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Live cell screening to identify RNA-binding small
molecule inhibitors of the pre-let-7-Lin28 RNA-
protein interactiont
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Dysregulation of the networking of RNA-binding proteins (RBPs) and RNAs drives many human diseases,
including cancers, and the targeting of RNA-protein interactions (RPIs) has emerged as an exciting area of
RNA-targeted drug discovery. Accordingly, methods that enable the discovery of cell-active small molecule
modulators of RPIs are needed to propel this emerging field forward. Herein, we describe the application
of live-cell assay technology, RNA interaction with protein-mediated complementation assay (RiPCA), for
high-throughput screening to identify small molecule inhibitors of the pre-let-7d-Lin28A RPI. Utilizing a
combination of RNA-biased small molecules and virtual screening hits, we discovered an RNA-binding
small molecule that can disrupt the pre-let-7-Lin28 interaction demonstrating the potential of RiPCA for
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Introduction

It is well understood the paramount role that RNAs play in
maintaining human health. No longer thought of as solely
playing an intermediary role in the central dogma, RNAs have
been demonstrated to perform multiple functions in the cell,
including non-canonical tasks in the regulation of
transcription, splicing, and translation, RNA function through
RNA-RNA interactions, as well as catalysis. These functions
are carried out by a pantheon of RNA molecules ranging in
size and structure, from small ~22 nucleotide (nt) microRNAs
(miRNAs) to >200 nt messenger RNAs (mRNAs), ribosomal
RNAs (rRNAs) and long non-coding RNAs (IncRNAs) to highly
structured RNA catalysts, or ribozymes. In combination with
discoveries connecting aberrant RNA biology with human
diseases, a new generation of RNA drug hunters has been
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advancing RPI-targeted drug discovery.

called to arms with the goal of unleashing small molecule
chemistry for manipulating the cellular activities of RNAs."

An important consideration in the field of RNA-targeted
drug discovery is the extensive networking of RNAs with RNA-
binding proteins (RBPs).>® Indeed, RNAs are invariably
bound to and often modified by RBPs.*”” These RBPs, in
turn, regulate many aspects of coding and non-coding RNA
biology, including RNA processing, nuclear export, function,
localization, and stability.*” In-line with the significance of
these RBP functions, dysregulation of RNA-RBP networks has
been linked to many human diseases, including cancers and
neurodegeneration.®" As such, targeting of RNA-protein
interactions (RPIs) has emerged as a strategy for uncovering
small molecules capable of modulating the function of
cellular RNAs."”

To catalyze hit discovery efforts in this nascent field of
RNA-protein interaction manipulation, our laboratory
developed live-cell assay technology for the detection of RPIs,
RNA interaction with protein-mediated complementation
assay (RiPCA) (Fig. 1)."*'* In RiPCA, cells are first engineered
to stably express the small subunit of split NanoLuciferase
(NanoLuc®) (SmBIT) fused to HaloTag® (HT) (SmBiT-
HT).">'® These cells are then transiently co-transfected with a
plasmid encoding an RBP fused to the large subunit of
NanoLuc® (LgBiT) and an RNA substrate that is chemically
modified to contain a chloroalkane HT ligand. Following
uptake, the RNA becomes covalently labeled by SmBiT-HT to
enable NanoLuc®-mediated chemiluminescence signal
generation upon binding to the LgBiT-tagged RBP and
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Fig. 1 RiPCA for the pre-let-7d-Lin28A RPI.

complementation of the SmBiT and LgBiT tags to reassemble
functional NanoLuc®. Towards our goal of using RiPCA in
high-throughput screening (HTS), we recently reported an
optimized RiPCA protocol, RiPCA 2.0, which we subsequently
used to detect a number of RBP interactions with precursor
miRNAs (pre-miRNAs) and messenger RNAs (mRNAs).'”'®
Building upon these successful optimization studies, we were
eager to demonstrate RiPCA's applicability for HTS. Herein we
disclose our first RiPCA-based screening campaign focused
on identifying small molecule inhibitors of the interaction of
Lin28A, an RBP, with the pre-miRNA, pre-let-7d.

Results and discussion
Adaptation of RiPCA for HTS

In our previously reported assay development efforts, RiPCA
was performed in 96-well format; however, for HTS, higher
throughput was required. Using our previously developed
RiPCA 2.0 assay for the pre-let-7d-Lin28A interaction (Fig. 1),"
we miniaturized the assay to 384-well format to reduce reagent
consumption and enable HTS (Fig. S1f). In addition to
adaptation to liquid handling, several points of optimization
were needed for miniaturization, including the number of cells
per well, procedure for media removal prior to NanoLuc®
substrate addition, and transfection scale-up (Fig. S2 and S37).
As an additional assay characterization step, we performed a
pilot screen of 320 known drugs from the LOPAC library (Fig.
S4t1). From these optimization studies, which demonstrated
that RiPCA could be performed in high throughput with
suitable assay statistics (signal-to-background (S/B): 22-32; Z'
factor: 0.3-0.68; Fig. S3 and S4t), we were encouraged that
RiPCA would be amenable to HTS and subsequently employed
this protocol for screening small molecule libraries.

Screening campaign

Lin28 is a highly conserved oncofetal RBP that plays crucial
roles in development, pluripotency, cell cycle, organismal and
cellular growth, metabolism, and immunity."*** The most
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well-characterized RNA target of Lin28 is the tumor
suppressor miRNA family, let-7, where Lin28 functions as a
specific inhibitor of let-7 maturation by binding to a hairpin
loop found within the pri- and pre-let-7 intermediates.>***
Although Lin28 is largely not expressed in adult somatic
tissues (Fig. S5t) and restricted to embryonic development in
mammals;**?®  in cancer, it becomes transcriptionally
activated resulting in the development of poorly differentiated
tumors.'>?>** Loss of let-7 through Lin28 reactivation has
been observed in at least 15% of all human cancers, including
lung, breast, liver, esophageal, stomach, ovarian, prostate and
colon cancers, and chronic lymphocytic leukemia.>*">°
Relatedly, reduced let-7 levels have been found to correlate
with high grade tumors, poor patient prognosis, and drug
resistance to existing therapies.””***® Dysregulation of the
let-7/Lin28 pathway drives nearly all of the hallmarks of
cancer, including regulation of cellular proliferation and
metabolism, mediating cell death resistance, metastasis,
angiogenesis and immune evasion, and promoting tumor-
associated inflammation,>*?°>* as the let-7 family plays an
important role in down-regulating cellular oncogenes
including RAS and its mutant isoforms, MYCs and HMGA2
among others.*® Accordingly, disruption of the let-7/Lin28
interaction has emerged as a promising anti-cancer
therapeutic strategy,”® and we were excited to deploy RiPCA to
meet the goal of discovering drug-like and cell-active small
molecule inhibitors of the pre-let-7d-Lin28A interaction.

As chemical libraries, we initially assembled a
comprehensive set of 13.5 K compounds (i.e., RNA Knowledge
Based Set) that was designed to encompass various direct
mechanisms of RNA function modulation, including published
and proprietary RNA and RBP binders, as well as splicing
modulators. To build the 13.5 K RNA KBS, the preliminary set
of RNA tools subsequently underwent similarity (SIM)
expansion by leveraging in silico tools that focused on shape
similarity =~ searches and established pharmacophore
interactions with different types of RNA secondary structures,
as well as synthesis of additional libraries and singleton

This journal is © The Royal Society of Chemistry 2024
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analogues for added chemical and structural diversity. In
addition to the RNA KBS collection, we also created a Virtual
Library set of 4.3 K compounds selected using an iterative
virtual screening approach based on large-scale pharmacophore-
based docking®*° and rescoring using Glide scoring
functions.?” " Virtual screening was based on the Merck & Co.,
Inc., Rahway, NJ, USA compound collection against published
structures of Lin28 with the pre-element of pre-let-7 and other
small RNA fragments (PDB IDs: 5UDZ, 3TS0, 3TRZ, 3TS2)*"**
and apo-form structures (PDB IDs: 4ALP, 4A4l, 4A75, 4A76,
3ULJ),* mainly focusing on the cold shock domain (CSD) and
zinc knuckle domains (ZKD). Lastly, small molecule similarity
screening based on previously reported let-7-Lin28 disrupters,
TUTase inhibitors, and pre-miRNA hairpin binding molecules
was used to complete the Virtual Library.**>

Using our optimized HTS workflow (Fig. S1f), the
combined collection of 17797 small molecules (RNA KBS and
Virtual Library) was screened at 10 uM final concentration in
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RiPCA (Fig. 2A; plate layout can be found in Fig. S6t). For
each plate, a pre-miR-21 probe was used as a positive control
and DMSO was used as a negative control. Throughout our
screening campaign, the assay performed well with an
average plate Z' factor of 0.37 and average S/B of 14.7. Our
screening funnel can be found in Fig. 2B. Using a hit
criterion of >55% inhibition, 992 compounds were identified
as primary hits (5.6% hit rate); 758 hits came from the RNA
KBS and 234 hits came from the Virtual Library. Because we
anticipated that some hits may be false positives due to
cytotoxicity, we subsequently performed a counterscreen
using the CellTiter-Glo® (CTG) cell viability assay. By
eliminating compounds that exhibited toxicity of >20% at 10
puM in at least two of three replicates, 840 compounds (85%
of the primary hits) were then taken on to triplicate analysis
using RiPCA. Of the 840 compounds tested, 240 hits (28.6%
of the primary hits) demonstrated inhibitory activity of >55%
in two of the three replicates and were tested in dose-
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Fig. 2 RiPCA HTS. (A) Campaign view of screening data. (B) HTS funnel and tabulated ICs values for the 3 most active hits in RiPCA and cat-ELCCA.
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response assays. About one-third of tested molecules
displayed dose-dependent inhibition, which was defined as
PACs, value >5 (78 compounds; 7.9% of the primary hits).

Hit validation

In addition to testing confirmed hits from our RiPCA primary
screen, we also performed structure-activity relationship
(SAR) studies in subsequent characterization assays through
hit expansion to afford an additional 239 compounds with
2D and 3D structural similarity to the 78 hits. Compounds
were first analyzed in the CTG assay (10 uM in triplicate),
and those that exhibited an average toxicity of >40% were
removed. The remaining 264 compounds were then analyzed
for dose-dependent cellular inhibitory activity in RiPCA, as
well as biochemical inhibitory activity using our laboratory's
catalytic enzyme-linked click chemistry assay (cat-ELCCA)
assay technology®® that we previously used to screen against
the pre-let-7-Lin28 RPL.** In cat-ELCCA, only 8.7% of tested
compounds exhibited concentration-dependent inhibition.
Representative data from RiPCA, cat-ELCCA, and CTG for the
3 most active compounds from RiPCA possessing a common
pyrimido[4,5-d]pyridazine-5(6H)-ones pharmacophore can be
found in Fig. S7.f Interestingly, all 3 of these hits were more
active in RiPCA than in cat-ELCCA (Fig. 2B and S7t).

While it is uncommon, examples of molecules with
greater potency in cells have been described, including
several examples of small molecules targeting RNA-protein
complexes.”® Thus, to provide further evidence of inhibitory
activity against the pre-let-7-Lin28 RPI, we determined how
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these hits impacted the production of mature let-7 in cells.
In brief, Lin28A-expressing T-47D breast cancer cells®® were
treated with compounds (5 uM for 48 h), and let-7 levels were
quantified from extracted RNA via qRT-PCR. In addition to
let-7d, we also examined two other let-7s, let-7a-1 and let-7g.
As shown in Fig. 3, excitingly, one of the hits, SID-415260
(structure in Fig. 4A), showed increased levels of two let-7s,
let-7d and let-7a-1, which were previously shown to be
regulated by Lin28A in this cell line.”> Of note, treatment
with higher compound concentrations was limited by toxicity
in this cell line (data not shown). We additionally tested the
inhibitory activity of SID-415260 in RiPCAs developed for pre-
let-7a-1 and -7g."” Notably, RPI disruption was similar across
the let-7s with measured ICs, values of 10.7 uM, 7.4 uM, and
12.5 uM, respectively, for pre-let-7a, -7d, and -7g (Fig. 4B). As
let-7g levels were not impacted by compound treatment in
our qRT-PCR studies, this could point to additional levels of
regulation of the maturation of this let-7 isoform in this cell
line.

To provide further evidence that SID-415260 restored
production of let-7, we tested the activity of this compound
using the pmiRGLO dual-luciferase miRNA reporter assay.”®
NTERA-2 cells which express Lin28A and Lin28B were
transiently transfected with a pmiRGLO reporter containing a
let-7d target site in the 3' untranslated region of the firefly
luciferase gene®®®” and then treated with varying
concentrations of compound for 48 h. Excitingly, in-line with
our qRT-PCR results, we observed a decrease in luminescence
signal produced by firefly luciferase over an empty vector
control indicating enhanced let-7 activity (Fig. 4C).

* DMSO

e SID-415260
e SID-418650
e SID-418684

Fig. 3 Measurement of mature let-7a, let-7d, and let-7g levels in T-47D cells following treatment with the 3 most active hits identified from RiPCA

(5 uM, 48 h). miRNA levels were normalized to miR-16.
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Fig. 4 Characterization of SID-415260. (A) Structure. (B) Inhibitory
activity as measured in RiPCA for pre-let-7a, pre-let-7d, and pre-let-7g
with Lin28A. (C) Cellular activity as measured using the pmiRGLO dual-
luciferase assay with a let-7d reporter. (D) Tabulated binding kinetics
and affinity measurements as measured via SPR.

SID-415260 belongs to a known class of pyrimido[4,5-d]
pyridazine-5(6H)-ones reported as selective Weel kinase
inhibitors, with the aminopyrimidine moiety making a key
hinge interaction with Cys379 in the Weel ATP binding
pocket.”® The carbonyl group in the bicyclic pyrimido-
pyridazinone has also been shown to engage with the Asn376
residue of the Weel gatekeeper region, further contributing
to kinase activity and selectivity.”® In our hands, SID-415260
inhibited Weel with an ICs, value of 35 nM across a panel of
264 kinases with an additional 18 kinases having measured
IC5o values between 298 nM and 1 puM (Table S4}). The
promiscuity of this compound was anticipated based on the
presence of the aminopyrimidine core which is a common
hinge-binding motif found in many multi-kinase
inhibitors,”*" including Wee1l kinase inhibitors of varying
selectivity.®'®** Of note, we confirmed that SID-415260 does
not affect Lin28A phosphorylation (Fig. S8f1), as this post-
translational modification has been previously shown to
impact Lin28A function.®® Structurally, SID-415260 shows
high 2D and 3D similarity relative to known RNA binders and
modulators, including risdiplam, SMN-C3, and SMN-C5.® It
contains a central bicyclic core with an aryl group at one end

This journal is © The Royal Society of Chemistry 2024
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and a basic piperazine cycloalkyl group at the other end of
the molecule. Based on this structural similarity, as well as
precedence for kinase inhibitors as RNA binding ligands,®”®°
it was included as part of the RNA KBS.

To decipher the mechanism of inhibitory action, we
performed biophysical binding assays using surface plasmon
resonance (SPR) spectroscopy. Biotinylated pre-let-7d and
Lin28A were immobilized on high-sensitivity biotin-
streptavidin sensors and SID-415260 was flowed over the
immobilized biomolecules. The association (k,) and
dissociation (kq) rates and binding constant (Ky) were
obtained by fitting to a 1:1 interaction model based on
duplicate data sets. As shown in Fig. 4D, in-line with its
prediction as a potential RNA-binding ligand, the compound
was found to bind exclusively to the RNA with a K4 value of
10.2 uM (sensorgrams can be found in Fig. S97). To the best
of our knowledge, this is the first reported direct pre-let-7-
binding disruptor of the let-7/Lin28 interaction, as previously
discovered compounds directly bind to Lin28 (ref. 44, 46-49
and 70) or function upstream at the level of Lin28 expression

in cells.*>”?

Conclusions

As the field of small molecule RNA-targeted drug discovery
expands, it necessitates the development of new technologies
for enabling lead finding with functional cellular activity.
Herein we disclose how RiPCA can be employed for HTS to
discover small molecule inhibitors of cellular RPIs. Using the
pre-let-7-Lin28 RPI as a model, we successfully miniaturized
and automated RiPCA and screened biased libraries of small
molecules to identify inhibitors of this cancer-relevant RPIL.
Excitingly, these efforts resulted in the uncovering of a Weel
kinase inhibitor that binds to pre-let-7 with micromolar
affinity and exhibits promising bioactivity in Lin28-
expressing cancer cell lines. Our results demonstrate how
RiPCA can be used to identify drug-like hits for targeting RPIs
and future work will focus on optimizing affinity and
specificity for pre-let-7 and applying this technology to
additional RNA/RPI systems of relevance to human health
and disease.
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