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ABSTRACT: MicroRNAs (miRNAs) regulate gene expression by
targeting protein-coding transcripts that are involved in various cellular
processes. Thus, miRNA biogenesis has been recognized as a novel
therapeutic target. Especially, the let-7 miRNA family is well-known for
its tumor suppressor functions and is downregulated in many cancer
cells. Lin28 protein binds to let-7 miRNA precursors to inhibit their
maturation. Herein, we developed a FRET-based, high-throughput
screening system to identify small-molecule inhibitors of the Lin28−let-7
interaction. We employed unnatural amino acid mutagenesis and
bioorthogonal chemistry for the site-specific fluorescent labeling of
Lin28, which ensures the robustness and reliability of the FRET-based
protein−miRNA binding assay. Using this direct binding assay, we
identified an inhibitor of the oncogenic Lin28−let-7 interaction. The
inhibitor enhanced the production of let-7 miRNAs in Lin28-expressing
cancer cells and reduced the level of let-7 target oncogene products.

■ INTRODUCTION

MicroRNAs (miRNAs) are small noncoding RNAs that
regulate gene expression by acting as guide molecules in
RNA silencing.1 They function through base pairing with their
target messenger RNAs (mRNAs) usually at the 3′ untranslated
region (UTR). This interaction leads to translational
repression, mRNA deadenylation, and mRNA decay.1,2 In the
nucleus, miRNAs are initially transcribed as long primary
miRNAs (pri-miRNAs). These transcripts are cleaved by the
RNase III enzyme Drosha to form precursor miRNAs (pre-
miRNAs) with 60−80 nucleotide-long stem-loop structures.
Pre-miRNAs are then transported to the cytoplasm, where they
are processed by Dicer to form mature miRNAs.3,4 Biogenesis
of miRNAs is tightly regulated both temporally and spatially,
and its dysregulation is closely associated with many human
diseases.1,3,5,6 Therefore, miRNA biogenesis has been emerging
as a novel therapeutic target. In fact, miRNAs are able to
concurrently modulate multiple genes in a single cellular
pathway or multiple genes in multiple pathways, which makes
them efficient drug targets as exemplified by miR-181 that
controls multiple phosphatases in T lymphocytes.5,7 Moreover,
targeting miRNA biogenesis can be one of the best options
when the proteomes of certain cellular pathways are intractable
by conventional methods.8

Let-7 miRNAs play important roles in cellular differentiation
during development and act as tumor suppressors by targeting
multiple oncogenic proteins such as c-Myc, HMGA2, and

Ras.9−11 They are ubiquitously expressed in normal cells but
are down-regulated in many cancer cells, leading to poor
prognosis in patients.12,13 Tumor growth was shown to be
suppressed by the delivery of let-7 into cancer cells both in vitro
and in vivo.10,14,15 The RNA-binding protein Lin28 was shown
to selectively block let-7 biogenesis at the post-transcriptional
level.16 Mammals have two Lin28 paralogs: Lin28A and
Lin28B. They bind primary let-7 (pri-let-7) and precursor let-
7 (pre-let-7) at the terminal loop, which then blocks miRNA
processing by Drosha and Dicer, respectively.15,17 Lin28 also
mediates the degradation of pre-let-7 by recruiting terminal
uridyltransferases (TUTs) to produce oligouridylated pre-let-7
which is cleared by a nuclease Dis3l2 (Figure 1a).18

The cellular level of Lin28 is inversely correlated with the
level of mature let-7 miRNA. Lin28 is highly expressed in stem
cells, but is not detected in normal differentiated somatic cells.
However, Lin28 is abnormally expressed in many cancer cells,
concomitant with the reduced let-7 expression.17,19 Knock-
down of Lin28 in cancer cells restored let-7 levels and inhibited
tumor growth.15 In particular, a growing body of evidence
suggests that Lin28 plays a crucial role in the maintenance of
cancer stem cells, contributing to drug resistance, tumor
recurrence, and metastasis.17,20−24 Thus, antagonizing the
action of Lin28 and restoring let-7 expression could be a
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novel strategy to treat cancer. Delivery of let-7 mimics or
siRNA against Lin28 is a basic approach to restore the let-7
levels.10,14,15 Antagonizing the interaction between Lin28 and
let-7 precursors using short oligoribonucleotides25 or small
molecules26,27 can be another option. However, oligonucleo-
tides are limited in use due to their poor cellular delivery and
nonspecific stimulation of the immune system.28 Therefore, we
aimed to develop a novel high-throughput Lin28−let-7 binding
assay to identify small-molecule inhibitors of this protein−
miRNA interaction.
For our small-molecule screening, we aimed to develop a

homogeneous, direct binding assay in a high-throughput format
that would minimize any RNA degradation arising from
multiple addition/washing steps. Herein, we describe a new
protein−miRNA binding assay based on Förster resonance
energy transfer (FRET). In FRET, a donor molecule in its
excited state can transfer energy to an acceptor molecule
through a nonradiative mechanism when they are in close
proximity (<100 Å). Because FRET efficiency is proportional to
the inverse of the sixth power of the distance between the
donor and the acceptor, the FRET signal is sensitive to small
changes in distance.29,30 Thus, FRET is a powerful tool for
studying the direct interactions between biopolymers.
To build a direct binding assay, the interaction partners are

labeled with light-sensitive FRET donor−acceptor pairs.
However, current labeling strategies are limited to fusion with
fluorescent proteins or random chemical modification with
organic fluorophores. The relatively large size of fluorescent
proteins may hamper direct interactions between biomolecules.
In addition, fluorescent proteins are fused at either the N- or C-

terminus of the protein of interest, which makes it difficult to
control the distance between FRET partners and consequently
FRET efficiency.31 Actually, a recently developed FRET assay
using EGFP-tagged Lin28B only showed a moderate FRET
efficiency, even after testing various let-7a-2 precursors labeled
with FRET acceptors.26,27 Random chemical modification by
organic fluorophores through the amine, acid, or thiol
functionalities of the proteins can also disrupt the biomolecular
interaction due to the labeling at binding site residues.32

Moreover, the heterogeneity in the dye-to-protein ratio and the
distances from dye-labeled residues of the proteins to FRET
acceptors may not provide consistent FRET signals.
Therefore, we employed site-specific unnatural amino acid

mutagenesis and bioorthogonal chemistry to generate a
precisely designed fluorescent Lin28. The combination of the
Lin28 protein site-specifically labeled with an organic
fluorophore and quencher-labeled let-7 miRNA should
guarantee high FRET efficiency by ensuring close proximity
between the fluorophore and the quencher, ultimately leading
to a robust and reliable binding assay. This assay platform was
used to identify a small-molecule inhibitor of the Lin28−let-7
interaction. We also investigated the cellular activity and the
mode of action of this protein−miRNA interaction inhibitor.

■ RESULTS AND DISCUSSION
Design Strategy for a New FRET Assay to Detect

Lin28−let-7 Interaction. Simple, fast, and reliable homoge-
neous binding assays for identifying novel modulators of
biomolecular interactions in a high-throughput manner are in
high demand. A FRET-based assay is an ideal option for the
Lin28−let-7 interaction, especially in comparison with
fluorescence polarization (FP) assays, which are limited by
the molecular weight differences required to detect the signal.
In addition, FRET assays can be easily conducted using
standard laboratory equipment.30

We set out to develop a new FRET-based assay with high
FRET efficiency in order to achieve a wide signal window. To
this end, the FRET donor and the acceptor should be in close
proximity, and an efficient donor−acceptor pair with maximal
overlap between the emission spectra of the donor and the
absorption spectra of the acceptor should be selected. To fulfill
these criteria, we designed and generated Cy3-labeled Lin28
and BHQ-2-labeled let-7 miRNA. The labeling sites in the
protein and RNA were selected based on the cocrystal structure
of Lin28A with three different let-7 terminal loops.33 As shown
in Figure 1b, Lin28 has two domains, the cold shock domain
and the tandem CCHC-type zinc finger connected by a flexible
linker. Both domains are responsible for specific binding to let-
7 miRNAs at their terminal loop region, termed the pre-
element (preE). The mature miRNA region is not required, but
the preE is sufficient for specific binding. There are 12 reported
subtypes in the let-7 miRNA family, 11 of which bind Lin28
specifically due to their consensus binding sequences. Finally,
the Lin28 linker has a net positive charge that might aid in the
binding of negatively charged RNAs. However, the linker is not
essential for specific binding, and a portion of the linker can be
deleted without compromising binding events.17,33−35

Close examination of the crystal structures showed that the
Lin28A linker and the 3′ end of preE-let-7 are close to each
other. Therefore, we tried to site-specifically label Lin28A with
Cy3 in the linker region and synthesize preE-let-7a-1 labeled
with BHQ-2 at its 3′ end. When the labeled RNA binds to
Lin28A, the Cy3 fluorescence is quenched because of its

Figure 1. (a) Regulation of let-7 miRNA biogenesis. RISC, RNA-
induced silencing complex. (b) Schematic model of Lin28−let-7
binding and our design strategy for constructing a FRET-based
binding assay.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b06965
J. Am. Chem. Soc. 2016, 138, 13630−13638

13631

http://dx.doi.org/10.1021/jacs.6b06965


proximity to BHQ-2; however, in the presence of small-
molecule interaction inhibitors, the Cy3 fluorescence can be
detected. This binding inhibition assay is therefore a turn-on
assay. Because the site-specific RNA synthesis is straightfor-
ward, we focused on the production of Lin28A labeled with
Cy3 in the linker region. Lin28A contains many lysine and
cysteine residues, some of which have key roles in RNA binding
or are part of important structural motifs.33 Therefore,
conventional chemical labeling using N-hydroxysuccinimide
or maleimide is not appropriate, which led us to introduce an
unnatural amino acid into the linker region of Lin28A and label
it with a Cy3 fluorophore through bioorthogonal chemistry.
Specifically, we chose copper-free [3 + 2] cycloaddition of azide
with cyclooctyne owing to its selectivity and high reaction rate
under mild physiological conditions. Thus, we set out to
introduce the unnatural amino acid 4-azido-L-phenylalanine
(AzF) into Lin28A.
Site-Specific Fluorescent Labeling of Lin28A through

Unnatural Amino Acid Mutagenesis. AzF can be site-
specifically incorporated into a protein of interest by
reassigning the amber stop codon (UAG) to encode an
unnatural amino acid.36 A plasmid (pEVOL-AzF) encoding
orthogonal tRNACUA and the aminoacyl tRNA synthetase
(aaRS) for AzF37 was cotransformed into E. coli along with a
plasmid encoding Lin28A that contains an amber mutation at
the desired residue in order to express a AzF mutant. Initially,
we designed three different N-terminal 6 × His-tagged Lin28A
linker mutants (K131AzF, R133AzF, and K135AzF), and we
expressed and purified them by nickel affinity chromatography.
However, only small amounts of full-length AzF mutants were
obtained, while the majority of the protein produced was a
truncated form of Lin28A due to the amber codon acting as a
stop signal (Figure S1). Competition between amber

suppression and translational termination is a major hurdle in
unnatural amino acid mutagenesis. A simple approach to solve
this problem is to attach the purification tag at the C-terminus
of the protein. However, in the case of Lin28A, despite several
attempts, it was not possible to obtain functional C-terminal
His-tagged protein.
Several other methods were used to attempt to increase the

amber suppression efficiency, including release factor 1
knockout or elongation factor-Tu engineering in E. coli.38,39

However, these methods require complicated genetic engineer-
ing to obtain specialized strains. More importantly, there is no
general rule for increasing amber suppression over translational
termination in normal expression strains such as E. coli
BL21(DE3). Therefore, we set out to optimize the culture
conditions for maximal amber read-through in BL21(DE3),
using Lin28A K135AzF as a model mutant, which would then
enable the production of a Lin28 AzF mutant through a single
affinity chromatography step. We found that the culture
temperature significantly affected the amber suppression
efficiency. Higher temperatures increased the ratio of full-
length protein to truncated protein, mainly through a
substantial decrease in translational termination rather than
an increase in read-through (Figure S2a). Thus, the culture
temperature was set to be 37 °C. Following this, the effects of
other culture conditions were investigated. Changes in the
concentrations of arabinose, for aaRS induction, and of IPTG,
for Lin28A induction, had minor effects over the ranges tested
(Figure S2b). It was found to be beneficial to induce aaRS
before inducing Lin28A in order to ensure that the AzF-
charged tRNACUA was present when Lin28A was first expressed
(Figure S2c). Finally, by optimizing the culture conditions, we
were able to efficiently produce Lin28A K135AzF.

Figure 2. (a) Schematic diagram of the optimized production of Lin28A-Cy3 from the scanning mutagenesis of the Lin28A linker residues. (b) SDS-
PAGE data from the scanning mutagenesis. Full-length proteins and truncated proteins are marked with blue and red boxes, respectively. (c) The
optimization of mRNA context to enhance the production of full-length R133AzF mutant. (d) Labeling of crude lysates from four Lin28A AzF
mutant cultures with either BCN-Cy3 or DIBO-Alexa555. Arrowheads indicate Lin28A AzF mutants. (e) Labeling of purified Lin28A AzF mutants
with BCN-Cy3. C, Coomassie; F, Fluorescence. (f) MALDI-TOF analysis of Lin28A S134AzF before and after the labeling reaction. Expected mass
difference, 749 Da; observed mass difference, 743 Da.
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We then used scanning mutagenesis to obtain seven Lin28A
linker mutants under the optimized conditions (Figure 2a) and
tried to identify the best Cy3 labeling site for the assay.
However, only three of the mutants (Q130AzF, S134AzF, and
K135AzF) were efficiently produced (Figure 2b). We then
sought to increase the yield of full-length protein by changing
the mRNA context of the amber codon. In E. coli, there is a bias
in mRNA sequences several nucleotides before and after stop
codons, indicating that termination efficiency is closely related
to the mRNA context of the stop codons.40 Accordingly, we
expected that the amber suppression efficiency would also be
dependent on the mRNA context when the exogenous
orthogonal tRNACUA was employed to insert an unnatural
amino acid. However, there is no published information about
the preferred mRNA sequences before and after the amber
codon. We were able to extract some information about
nucleotide preference from our own scanning mutagenesis
experiment with Lin28A (Figure 2c). Using this information,
we made silent mutations in two nucleotides before and after
the amber codon in Lin28A R133AzF, which improved the
production of the full-length protein by >2 fold (Figure 2c).
We proceeded to conjugate the fluorescent label to the

mutant proteins using copper-free strain-promoted cyclo-
addition, which is a mild and efficient transformation method.41

First, crude cell lysates from E. coli containing four Lin28A
mutants were labeled with either bicyclononyne-Cy3 (BCN-
Cy3) or dibenzocyclooctyne-Alexa555 (DIBO-Alexa555). As
shown in Figure 2d, the labeling efficiency of BCN-Cy3 was
much higher than that of DIBO-Alexa555. In addition, BCN-
Cy3 labeled Lin28A in a highly selective manner, whereas the
labeling with DIBO-Alexa555 yielded multiple nonspecific
fluorescent signals. Therefore, we selected BCN-Cy3 for the
site-specific fluorescence labeling of Lin28A AzF mutants. Next,
we labeled the four different purified Lin28A mutants with
BCN-Cy3. The labeling efficiency ranged from 20% to 85%
depending on the labeling site (Figure 2e), which was
calculated based on the intensities of the Coomassie-stained
protein bands after SDS-PAGE. S134AzF was most efficiently
labeled with Cy3. The bioorthogonal copper-free click reaction
led to single-site labeling of Lin28A through the azide moiety of
AzF, which was confirmed by MALDI-TOF analysis of the
unlabeled and labeled Lin28A S134AzF protein (Figure 2f). In
contrast, random chemical labeling with N-hydroxysuccinimide-
Cy3 (NHS-Cy3) at the primary amine moiety resulted in a
heterogeneous protein population, as evidenced by smearing of
the Cy3-labeled protein band in SDS-PAGE and the wider
distribution of the MALDI-TOF spectrum (Figure S3a and b).
Therefore, the Lin28A S134AzF mutant labeled with BCN-Cy3
(Lin28A-Cy3) was used to develop a FRET-based assay to
monitor the protein−miRNA interaction.
FRET-Based Direct Binding Assay between Lin28A

and let-7. To maximize the signal window for quantifying the
protein−RNA interaction, we designed a robust and reliable
screening strategy using the FRET quenching mechanism by
placing the FRET donor and quencher in close proximity. We
constructed a FRET-based screening platform using Lin28A-
Cy3 and preE-let-7a-1-BHQ-2 as a model to identify small-
molecule inhibitors of the protein−miRNA interaction. Our
turn-on assay platform was evaluated by adding a solution of
preE-let-7a-1-BHQ-2 to a solution of Lin28A-Cy3 predispensed
in a screening plate, and measuring the Cy3 fluorescence. As
shown in Figure 3a, we observed a sharp decrease in the Cy3
signal when Lin28A-Cy3 was incubated with preE-let-7a-1-

BHQ-2; however, in the presence of excess unlabeled preE-let-
7a-1, the Cy3 signal was substantially restored. The degree of
fluorescence quenching was dependent on the concentration of
preE-let-7a-1-BHQ-2, and the FRET quenching efficiency was
as high as 85% (Figure 3b). Competition by unlabeled preE-let-
7a-1 clearly restored the fluorescence signal from Lin28A-Cy3
in a dose-dependent manner, while a yeast tRNA could not
effectively compete with preE-let-7a-1-BHQ-2 bound to
Lin28A-Cy3, even at high concentrations (Figure 3c). These
results indicated that our assay specifically detects the Lin28A−
preE-let-7a-1 interaction. In contrast, a FRET-based assay using
Lin28A labeled with NHS-Cy3 exhibited a moderate FRET
efficiency (47% using Lin28AnativeNHS-Cy3 vs 79% using
Lin28AS134AzFBCN-Cy3) and lower specificity toward let-7
miRNA, demonstrating the superiority of our site-specific
protein labeling strategy for enhancing the signal window and
preserving the biological function of target proteins (Figure S3c
and d).
A simple mix-and-read format makes it possible to conduct

the binding assay in a high-throughput manner. We performed
this FRET-based binding assay using a 96-well half area
nonbinding black plate in a high-throughput setting. The Z′
factor was determined using 40 positive controls (samples
without preE-let-7a-1-BHQ-2) and 40 negative controls
(samples with preE-let-7a-1-BHQ-2) to assess the quality of
the screening system.42 The average Z′ factor of our direct
binding assay with Lin28A-Cy3 was 0.94 (Figure 3d). In
contrast, the binding assay using Lin28A labeled with NHS-Cy3
showed lower Z′ factor (0.73, Figure S3e). Considering the fact
that assays with Z′ factors larger than 0.75 are regarded as
excellent, our assay is highly robust, reliable and close to an
ideal screening system.

Identification of a Small-Molecule Inhibitor of the
Lin28−let-7 Interaction and Its Cellular Activity. Our
FRET-based high-throughput screening system was applied to
identify small-molecule inhibitors of the Lin28−let-7 inter-

Figure 3. Validation of the binding assay. (a) Competition by excess
unlabeled preE-let-7a-1 restores the fluorescent signal. Twenty-five nM
Lin28A-Cy3, 50 nM preE-let-7a-1-BHQ-2, and 2 μM competitor were
used. (b) Dependence of the relative fluorescence intensity on the
preE-let-7a-1-BHQ-2 concentration. Twenty-five nM Lin28A-Cy3 was
used. (c) Competition by unlabeled preE-let-7a-1 or yeast tRNA to
check the specificity of the assay. Twenty-five nM Lin28A-Cy3 and 50
nM preE-let-7a-1-BHQ-2 were used. (d) Determination of the Z′
factor.
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action from an in-house, 4500-member library of drug-like
compounds, constructed by privileged substructure-based
diversity-oriented synthesis strategy.43 Several compounds
restored the Cy3 signal when added to the protein−miRNA
mixture, and they were validated through an independent
secondary method, the electrophoretic mobility shift assay
(EMSA). EMSA is based on the difference in the electro-
phoretic mobility of an RNA and a protein−RNA complex. The
mobility of an RNA is greatly retarded when it is bound to a
protein due to the increased mass-to-charge ratio, which allows
direct measurement of the amount of free RNA and protein-
bound RNA.44 The identified inhibitors of the Lin28−let-7
interaction should therefore increase the ratio of the RNA band
to the protein−RNA band. We performed the EMSA using a
recombinant native Lin28A and preE-let-7a-1 labeled with Cy5
at its 5′-terminus (Cy5-preE-let-7a-1). Lin28A and preE-let-7a-
1 formed a complex that was differentiated by native PAGE.
The Lin28−Cy5-preE-let-7a-1 interaction was clearly abolished
in the presence of the unlabeled competitor preE-let-7a-1 in a
dose-dependent manner (Figure S4).
From the high-throughput screening and EMSA-based

confirmation, we identified a benzopyranylpyrazole-based hit
compound 1, which showed a clear antagonistic effect against
the Lin28A−let-7a-1 interaction with IC50s in the micromolar
range in these assays (Figure 4a−c). It was possible to observe a

limited range of structure−activity relationship for the initial hit
compound, because our in-house screening library contains
several compounds with the benzopyranylpyrazole core.45 A
carboxylic acid functionality attached to the pyrazole-connected
phenyl ring is essential for the inhibitory effect. Compounds
with different substituents (2−6) did not exhibit any activity
against the protein−RNA interaction (Figure S5a and b). In

order to further investigate the substituent effects at the
pyrazole ring, we evaluated a small set of synthetic analogues
(7−10). In EMSA (Figure S5a and c), we did not observe any
inhibitory effect against the protein−miRNA interaction among
these analogues (2−10). Especially, shifting the carboxylic acid
moiety from para- (1) to meta-position (9) completely
abolished the inhibitory activity. Masking the acid functionality
of 1 through the formation of methyl ester (10) also eliminated
the inhibitory effect, emphasizing the importance of carboxylic
acid moiety located at the para-position relative to the pyrazole
ring.
Given the high sequence homology and structural similarity

between Lin28A and Lin28B,15 the inhibitory effect of the hit
compound 1 against the Lin28B−let-7 interaction was also
assessed by EMSA using recombinant Lin28B and Cy5-PreE-
let-7a-1 as a probe. As expected, 1 also inhibited the Lin28B−
let-7 interaction, with slightly reduced potency (Figure 4c). In
fact, many cancer cells exclusively express either Lin28A or
Lin28B.15,17 Therefore, selective small-molecule inhibitors
against both Lin28A−let-7 and Lin28B−let-7 interactions are
highly desirable for treating a wide range of cancers. There are
11 human let-7 family members whose processing is blocked by
binding to Lin28. The binding between Lin28 and each of the
let-7 family members is expected to proceed in an almost
identical manner.17,33,34 Ideally, inhibitors should disrupt all the
Lin28−let-7 interactions in order to rapidly and substantially
increase the cellular levels of mature let-7. We found that 1 also
inhibits the Lin28A−let-7g and Lin28B−let-7g interactions
with similar IC50 values (Figure 4c). Therefore, 1 might be a
good starting point for designing novel inhibitors of the
protein−RNA interaction.
To elucidate the inhibitory mechanism of the active

compound, we performed biophysical studies using surface
plasmon resonance (SPR), which showed that 1 clearly binds to
Lin28A, whereas compounds without inhibitory effects (2−4)
exhibited very weak binding to Lin28A (Figures 5a and S6). In
addition, differential scanning fluorimetry was performed to
detect the thermal stabilization of Lin28A upon engagement of

Figure 4. Identification of a hit compound and verification by EMSA.
(a) Structure of hit compound 1 identified from our FRET-based high-
throughput assay. (b) 1 restored fluorescence signal in the FRET
assay. (c) 1 inhibited Lin28A−preE-let-7a-1, Lin28A−preE-let-7g,
Lin28B−preE-let-7a-1, and Lin28B−preE-let-7g interactions. R, RNA;
P, Protein. Figure 5. (a) SPR analysis of the direct binding between Lin28A and 1

using a Biacore T100 instrument. 1 was used at concentrations from
1.25 μM to 20 μM. (b) In vitro Dicer processing assay. 5′-phosphate-
pre-let-7g was incubated with Dicer and Lin28A in the absence or
presence of 1. The reaction mixtures were resolved by native gel
electrophoresis, and the RNAs were visualized by SYBR green II
staining. (c) RNA pull-down experiment using biotinylated preE-let-
7a-1 and lysates from JAR cells. RNA-bound fraction (pull-down) and
unbound fraction (flow-through) were resolved by SDS-PAGE and
probed for Lin28A and Lin28B through immunoblotting.
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the hit compound. The results indicated that the Lin28A
melting temperature (Tm) was increased by more than 2.0 °C
in the presence of 1. On the other hand, inactive compounds 2
and 4 increased the Tm by less than 0.4 °C, which corresponds
well to the results obtained from the SPR analysis (Table S1).
Collectively, 1 inhibits Lin28A−let-7 interaction by binding to
the protein partner. Next, we attempted to identify a protein
domain responsible for the binding to 1. Therefore, the cold
shock domain (CSD, residues 1−119) and the CCHC-type
zinc finger domain (ZFD, residues 126−184) were separately
expressed and their independent binding toward 1 was
recorded using SPR analysis. As shown in Figure S7, the
interaction of 1 toward CSD generated clear concentration-
dependent SPR signals. On the other hand, binding analysis
between ZFD and 1 did not generate meaningful signals.
Therefore, 1 inhibits Lin28−let-7 interaction by mainly binding
to the CSD of Lin28. Because both CSD and ZFD are required
for high-affinity binding toward let-7 family,33 specific binding
of 1 to CSD is enough to dissociate let-7 miRNAs from Lin28
protein.
On the basis of the miRNA biogenesis pathway, pre-let-7

dissociated from Lin28 would be processed by Dicer, resulting
in the formation of mature miRNA. As shown in Figure 5b, the
in vitro Dicer processing assay revealed that compound 1
clearly blocked the formation of the Lin28A−pre-let-7g
complex and induced miRNA processing, resulting in the
generation of mature let-7g miRNA. Next, we investigated the
potential of 1 for disrupting the protein−miRNA interaction in
the more complex cellular context through an RNA pull-down
assay. Biotinylated preE-let-7a-1 was immobilized on strepta-
vidin-agarose beads, and the beads were incubated with the
lysate from JAR cellsa human choriocarcinoma cell line that
expresses both Lin28A and Lin28B. The pull-down assay
revealed that endogenous Lin28A and Lin28B efficiently bind
the RNA. However, the interaction between the protein and
the RNA was abolished in the presence of 1, as demonstrated
by the decrease in RNA-bound Lin28A/Lin28B (pull-down)
and the increase in RNA-unbound Lin28A/Lin28B (flow-
through) (Figure 5c).
Having found that 1 can disrupt the protein−miRNA

interaction in a cellular environment, we next investigated the
effect of 1 on the cellular levels of mature let-7 in the JAR cell
line using quantitative RT-PCR (qRT-PCR) based on the
TaqMan miRNA assay. As shown in Figure 6, 1 increased the
levels of all mature let-7 family members investigated in this
study (let-7a, let-7d, let-7f, let-7g, let-7i, and miR-98). On the
other hand, the cellular levels of miRNAs unrelated with Lin28
expression were not affected by 1 (miR-20b and miR-214).

Recently, it was reported that a single let-7 family member,
human let-7a-3, can bypass Lin28-mediated regulation because
the precursor of let-7a-3 binds Lin28 with much lower affinity
compared to the other let-7 precursors. As a result, the cellular
level of mature let-7a, which is generated from three precursors
(pre-let-7a-1, pre-let-7a-2, and pre-let-7a-3), is less sensitive to
Lin28 expression.35 In accordance with these findings, the
cellular level of let-7a was less sensitive to treatment with 1
compared to the other let-7 family members (Figure 6). In
addition, Lin28 can bind the precursors of other subsets of
miRNAs and regulate their biogenesis, which is similar to the
regulation of let-7 biogenesis. Among those miRNAs, we
selected five experimentally valdiated targets9,46,47 and meas-
ured the cellular levels of their mature forms upon treatment of
JAR cells with 1. However, two of them (miR-143 and miR-
363) were not reliably detected due to their low copy numbers.
Therefore, the cellular levels of three miRNAs (miR-9, miR-
107, and miR-200c) were investigated. As shown in Figure S8,
cellular levels of the three miRNAs were slightly enhanced by 1.
However, the observed increase is substantially smaller than
that of let-7 miRNA family. In the previous reports,9,46 cellular
levels of the three miRNAs were increased upon siRNA-
mediated Lin28A knock-down, but the net increase of those
miRNAs was not as significant as that of let-7 miRNAs, which is
consistent with our observation. Therefore, we can assume that
1 can block the association between Lin28 and other miRNAs
when their binding modes are similar to that of let-7 miRNA
family.
We then examined how the cellular activity of 1 was affected

by different expression levels of Lin28. When the expression of
both Lin28A and Lin28B were knocked-down using siRNA in
JAR cells, the 1-induced increase in cellular let-7 levels was
clearly attenuated. (Figure 7a and b). Compound 1 increased
mature let-7 levels in PA-1 cells that express high level of
Lin28A. On the other hand, let-7 levels were not affected by 1
in MCF7 cells that rarely express Lin28 proteins (Figure 7c and
d). As shown in Figure S5d, we also observed no noteworthy

Figure 6. Quantification of mature let-7 levels following 24 h-
treatment of JAR cells with 1. U6 snRNA was employed as an
endogenous control. Error bars represent s.d. from at least three
independent experiments.

Figure 7. (a) Knock-down of Lin28A and Lin28B expression following
siRNA treatment for 72 h. (b) The effect of 1 on mature let-7 levels in
the siRNA-treated JAR cells. Cells were incubated with 1 for 24 h.
Error bars represent s.d. from three independent experiments. (c)
Expression of Lin28 in JAR, PA-1, and MCF7 cell line. (d) The effect
of 1 on the mature let-7 levels in PA-1 and MCF7 cells. Cells were
incubated with 1 for 24 h. Error bars represent s.d. from three
independent experiments.
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changes of the cellular let-7 levels in JAR cells upon treatment
with its synthetic analogues (2−10). Taken together, 1
specifically induces the increase in the cellular let-7 levels by
targeting Lin28.
Next, a dual luciferase reporter gene assay was performed to

examine whether the let-7 target gene was repressed upon
treatment with 1. JAR cells were transfected with the reporter
luciferase vector (WT) containing two let-7 complementary
target sites derived from 3′ UTR of n-Myc gene.48 Cells were
also transfected with the control reporter plasmid (m1/2) in
which all let-7 target sites were mutated in order to disrupt the
pairing with let-7. As shown in Figure 8a, the presence of

compound 1 decreased the relative expression of let-7 target
luciferase in a concentration-dependent manner. Finally, the
endogenous levels of let-7 target gene products were measured
by Western blot following treatment with 1 in JAR cells. As
expected, compound 1 caused a reduction in the levels of the
well-validated let-7 target oncogenic proteins, c-Myc, HMGA2,
and Ras (Figures 8b and S9).

■ CONCLUSION
As our understanding of RNA tertiary structure improves and
the number of RNA-binding chemical entities increases, RNA is
emerging as a viable target for small-molecule drugs, beyond
the conventional antibiotic-targeted bacterial rRNAs.8,28,49 At
the same time, protein−RNA interactions, which were once
regarded as undruggable, are increasingly becoming recognized
as an important class of drug targets. However, to date there
have been only a small number of reports regarding small-
molecule modulators of protein−RNA interactions, the
majority of which target the HIV-1 viral RNAs or expanded
nucleotide repeats.8,49,50 Proteins binding to miRNAs are key
components in the determination of miRNA function, because
they control many stages of miRNA biogenesis, localization,
degradation, and activity.3 However, there exist only a few
reports regarding small molecules that target protein−miRNA
interaction. In this study, we constructed a FRET-based high-
throughput assay to identify small-molecule inhibitors of the
Lin28−let-7 interaction, a protein−miRNA interaction with a
promising therapeutic potential. Our FRET-based turn-on
assay, developed through a novel design strategy employing
site-specific protein labeling by unnatural amino acid muta-
genesis, was highly robust and reliable. To the best of our
knowledge, this is the first description of a high-throughput

biomolecular interaction assay employing an unnatural amino
acid-incorporated protein. We identified a benzopyranylpyr-
azole-based compound as a small-molecule inhibitor of the
oncogenic Lin28−let-7 interaction. Biophysical analysis con-
firmed that the inhibitory effect was mediated by binding
between the hit compound and Lin28. We then demonstrated
the cellular activity of the protein−miRNA interaction inhibitor
through quantification of the miRNA using qRT-PCR, a
reporter gene assay, and Western blot analysis. Our hit
compound 1 could be used as a lead to design novel inhibitors
of the Lin28−let-7 interaction with enhanced activity. In
addition, our site-specific protein labeling strategy could be
applied to construct different types of high-throughput binding
assays.

■ EXPERIMENTAL SECTION
Protein Expression and Purification. N-terminal 6 × His-tagged

native human Lin28A and Lin28B were overexpressed in E. coli
Rosetta2 (DE3) pLysS. The cells were grown to optical density at 600
nm of 0.6−0.8. Protein expression was induced with 0.5 mM IPTG
overnight at 18 °C. Cell pellets were resuspended in cold lysis buffer
(20 mM Tris·HCl, pH 8.0, 500 mM NaCl, 10 mM imidazole, 1×
protease inhibitor cocktail, 1 mM PMSF, 1 mM DTT, 50 μM ZnCl2,
10% glycerol) and sonicated. The lysate was cleared through
centrifugation followed by filtering. The filtrate was incubated with
Ni-NTA agarose beads [Qiagen] for 1.5 h at 4 °C. The beads were
washed with 80 bead volumes of wash buffer A (20 mM Tris·HCl, pH
8.0, 500 mM NaCl, 20 mM imidazole, 50 μM ZnCl2, 10% glycerol),
then 30 bead volumes of wash buffer B (20 mM Tris·HCl. pH 8.0, 500
mM NaCl, 50 mM imidazole, 50 μM ZnCl2, 10% glycerol). The
proteins were eluted with 8 bead volumes of elution buffer (20 mM
HEPES, pH 7.5, 500 mM NaCl, 100−300 mM imidazole, 10%
glycerol). Imidazole was removed using a PD-10 column [GE
Healthcare] to provide the protein solution in dialysis buffer (20
mM HEPES, pH 7.5, 500 mM NaCl, 10% glycerol). The protein was
aliquoted in small fractions, snap-frozen in liquid nitrogen, and stored
at −80 °C. Protein expression was verified through mass spectrometry
and Western blot analysis.

Unnatural Amino Acid Mutagenesis. Mutant human Lin28A
with an unnatural amino acid was expressed in E. coli BL21(DE3) after
codon optimization at 4 residues (R122, R133, R138, and L145) for
efficient protein expression. Site-directed mutagenesis was performed
to introduce an amber codon at the linker region of Lin28A. E. coli
BL21(DE3) was cotransformed with the amber mutant plasmid and
pEVOL-AzF that encodes an orthogonal tRNA−aaRS pair.37 The cells
were grown to an optical density at 600 nm of 0.6, and 1.5 mM AzF
and 0.06% arabinose were added to produce AzF-charged orthogonal
tRNA. After incubation for an hour at 37 °C, Lin28A expression was
induced with 0.25 mM IPTG for 6 h at 37 °C. The protein purification
procedure was the same as that used for native Lin28.

Fluorescent Labeling. Cleared lysate from 50 mL of E. coli
culture containing Lin28A AzF mutants was incubated with 120 μL
Ni-NTA agarose beads and washed as described above. Next, the
beads were washed with reaction buffer (PBS, 10% glycerol) and
resuspended in 500 μL buffer. Five nmol BCN-Cy3 was added to the
solution, and the mixture was incubated overnight at 4 °C. After the
reaction, excess dye was removed and the bead was washed with wash
buffer C (PBS, 0.05% Tween 20) and wash buffer B. The protein was
stored at −80 °C after elution and buffer exchange as described above.
Labeling of native Lin28 with NHS-Cy3 was performed using the same
procedures.

RNA Sequences. RNAs were chemically synthesized by Bioneer.
Sequences used for the FRET-based binding assay, high-throughput
screening, the electrophoretic mobility shift assay, and the in vitro
Dicer processing assay are as follows. PreE-let-7a-1: 5′-UUA GGG
UCA CAC CCA CCA CUG GGA GAU AA-3′; PreE-let-7a-1-BHQ-2:
5′-UUA GGG UCA CAC CCA CCA CUG GGA GAU AA-3′-(BHQ-
2); Cy5-preE-let-7a-1: (Cy5)-5′-UUA GGG UCA CAC CCA CCA

Figure 8. (a) Luciferase reporter gene assay to show the repression of
target genes following 24 h-treatment of JAR cells with 1. The activity
of the WT reporter was normalized to that of the m1/2 reporter. Error
bars represent s.d. from five independent experiments (*P < 0.05, **P
< 0.01, paired two-tailed t-test). (b) Western blot analysis to examine
the effect of 1 on the expression of endogenous oncogenic let-7 target
gene products in JAR cells. Cells were incubated with 1 for 30 h.
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CUG GGA GAU AA-3′; Cy5-preE-let-7g: (Cy5)-5′-UGA GGG UCU
AUG AUA CCA CCC GGU ACA GGA GAU AA-3′; Biotin-PreE-let-
7a-1: (Biotin)-5′-UUA GGG UCA CAC CCA CCA CUG GGA GAU
AA-3′. Pre-let-7g: (Phosphate)-5′-UGA GGU AGU AGU UUG UAC
AGU UUG AGG GUC UAU GAU ACC ACC CGG UAC AGG AGA
UAA CUG UAC AGG CCA CUG CCU UGC-3′.
FRET Assay and High-Throughput Screening. Cy3-Lin28A (25

nM) was mixed with PreE-let-7a-1-BHQ-2 (50 nM) in binding buffer
(50 mM Tris·HCl, pH 7.5, 100 mM NaCl, 10 mM β-mercaptoethanol,
1.5% DMSO, 0.01% Tween 20 and 2.6 U recombinant RNase
inhibitor [Takara]) in a 50 μL volume. 96-well half area nonbinding
black plate with clear bottom [Corning, #3881] was used for the
binding reaction and high-throughput screening. The mixture was
incubated for 30−60 min at room temperature with mild shaking. Cy3
fluorescence was recorded with a Synergy HT microplate reader
[BioTek] with excitation at 530/25 nm and emission at 590/35 nm.
High-throughput screening was conducted under the same conditions.
Reactions in the presence of 2 μM unlabeled PreE-let-7a-1 or reactions
in the absence of any RNA served as positive controls. Reactions with
PreE-let-7a-1-BHQ-2 and DMSO served as a negative control.
Fluorescent changes induced by compounds were normalized to
evaluate the correct inhibitory effects.
Electrophoretic Mobility Shift Assay (EMSA). EMSA was

performed to confirm the activities of primary hit compounds and to
determine IC50 values. Cy5-preE-let-7a-1 and Cy5-preE-let-7g were
used as let-7 probes. Ten nM native Lin28A or Lin28B was incubated
with 5 nM let-7 probes and compounds at various concentrations in a
binding buffer (50 mM Tris·HCl, pH 7.5, 100 mM NaCl, 10 mM β-
mercaptoethanol, 2% DMSO, 0.01% Tween 20, 12% glycerol and 5 U
recombinant RNase inhibitor [Takara]) in a 50 μL mixture. The
mixture was resolved by 4% native acrylamide gel electrophoresis and
the Cy5 signal was visualized using Typhoon Trio [GE healthcare].
Quantitative Real-Time PCR of miRNA. Cells were grown in a

12-well plate in the absence and presence of compounds. Total RNA
was extracted using TRIzol [Ambion] according to the manufacturer’s
protocol. Reverse transcription was performed with 35 ng total RNA
using TaqMan MicroRNA Reverse Transcription Kit [Applied
Biosystems] according to the manufacturer’s protocol. Quantitative
real-time PCR was performed on a Step One Plus Real-Time PCR
System [Applied Biosystems] using a TaqMan Universal Master Mix II
[Applied Biosystems] according to the manufacturer’s protocol. All the
primers and probes for the assay were supplied from Applied
Biosystems. The expression levels of mature miRNAs were normalized
to that of U6 snRNA.
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