most frequently found in the
human pre-miRNA hairpins, and 5’-GCA-3'/5'-GGU-3’, and
§’-GGC-3'/5-GGU-3’ were found to be the second and third
most frequently observed. We selected three miRNA precursors,
pre-miR-216a, pre-miR-3689¢, and pre-miR-6073, which
contain one or more of the 11 motifs found in the inhibited
mutants, and investigated the effect of NCD on Dicer-mediated
cleavage of these miRNA precursors (Figure S6). Addition of
NCD decreased the fraction of cleaved products for pre-miR-
3689¢ and pre-miR-6073. On the other hand, the fraction of
cleaved products and uncleaved substrates did not change
significantly upon addition of NCD in the reaction for pre-miR-
216a. This difference in the effect of NCD may be related to the
position of a possible NCD-binding site in the miRNA
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precursor, which is consistent with the result observed in the
previous study.”®

To see the effect of NCD treatment on miRNA expression in
cells, we performed small RNA sequencing on NCD-untreated
and NCD-treated HeLa cells with each condition run in
triplicate. The sequencing reads were mapped to the human
reference genome sequence (hgl9) and the miRNA loci were
annotated with the miRBase database.

We obtained 1422 unique miRNAs in 1013 pre-miRNA
hairpins that were detected, more than one read in either of the
six samples. Among these unique miRNAs detected, differ-
entially expressed miRNAs between the NCD-untreated and
NCD-treated samples were identified using DESeq.2 (Figure
8A). We set a stringent filter of base mean >16 to obtain a
reliable set of differentially expressed miRNAs. With this filter,
476 miRNAs corresponding to 357 pre-miRNA hairpins were
obtained, and 48 upregulated and 31 downregulated miRNAs
(belonging to 44 and 28 pre-miRNA hairpins, respectively) by
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NCD treatment were identified (fold change >3 or <1/3,
Benjamini and Hochberg method-adjusted p-value < 0.05).

We examined whether there is a relationship between the
motif-containing pre-miRNA hairpins and miRNAs down-
regulated by NCD treatment. Among 41 human pre-miRNA
hairpins that were found to contain at least one of the 11
inhibited RNA motifs, five pre-miRNA hairpins (has-mir-192,
hsa-mir-671, hsa-mir-1306, hsa-mir-3605, and hsa-mir-3661)
were included in the 357 pre-miRNA hairpins obtained above
(Table S3). We found two overlapping pre-miRNA hairpins
(hsa-mir-671 and hsa-mir-3605) between these five pre-miRNA
hairpins and the 28 pre-miRNA hairpins whose miRNA
expressions were downregulated by NCD treatment (Figure
8B). We performed the hypergeometric-distribution test to
evaluate the significance of this overlap. Although this
overlapping was 5.1-fold enriched than the expected value, the
calculated p-value did not meet the p <0.0S criterion, which
means the relationship between the motif-containing pre-
miRNA hairpins and the downregulated miRNAs was not
statistically significant. Looking more carefully at the secondary
structure of these overlapping pre-miRNA hairpins, we noticed
that both hairpins have the inhibited motif in their wobble base
pairs (Figure 8C), while the other three pre-miRNA hairpins
have the motif in their stem regions (Figure SSC). When we
focused on the two overlapping pre-miRNA hairpins, which
were defined with the NCD-binding motifs on the wobble base
pairs, the comparisons with the 28 pre-miRNA hairpins deriving
downregulated miRNAs provided 12.7-fold enrichment than
expected and a p-value < 0.05, and we observed a clear decrease
in the expression level of their corresponding miRNAs upon
NCD treatment (Figure 8D). These results suggest a correlation
with the occurrence of the inhibited RNA motifs in the wobble
base pairs, which implies the effect of NCD treatment on the
expression of some miRNAs.

B DISCUSSION

In this study, we employed a high-throughput sequencing of a
pre-miRNA mutant library to investigate the effect of a small
molecule on the cleavage of pre-miRNA mutants by a Dicer and
to comprehensively identify sequence motifs functioning as a
binding pocket for the small molecule. The high-throughput
sequencing analysis identified pre-miRNA mutants whose
Dicer-mediated cleavage can be either promoted or inhibited
by the addition of the small molecule NCD. These identified
pre-miRNA mutants were further evaluated by PAGE and
densitometric analysis of the Dicer cleavage reaction and by SPR
analysis of their binding ability to NCD. Finally, we performed a
small RNA sequencing to study the effect of NCD treatment on
miRNA expression in cells. For the 11 inhibited mutants
identified from the pre-miRNA library by high-throughput
sequencing analysis, Dicer-mediated cleavage was demonstrated
to be inhibited by the addition of NCD. SPR analysis revealed
that these inhibited mutants bind to NCD with affinities in the
nanomolar range. These results indicate that the high-
throughput sequencing of the Dicer-cleaved pre-miRNA library
with and without the addition of NCD successfully identified
RNA sequence motifs whose cleavage was inhibited by NCD
binding.

The secondary-structure models for the inhibited mutants
help predict consensus motifs required for NCD binding (Figure
S7). Among 11 inhibited mutants, 4 mutants have a GG
mismatch in the randomized region, which was found only in
one non-responder (5'-GGC-3'/5'-GUG-3’) and not found in
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the other mutants (Figure S8). The position of the GG
mismatch relative to the putative Dicer cleavage site differs from
each other among the inhibited mutants, which could cause a
different degree of effect of NCD binding on the Dicer-mediated
cleavage of these mutants.

In contrast, the Dicer cleavage of the promoted mutants was
shown not to be significantly affected by the addition of NCD
when analyzed by PAGE. The discrepancy between the
sequencing result and the PAGE analysis for the promoted
mutants may be related to a moderate number of reads obtained
from both NCD (—) and (+) samples (Table S4). These
promoted mutants exhibited binding to the NCD-immobilized
SPR sensor surface, but their affinities were lower than those
obtained for the inhibited mutants. This might also explain why
there was no clear effect of NCD in promoting the cleavage of
those promoted mutants in the PAGE analysis. To most of the
non-responders tested, NCD did not affect their Dicer-mediated
cleavage. However, the cleavage of a few non-responders was
affected by the addition of NCD, which is inconsistent with the
sequencing result. The numbers of reads obtained for the non-
responders were all small regardless of the addition of NCD
(Table S4), and this is why no statistical significance was found
in the frequency of these mutants in sequencing results. The
discrepancies found between the sequencing results and the
PAGE analysis of the Dicer cleavage reaction for the promoted
mutants and non-responders suggest the need for a cut-off
threshold on the number of reads for selecting mutants in
addition to a threshold of q value. Overall, our method
successfully identified pre-miRNA mutants whose cleavage by
the Dicer was inhibited by the addition of a small molecule with
no false positive cases.

The results of this study provide strong evidence that our
method is effective at identifying RNA sequence motifs serving
as targets for a small molecule in the pre-miRNA structural
context. Our method does not require any labeling and
immobilization of either RNAs or small molecules, which
enables easy application of the method to different target
molecules. Although we examined one small molecule against
4096 pre-miRNA mutants in this study, a more significant
number of small molecules can be evaluated simultaneously
using barcoding and pooling of all samples. Binding assays such
as SPR can be used to identify small-molecule binders for RNAs;
however, not all such molecules are functionally active against
target RNAs. Our method can identify small molecule—RNA
interactions that can modulate the function of the target RNAs.
Although there needs to be further refinement of criteria for
identifying target pre-miRNA mutants from high-throughput
sequencing data, we believe that our method can contribute to
the identification of new RNA targets of small molecules.

B METHODS

Preparation of the Pre-miRNA Mutant Library. The double-
stranded DNA (dsDNA) library was generated by PCR using a
synthesized oligonucleotide containing 6-nt random nucleotides (5'-
GCT CCATTT GTT TTG ATN NNG GAT TCT TAT GCT CCN
NNA TCG TCT CAA ATG AGTCT-3’, where N represents any
nucleotide) as a template with Platinum Pfx DNA polymerase
(Invitrogen), followed by purification with NucleoSpin Gel and PCR
Clean-up (Macherey-Nagel). The primers used for the PCR
amplification were: forward primer (5’-TAA TAC GAC TCA CTA
TAG CTC CAT TTG TTT TGA-3' [T7 promoter sequence is
underlined]) and reverse primer (5'- A*G*A CTC ATT TGA GAC
GA-3' [*2’-OMe-modified nucleosides]). The dsDNA library was
transcribed in vitro with T7 RNA polymerase (MEGAshortscript T7
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Transcription Kit, Invitrogen), followed by DNase I treatment. The
resulting mixture was separated on an 8% native polyacrylamide gel, and
the RNA band similar in size to the wild-type pre-miR-136 was excised
and eluted from the gel. The gel-purified RNA was treated with 5’ RNA
polyphosphatase (Epicentre) to convert triphosphate to mono-
phosphate at the 5" end, and purified by denaturing polyacrylamide
electrophoresis.

In Vitro Dicer Reaction. RNA was incubated with the in-house-
prepared recombinant human Dicer*® in the presence or absence of the
compound (NCD, 100 uM) at 37 °C. The incubation time varies with
different RNA substrates (10 h for the pre-miRNA mutant library and 3
h for the individual mutants). A typical reaction mixture contained 2
UM RNA, 74 nM recombinant human Dicer, 1 mM ATP, 10 mM
MgCl,, 0.5 mg/mL BSA, and 1X Dicer Reaction Buffer (Genlantis) in a
10 pL-reaction. The reaction was stopped by adding Dicer stop solution
(Genlantis), and was analyzed by 15% denaturing polyacrylamide gel
electrophoresis (acrylamide/bis-acrylamide = 19:1, 6 M urea). The gel
was stained with SYBR Gold and the RNA bands were visualized using a
LAS 4010 system and quantified using ImageQuant (GE Healthcare).

Preparation of DNA Libraries for Sequencing. After the in vitro
Dicer reaction, the reaction mixture was reverse-transcribed with
PrimeScript I Reverse Transcriptase (TAKARA) at 42 °C for 1 h using
the primer (5-AGA CTC ATT TGA GAC GA-3'). The cDNA was
amplified by PCR with the following primers: forward primer (5’-CCA
TCT CAT CCC TGC GTG TCT CCG ACT CAG XXX XXX XXX
XGA TGC TCC ATT TGT TTT GA -3’ [XXXXXXXXXX denotes a
barcode sequence for multiplexing]) and reverse primer (5'-CCT CTC
TAT GGG CAG TCG GTG ATA GAC TCA TTT GAG ACG A-3').
The PCR products were cleaned with NucleoSpin Gel and PCR Clean-
up kit and quantified using the Qubit dsDNA HS Assay Kit
(Invitrogen). The DNA libraries prepared above were pooled and
diluted in nuclease-free water to obtain a final concentration of 8 pM.
The library solution was subjected to emulsion PCR with the Ion
OneTouch 2 system using the Ion PGM Hi-Q View OT2 200 Kit
(Thermo Fisher Scientific). After recovery and enrichment of ion
sphere particles, sequencing was performed using the Ion PGM Hi-Q
View Sequencing Kit on an Ion 318 Chip V2 (Thermo Fisher
Scientific). The primer sequences used for the library preparation are
shown in Table SS.

Analysis of Sequencing Data. Sequence reads obtained from
each sample were first filtered to remove reads that do not have the 5'-
side (GCT CCATTT GTT TTG AT), 3'-side (ATC GTC TCA AAT
GAG TCT), and internal (GGA TTC TTA TGC TCC) fixed
sequence. The reads that perfectly matched these fixed sequences were
sorted to count the number of reads for each pre-miRNA mutant. A chi-
square test of independence was performed to determine whether there
is a significant difference in the frequency of each mutant between the
library obtained from NCD (—) and NCD (+) samples. The chi-square
statistics (y*) was calculated for each mutant using the chi-square
function in R (version 3.6.3) as follows:

NCD (-) NCD (+) total
mutant 1 N, N, N, + N,
nonmutant 1 n,; n, n, + n,
total Ny+n Ny+n, N +N,+n +mn,

2= (N + N, + 1y +m,) (Niny — Nyny )P/ (N + Ny) (N, + 1) (ny +
n,) (n; + N;), where N, and N, are the number of reads for mutant 1
obtained from NCD (—) and NCD (+) samples, whereas n, and n, are
the number of reads for nonmutant 1 obtained from NCD (—) and
NCD (+) samples. The probability of the chi-square test (p-value) was
calculated by applying the R function p-value with one degree of
freedom. The resulting p-value was adjusted using Bonferroni’s method
to obtain the g value by multiplying the p-value by 4096 (the number of
pre-miRNA mutant sequences).

Binding Analysis by SPR. Interaction between NCD and RNA was
evaluated by surface plasmon resonance (SPR) with a Biacore T200
SPR system. Chemically synthesized RNAs were diluted to 1 yM in
HBS-EP+ buffer (GE Healthcare), heated at 80 °C for 3 min, and then
slowly cooled to room temperature for annealing. The resulting RNA
solutions were injected at increasing concentrations (0,0.01,0.03,0.1,
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0.3, and 1 uM) to the NCD-immobilized sensor surface with the
regeneration step between each concentration. Injections were done at
30 uL/min with a contact time of 180 s, followed by dissociation with
running buffer for 180 s. All sensorgrams were corrected by subtraction
of blank flow cell response and buffer injection response. The obtained
sensorgrams were fitted to a 1:1 binding model to determine the
association and dissociation rate constants for RNA-NCD complex
using BIAevaluation software (GE Healthcare).

Motif Search in Endogenous Pre-miRNA Hairpins. The
sequences of pre-miRNA hairpins (34 675 sequences) were down-
loaded in FASTA format from the miRBase miRNA database (https: //
www.mirbase.org/). The secondary structure of each input sequence
with the lowest free energy was predicted using ViennaRNA
(ver.2.4.14). The dot-bracket notation of the predicted secondary
structure was used to determine the stem region and the terminal loop
in each sequence. The RNA motifs identified in the 11 inhibited
mutants were searched in the stem region determined above. The
hairpin miRNA precursors that were found to contain the RNA motifs
were counted and extracted using an in-house script.
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