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RNA-binding proteins (RBPs) play critical roles in numerous biological processes
because they regulate RNA function by directly interacting with RNA molecules. In
recent years, researchers have developed small molecules that can affect the
function of RBPs, opening up promising new directions for drug discovery. While
several reviews have already explored this topic, here we aim to provide additional
perspectives and highlight emerging challenges in the area of targeting RBPs. There
are several types of small molecule modulators that are particularly developing in
this field. These include molecules that bind directly to RBPs and alter their
interaction with RNA, bifunctional molecules that associate to either RNA or
RBPs to disrupt or enhance their interaction, and other compounds that affect
the stability of either the RNA or the RBP itself. Among these, bifunctional
molecules stand out as especially promising, as they offer potential solutions to
some of the common challenges faced in developing drugs targeting RBPs.
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1 Introduction

In eukaryotic cells, gene expression is tightly regulated through several key processes,
including  transcription, pre-messenger RNA  (pre-mRNA) splicing, mRNA
polyadenylation and mRNA editing (Clayton, 2013; Romano and Buratti, 2013). The
regulation of these RNA-related processes depends on a variety of molecular interactions,
particularly those involving proteins that bind RNA or interact with other proteins (Castello
et al., 2016; Gerstberger et al., 2014; Nguyen et al., 2018; Sternburg and Karginov, 2020).
Among these, RNA-binding proteins (RBPs) are crucial regulators, with around 2,000 RBPs
identified in humans, making up roughly 7.5% of the human proteome.

These proteins interact with both coding mRNAs and noncoding RNAs, such as
microRNAs, small interfering RNAs (siRNAs), and small nuclear RNAs (snRNAs), to
control RNA function (Clayton, 2013; Qin et al., 2020; Wang S. et al., 2022).

RBPs are grouped into various families based on their structure and function. For
example, the Hu antigen R (HuR) family regulates a broad range of transcripts (Wu and Xu,
2022), while the heterogeneous nuclear ribonucleoproteins (hnRNPs) are essential for nucleic
acid metabolism (Geuens et al., 2016). Other important families include the arginine/serine-
rich splicing factors, which may be localized in the nucleus or shuttle between cellular
compartments (Zheng et al., 2020), and the RNA-binding motif (RBM) proteins, which are
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involved in different types of cancer (Qin et al., 2020; Salicioni et al.,
2000; Wu and Xu, 2022). Despite their diversity, all RBPs have at least
one RNA-binding motif that allows them to interact with specific
RNA sequences or structures (Bheemireddy et al, 2022). These
interactions are critical for multiple aspects of RNA biology, such
as splicing, polyadenylation, stability, transport, and translation
(Wang S. et al, 2022). Because RBPs play central roles in these
processes, they are increasingly recognized as important in disease
development and as promising targets for drug discovery (Li and
Kang, 2023). RBPs may also serve as biomarkers for various clinical
applications. Structurally, RNA-binding motifs are conserved protein
domains that recognize specific RNA sequences, motifs, secondary
structures, or chemical modifications. These RNA-RBP interactions
are highly specific and essential for accurate post-transcriptional gene
regulation (Clayton, 2013; Clayton, 2019; Li Z. et al., 2021).

RBP-targeting strategies are entering a new era. As our
understanding of RNA-binding protein (RBP) biology deepens
and innovative drug-discovery modalities emerge, the first
successful cases of RBP modulation have become prominent. A
typical example is Nusinersen (Spinraza), an antisense
oligonucleotide (ASO) that modulates splicing of SMN2 to
compensate for loss of SMNI in spinal muscular atrophy (SMA).
This disease is caused by inactivated mutations in the SMN1 gene;
the nearly identical SMN2 gene produces only ~10% of full-length
SMN due to predominant exclusion (>90%) of exon 7 in the mature
transcript. Nusinersen restores exon inclusion, increasing SMN
protein levels and dramatically improving clinical outcomes (Qiu
et al.,, 2022). Nusinersen binds the Intronic Splicing Silencer N1
(ISS-N1) within intron 7 of SMN2 pre-mRNA. It displaces hnRNP
proteins at that silencer site, promoting exon 7 inclusion and
increasing full-length SMN protein production. Clinical trials
such as ENDEAR and CHERISH demonstrated that Nusinersen
significantly improves motor function and survival compared to
controls, leading to regulatory approval in multiple regions
including the USA and EU (Zanoteli et al., 2024).

Research into RBP-targeted therapeutics for cancer is rapidly
advancing, and several promising candidates have reached the
clinical trial stage. Approaches in development include small-
molecule inhibitors (SMIs), ASOs, aptamers, peptides, and
molecular glues. Notably, RBPs such as eIF4F, FTO, SF3BI,
nucleolin, and RBM39 are under active investigation, some with
agents already in early-phase clinical trials (Jungfleisch and Gebauer,
2025). Beyond these, PRMT5 stands out as the only other well-
documented RBP now being clinically evaluated for oncology
indications. PRMTS5 inhibitors like GSK3326595 (also known as
EPZ015938), JNJ-64619178 (Onametostat), PF-06939999, PRT543,
PRT811 and SCR-6920 are either in Phase I or Phase II trials for
solid
malignancies, often characterized by spliceosome mutations or

various cancers, including tumors and hematologic
MTAP deletions. For example, PRT543 has shown early signals
of activity in adenoid cystic carcinoma and myeloid malignancies,
with pharmacodynamic reductions in symmetric dimethylarginine
and manageable safety profiles (Araki et al., 2023).

Recent advances in structural biology, including techniques like
X-ray crystallography and nuclear magnetic resonance (NMR)
spectroscopy, have provided detailed insights into how RBPs
recognize RNA (Araki et al, 2023; Barnwal et al.,, 2017; Corley

et al., 2020; Jungfleisch and Gebauer, 2025; Muppirala et al., 2011;

Frontiers in Chemistry

10.3389/fchem.2025.1649692

Qiu et al., 2022; Rhodes et al., 2024; Zanoteli et al, 2024).
Computational methods, such as deep learning models and
RNA-protein interface databases, are being used to predict
RNA-RBP interactions (Zhang and Ferré-D’Amar, 2014; Cantara
etal,, 2017). Deep convolutional and recurrent neural networks have
also emerged as powerful tools for identifying RNA-binding
proteins (Tants and Schlundt, 2023; Thompson et al., 2019).
However, these predictions still rely on experimental validation.
Because RNA-RBP interactions can be transient or stable, they offer
regulatory points across various stages of an RNA molecule’s life,
from its generation and maturation to its degradation. Disruptions
in the interactions between RNAs and RBPs have been linked to
diseases, including cancer, highlighting the therapeutic potential of
targeting RBPs (Nagasawa et al., 2024; Qin et al., 2020; Wang S.
et al., 2022).

Despite being considered “undruggable” due to the absence of
classic binding pockets, some RBPs have been successfully targeted
by small molecules (Julio and Backus, 2021). These small molecule
inhibitors work through various mechanisms to modulate
RNA-RBP interactions and demonstrate potential for therapeutic
use (Fang et al., 2024; Pan et al., 2018). In this review, we explore the
structural motifs that allow RBPs to bind RNA, summarize the
mechanisms by which small molecule inhibitors affect RBP
function, and outline strategies for developing such molecules.
Collectively, recent research supports the feasibility of designing
small molecules to regulate RBPs, offering a new path forward for
treating diseases influenced by RNA-RBP interactions.

2 RNA-binding domains: key modules
of RNA-binding proteins

RNA-binding proteins (RBPs) play a vital and widespread role
in regulating RNA transcripts throughout their entire life cycle
(Corley et al., 2020). They interact with RNAs in various ways,
ranging from simple interactions involving a single RBP and RNA
element to the formation of large complexes like the spliceosome,
which involve multiple proteins and RNA molecules. Although
much progress has been made in identifying these interactions,
the precise mechanisms by which RBPs selectively bind their RNA
targets remain only partially understood.

RBPs contain specialized RNA-binding domains (RBDs), which
are the main functional units responsible for binding RNA. Many
RBPs possess multiple RBDs, enabling them to bind RNA more
effectively through cooperative or modular interactions (Pereira
et al, 2017; Zhao et al,, 2023). Additionally, RBPs are often rich
in intrinsically disordered regions (IDRs), which can also bind RNA,
though their lack of stable structure limits structural studies to more
ordered parts of the proteins (Jarvelin et al., 2016). While several
RBDs have been studied extensively, the diversity and complexity of
these domains make classification difficult (Gerstberger et al., 2014)
and many RBPs still lack well-characterized RBDs (Castello
et al., 2016).

Some of the most well-known RBDs, identified through
structural techniques like NMR and X-ray crystallography, as
illustrated in Figure 1, include the RNA recognition motif
(RRM), which is found in approximately 0.5%-1% of human
genes, as well as the K homology (KH) domain, double-stranded
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FIGURE 1
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Schematic diagrams of RNA-binding domains in selected RBPs. Diagrams of some RBPs such as the RNA-binding motif protein 39 (RBM39),
Musashi-1, Hu antigen R, Neuro-oncological ventral antigen 1and 2 (NOVAL and NOVA2) are shown. The RNA-binding motifs are highlighted in different
colors such as PHD, pumilio homology domain; CSD, cold-shock domain; RRM, RNA-recognition motif; KH, K homology domain; UHM, U2AF homology
motif; CCCH, zinc finger domain. RS is a region rich in arginine and serine residues. Figure was made in Adobe illustrator by TBT.

TABLE 1 RNA-binding motifs in RBPs.
Motifs Characteristics

RRM (RNA Recognition Motif)

Also known as RBD (RNA-binding domain) or RNP (ribonucleoprotein domain).

References

Li et al. (2021a), Maris et al. (2005)

It is composed of 75-85 amino acids and has a structure of a beta-sheet with four
strands and two alpha-helices. It is the most abundant RNA-binding domain in

RBPs
KH Domain
three alpha-helices

dsRBD (Double-Stranded RNA-
Binding Domain)

CSD (Cold Shock Domain)

protein regions

This domain contains about 70 amino acids and is found across many organisms.
In eukaryotes, it usually contains a beta-sheet with three antiparallel strands and

This domain binds to double-stranded RNA and also interacts with proteins. It has
around 70 amino acids with a structure made of three strands and two helices

It is made of ~70 amino acids that form a five-stranded beta-barrel structure. It
binds single-stranded RNA or DNA and often works with flexible/unstructured

Grishin (2001), Olejniczak et al. (2022), Valverde
et al. (2008)

Masliah et al. (2013), Tian et al. (2004)

Heinemann and Roske (2021), Lindquist and
Mertens (2018), Mayr et al. (2012)

ZnF (Zinc Finger)

Typically binds DNA, but some (like CCCH-type) bind RNA. Around 60 human
proteins of this type are known to bind RNA. These proteins often shuttle between

Bishola and Clayton (2022), Cassandri et al. (2017),
Sievers et al. (2018)

cell compartments and have other domains for added functions

RGG Motif

Contains the sequence RGG, which is evolutionarily conserved. It binds
G-quadruplex structures in RNA and is also involved in protein interactions

De Vries et al. (2022), Masuzawa and Oyoshi (2020),
Vasilyev et al. (2015)

PUM-HD (Pumilio Homology

Domain) repeats that recognize RNA sequences

The domain is made of eight repeated units (each 36 amino acids). It forms PUM

Qiu et al. (2019), Wang et al. (2001), Wang et al.
(2018a)

Other Motifs

They include domains like leucine-rich repeats (e.g., in Toll-like receptors). They
also include unstructured regions (like IDRs), which are rich in amino acids like

Dalpke and Helm (2012), Rhodes et al. (2024),
Zigdon et al. (2024)

tyrosine and phenylalanine and can form fibers or hydrogels to interact with RNA.

RNA-binding domain (dsRBD), cold-shock domain (CSD), zinc
fingers (ZnF), pumilio homology domain (PHD), and intrinsically
disordered regions such as the arginine-glycine—glycine (RGG)
motif and tyrosine-rich regions. These domains, along with other
less common ones, are detailed in Table 1. Additionally, RNA
helicases also bind RNA and are essential for its regulation, with
several small-molecule inhibitors developed against viral helicases
(Li and Kang, 2023; Zhang and Ferré-D’Amar, 2014).
Interestingly, not all RBPs contain known RNA-binding motifs.
Some non-traditional RBPs still associate with RNA and form
complex assemblies (Castello et al, 2016). These RBP-RNA
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complexes often exhibit intricate structures involving folded and
unfolded regions, and multiple types of intermolecular interactions
(Lovci et al.,, 2016). Domains beyond the canonical RBDs can also
contribute to the stability and function of these complexes. Thus,
further structural studies of ribosomes, spliceosomes, tRNA
synthetases, and RNA polymerase complexes are crucial for
deepening our understanding of RBP-RNA interactions (He
et al.,, 2023).

Structural biology has proven to be a powerful approach for
uncovering the molecular basis of these interactions. High-
resolution structures derived from cryo-electron microscopy
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(cryo-EM), X-ray crystallography, and NMR have been deposited in
the Protein Data Bank (PDB). These structures provide detailed
insights into molecular interactions, but determining RBP-RNA
complex structures remains challenging (Antoine et al., 2012; Lunde
et al,, 2007). Several factors contribute to this difficulty: RBPs often
have multiple domains connected by flexible regions, making them
dynamic and harder to crystallize; RNA recognition can involve
transient interactions; and RNA molecules themselves are highly
dynamic and may undergo structural changes upon protein binding
(Jarvelin et al., 2016; Lunde et al., 2007). Because of these challenges,
integrating multiple experimental approaches is often necessary. For
example, NMR is excellent for studying protein and RNA dynamics,
but it is limited by the size of the complexes. Combining NMR with
techniques like electron paramagnetic resonance (EPR), small-angle
X-ray scattering (SAXS), X-ray crystallography, and cryo-EM can
yield a more comprehensive view of RBP-RNA structure and
dynamics (He et al.,, 2023; Lovci et al., 2016).

Recent breakthroughs in AI-driven protein structure prediction
have markedly accelerated structural biology and opened new
avenues in understanding biomolecular interactions. Since its
launch, AlphaFold2 has enabled the accurate modeling of
complex protein structures, including larger protein assemblies
for which only sparse or low-resolution experimental data were
available. This transformative tool has empowered researchers to
generate high-confidence structural hypotheses, which can now be
experimentally validated far more efficiently than in the pre-
AlphaFold2 era. In May 2024, AlphaFold3 was introduced,
marking a significant leap forward. Unlike its predecessor,
AlphaFold3 is designed to predict not only protein structures but
also RNA secondary structures and protein-RNA complexes
capabilities  previously —unavailable in AlphaFold2. This
innovation holds particular promise for the RNA-binding protein
(RBP) field, as it allows researchers to model dynamic RNA-protein
interfaces critical to understanding post-transcriptional regulation
and to design inhibitors targeting these interfaces. The ability to
predict protein-RNA interactions in silico offers an unprecedented
opportunity to accelerate drug discovery against RBPs once
considered structurally elusive (Varadi et al., 2024).

As described in Kilim et al., 2023, the structure of the SARS-
CoV-2 spike protein RBD (amino acids 331-531, based on NCBI
RefSeq: YP_009724390.1, UniProt ID: PODTC2) was predicted
using AF2. The predicted structures were aligned with the RBD
region of the experimentally resolved RBD-ACE2 complex (PDB
ID: 6M0J, Chain B [auth E], residues 15-208) using all-atom
alignment to minimize the Root Mean Square Deviation (RMSD)
between the structures (Kilim et al., 2023). AF2 predictions provided
valuable insights into both monomeric and multimeric vaccine
formulations, revealing that monomers expose more antigenic
epitopes. This structural clarity was particularly crucial for
evaluating potential mutations, such as those in the Omicron
BA.l variant that enhance ACE2 binding affinity and allow
immune escape. Notably, AF2’s accuracy has reached the level
where it can assist in interpreting X-ray crystallographic
diffraction data and guide experimental model building (Ali and
Caetano-Anollés, 2024; Gutnik et al., 2023). However, limitations
remain. The AF2 algorithm tends to favor thermodynamically stable
conformations, in part due to biases in its training data, and it relies
on multiple sequence alignments (MSAs) that reflect ground-state
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structures. Consequently, it may struggle to accurately predict
alternative or transient protein conformations, especially in
systems where conformational heterogeneity plays a functional
role (Raisinghani et al., 2024). To address these limitations,
single-molecule fluorescence techniques particularly smFRET
(single-molecule Forster Resonance Energy Transfer) have been
used to study conformational dynamics and protein-RNA
interactions in real time. For example, smFRET was applied to
investigate allosteric regulation of the SARS-CoV-2 spike protein,
showing that ligand binding modulates the equilibrium of RBD
conformations and thereby affects receptor exposure and antibody
accessibility (Agam et al., 2023; Raisinghani et al., 2024).

Mutations disrupting RBD structure or function are increasingly
recognized as causative in human diseases, particularly in
neurodegenerative disorders. Mutations in TDP-43 and FUS/TLS,
both RBPs implicated in amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) alter RBD stability, aggregation
propensity and RNA-binding specificity, leading to widespread
perturbation of RNA processing, including splicing, transport
and decay (Loughlin and Wilce, 2019). For instance, familial
ALS-linked mutations in TDP-43 enhance protein instability,
promote abnormal associations with FUS, and lead to nuclear
clearance and cytoplasmic aggregation; events thoughts to
undermine normal metabolism and contribute to neurotoxicity
(Ling et al., 2010).

Beyond that
dysregulation or malfunction of RBPs plays a critical role in

structural insights, research has shown
cancer progression. Imbalances in RBP activity can disrupt the

post-transcriptional  regulation of oncogenes and tumor
suppressor genes, leading to hallmarks of cancer such as
uncontrolled proliferation and resistance to cell death. For
instance, AU-rich element RNA-binding protein 1 (AUFI)
stabilizes specific mRNAs by binding to AU-rich elements in the
3'-untranslated regions (UTRs), thereby enhancing the expression
of genes involved in cancer cell proliferation and survival
(Jungfleisch and Gebauer, 2025; Lei et al., 2025; Wang et al,
2025). Similarly, HuR (ELAVLI1) is a ubiquitously expressed
RNA-binding protein that recognizes adenine- and uridine-rich
elements (AREs) within the 3'untranslated regions (UTRs) of
target mRNAs. Through this binding, HuR regulates mRNA
stability and translation, influencing key cellular processes such
as proliferation, survival, angiogenesis, invasion, and metastasis.
HuR is frequently overexpressed in diverse cancer types and has
emerged as a critical player in tumor progression by stabilizing
oncogenic mRNAs (Brennan and Steitz, 2001; Soomro et al., 2020).
Structurally, HuR consists of three RNA recognition motifs (RRMs):
two N-terminal RRMs responsible for ARE binding, connected via a
basic hinge region to a third C-terminal RRM. Understanding the
molecular interactions between HuR and small-molecule inhibitors
is essential for delineating their therapeutic potential and
minimizing off-target effects (Brennan and Steitz, 2001).

RNA-

3 Small molecules targetin
splicing

binding proteins and mRN

RNA-binding proteins (RBPs) are essential regulators of gene
expression and are increasingly targeted in drug discovery due to their
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role in various diseases, such as neurodegenerative disorders,
(Li and Kang, 2023).
Dysregulation of RBPs, such as altered interactions with RNA,

cardiovascular diseases, and cancers
phase separation, or aberrant expression, contributes to these
diseases (Wheeler et al, 2024). RBPs contain RNA-binding
domains (RBDs), including the RNA recognition motif (RRM), K
homology (KH), DEAD/DEAH helicase, and zinc finger domains.
These domains enable RBPs to recognize specific RNA sequences and
structural motifs, providing opportunities for therapeutic targeting
(Jungfleisch and Gebauer, 2025; Schmeing and Hart, 2024). We will
discuss here progress that have been made in targeting RBPs as well as
RNA-RBD interactions in regard to several diseases.

Antisense oligonucleotides (ASOs), such as Nusinersen, have
emerged as a strategy to block RBP-RNA interactions in diseases like
spinal muscular atrophy (SMA). Nusinersen, for instance, works by
hybridizing with RNA in a sequence-specific manner, thereby
modifying splicing events (Zanoteli et al., 2024). According to
Singh et al. (2006), the stimulation of exon 7 inclusion by
antisense oligonucleotides is due solely to the blocking of the
intronic splicing silencer N1 (ISS-N1) element. As deregulated
splicing has been implicated in numerous cancers and
neurodevelopmental disorders, components of the spliceosome,
like SF3B1, are potential drug targets. Spliceostatin, a methylated
pladienolide derivative of FR901464 and E7107 as well as
sudemycins have shown antitumor activity by modulating
splicing processes (Kaida et al., 2007; Shi et al., 2020; D’Agostino
et al., 2019). These compounds inhibit the binding of U2 snRNA to
pre-mRNA, preventing the spliceosome from transitioning to the
catalytically active form. A small molecule modulator, H3B-8800,
derived from E7107, has shown effectiveness in blocking splicing by
inhibiting the SF3B1 complex, particularly in mutant hematological
tumor cells. Molecular dynamics simulations indicate that both
H3B-8800 binding and the common K700E mutation in
SF3B1
dynamics of the SF3b complex, which may in turn affect
interactions with other splicecosome subunits and global
spliceosome stability (Spinello et al., 2021). Bulk RNA-sequencing
in SF3B1-mutant (e.g., K700E) cancer cells treated with H3B-8800
reveals preferential retention of short, GC-rich introns, especially
those under ~300 nt in length. Many of the affected transcripts
encode core spliceosome components, establishing a feedback loop

influence the internal motion and conformational

where splicing modulation leads to impaired expression of
spliceosomal machinery, enhancing specificity for mutant
SE3B1 cancer cells (Seiler et al, 2018). RNA-sequencing from
peripheral blood samples of patients treated in early-phase
clinical trials of H3B-8800 shows a dose-dependent increase in
alternative splicing events, predominantly exon skipping and
intron retention. In high-dose patients, a significant proportion
of DNA repair genes exhibit mis-splicing, including BRCA1 exon
skipping, correlating with downregulation of expression and
impaired DNA repair capacity (Wheeler et al., 2024).

Small molecules targeting RNA offer a new avenue for
modulating RBP interactions (Li and Kang, 2023). These small
molecules along with their mechanisms of actions and methods
of identification are detailed in Table 2. One prominent example is
the regulation of SMN2 exon 7 splicing, an attractive target for spinal
muscular atrophy (Sivaramakrishnan et al., 2017). Compounds like
NVS-SM1 and NVS-SM2, which enhance Ul snRNP binding to
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SMN2 pre-mRNA, improve exon 7 inclusion, leading to higher
levels of functional SMN protein (Palacino et al., 2015). Other small
molecules, such as risdiplam and branaplam, have been tested in
clinical trials for spinal muscular atrophy, all aiming to promote
splicing and increase SMN protein levels.

Similarly, milciclib, PF-3758309, and PF-562271 have been
identified as potent splicing modulators in antitumor applications
(Ratni et al., 2018; Shi et al., 2020; Singh et al., 2020). Among HuR-
targeting compounds, MS-444 has demonstrated nanomolar affinity
and specificity, effectively disrupting the HuR-RNA interaction.
Crystallographic and NMR data show that MS-444 binds to a
hydrophobic cleft between RRM1 and RRM2, interfering with
RNA docking and promoting cytoplasmic retention of HuR. This
structural disruption impairs HuR’s function in stabilizing pro-
tumorigenic transcripts, contributing to its anti-proliferative, anti-
angiogenic, and anti-inflammatory effects (Blanco et al., 2016; Wang
et al, 2019). Importantly, preclinical studies report favorable
pharmacokinetics and low toxicity of MS-444 in mice, suggesting
that inhibition of HuR does not significantly disrupt essential
physiological functions in adult tissues. However, caution
remains warranted, as HuR plays a fundamental role in many
cellular processes. Its inhibition could, under certain conditions,
lead to unintended effects, particularly in rapidly regenerating
tissues or under stress conditions (Brennan and Steitz, 2001).

Different oxaboroles have been described as potent compounds
against Trypanosoma brucei. These include the oxaborole 6-
carboxamides, the acoziborole (trade name of SCYX-7158 or
AN5568), AN7973, AN11736, AN2965 and AN3056 (Waithaka
and Clayton, 2022; Wall et al, 2018). AN7973 and acoziborole
inhibit mRNA processing, particularly splicing, leading to the
accumulation of unspliced and improperly spliced mRNAs. In
addition, DNDI-6148 and acoziborole have shown to target
specifically the cleavage and polyadenylation specificity factor 3
(CPSF3), affecting therefore mRNA processing and trans-splicing
(Begolo et al., 2018; Betu Kumeso et al, 2023). DNDI-6148, a
benzoxaborole compound, has also emerged as a preclinical
candidate for visceral leishmaniasis (Mowbray et al, 2021),
demonstrating similar mRNA processing inhibition.

RBPs represent a critical class of proteins for therapeutic
targeting due to their diverse roles in gene expression regulation
(Julio and Backus, 2021). For example, the Musashi family of RBPs is
involved in several cancers. Ro-08-2750, a small molecule inhibitor,
has been identified as a competitive inhibitor of Musashi RNA
interactions, offering a potential strategy for targeting RRMI-
containing RBPs (Walters et al., 2023). Similarly, MS-444, an
inhibitor of HuR RNA-binding protein, has shown effectiveness
in inducing apoptosis in glioblastoma cells (Blanco et al., 2016;
Wang et al., 2019). Other studies have highlighted small molecules
that enhance the stability of certain microRNAs, such as enoxacin,
which binds TAR RNA-binding protein 2 (TRBP2) and stabilizes
tumor-suppressive miRNAs like pre-miR-125a and pre-let-7
(D’Agostino et al., 2019). This approach suggests that modulation
of ribonucleoprotein interactions can regulate post-transcriptional
gene expression and provide therapeutic benefits. Thiazolo[5,4-e]
indolone (C16), identified through small molecule screening, is a
PKR inhibitor that has neuroprotective effects by inhibiting cyclin-
dependent kinases. Luteolin, a flavonoid, has been shown to disrupt
PKR/PACT interactions, inhibiting PKR phosphorylation and
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TABLE 2 Small molecules targeting RBPs, their mechanisms of action and methods of identification.

Compounds Mechanisms of action

Ribosome-targeting antibiotics

Spliceosome SMN-C1, -C2, -C3, -C5, NVS-

SM1, NVS-SMN2 SMN2 exon

RG7800, Risdiplam

Inhibit translation by binding ribosomal RNA

Enhance binding of Ul snRNP to the 5'splice site of

Modify alternative splicing of SMN2 pre-mRNA

Methods of identification References

Various established biochemical and
structural methods

Lin et al. (2018)

High-throughput screening (HTS), firefly
luciferase assay

Naryshkin et al.
(2014)

HTS, luciferase reporter, lead optimization Ratni et al. (2016)

Branaplam
SMN2 pre-mRNA

Spiro[indol-3’,2-pyrrolidin]-2(1H)-one
spliceosome dynamics

Topotecan Blocks U4 RNA-NHP2LI interaction

SF3B complex (e.g., Pladienolide B, E7107,

H3B-8800) SF3B complex in open conformation

FR901464, Spliceostatin A
derived from natural products

Sudemycins
inhibitory effects

Stabilizes interaction between spliceosome and

Inhibits the helicase activity of Brr2, affecting

Competitively blocks pre-mRNA binding by stalling the

Inhibit splicing machinery and induce cell cycle arrest;

Synthetic analogs of spliceostatin A with similar splicing

HTS phenotypic screen, lead optimization Cheung et al. (2018)

HTS ATPase assay, lead optimization Gollner et al. (2016)

Lambrecht et al.
(2024)

Time-resolved FRET assay

Activity-based protein profiling (ABPP),
medicinal chemistry

Kotake et al. (2007)
Kaida et al. (2007)

Natural product screening

Rational design, medicinal chemistry Lagisetti et al. (2008)

Sudemycinol C and E, Milciclib, PF-3758309,
PF-562271

Inhibit splicing and splicing factor kinases

TESLR assay (Triple Exon Skipping Owa et al. (1999)

Luciferase Reporter)

RBM39 (Indisulam, E7820)
E3 ubiquitin ligase

Promote RBM39 degradation by recruiting it to an

Forward genetics and phenotypic screening ~ Han et al. (2017)

HuR Dehydromutacin, MS 444 and

okicenone function

KH-3

EIF4E- Arylsulfonyl fluoride
Lys162

affecting inflammation (Fukuda et al., 2024). However, its use in
inflammation-related diseases may require caution, as it may also
enhance inflammasome activity, suggesting a need for combinatory
treatments with other agents like MCC950.

4 Other strategies to modulate the
functions of RBPs: covalent inhibitors,
degraders and natural substances

Eukaryotic initiation factor 4E (eIF4E) plays an essential role in
translation initiation and protein synthesis by binding to the 5'-cap
structure of the mRNA (Chen et al,, 2012). Recent studies have
identified compounds that exhibit potent binding affinity for eIF4E,
including compounds 8 and 9. Wan et al. demonstrated that these
compounds inhibit eIF4E activity, achieving 68% inhibition with
compound 8% and 41% inhibition with compound 9 after treatment
with 30 pM for 3 h (Wan et al., 2020). LC-MS/MS analysis revealed
that compound 9 primarily modifies lysine 162 (K162) on eIF4E,
although K206, located near the m7GTP pocket, was also affected.
The co-crystal structure of compound 9 bound to eIF4E (PDB ID
6U09) confirmed that the isoquinolone core of compound
9 interacts with eIF4E similarly to the guanine in m7GTP,
confirming its potential as an effective inhibitor (Wan et al,
2020) as shown in Figure 2.
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Inhibit HuR dimerization, blocking RNA-binding

Disrupts HuR-FOXQ1 RNA interaction

Irreversibly inactivates EIFAE via covalent labeling at

HTS using confocal fluctuation spectroscopy =~ Meisner et al. (2007)

assay
HTS fluorescence polarization (FP) assay Wu et al. (2020)

Covalent docking and structure-based design =~ Wan et al. (2020)

Sumoylation of eIF4E promotes cancer progression by
enhancing the formation of an active translation initiation
complex, a process dependent on the E3 ligase activity of histone
deacetylase 2 (HDAC2). A study by Bayona et al. (2011)
demonstrated that Trypanosoma cruzi eIF4E is not a target of
SUMO modification, despite the presence of other components
of the translation initiation complex (Bayona et al, 2011).
Identification of eIF4E amino acids covalently bound by
SUMO1 was possible by mutating various lysine residues to
arginine residues. Five SUMO sites were identified on eIF4E: Lys
36 (IKHP), Lys 49 (FKND), Lys 162 (DKIA), Lys 206 (TKSG) and
Lys 212 (TKNR), while a single mutation of these sites did not
appear to affect the in vitro sumoylation of eIF4E (Xu et al., 2010).

Another promising strategy involves PROTACs (proteolysis-
targeting chimeras), which are heterobifunctional molecules
designed to induce protein degradation. PROTACs consist of two
ligands linked by a linker: one ligand binds to the protein of interest
(POI), while the other recruits an E3 ubiquitin ligase. The
simultaneous binding of both the POI and ligase induces
ubiquitination, leading to the degradation of the target protein
via the ubiquitin-proteasome system (UPS) (Schreiber, 2021; Xiao
et al., 2022). In most cases, the modified protein is routed to the 26S
proteasome, a protease that degrades the substrate into small
peptides but allows
Hochstrasser, 2000).

recycling of the wubiquitin (Li and
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Small molecules targeting splicing and RBPs. Structures of several types of small molecules are shown. These small molecules include those which

inhibit RBPs such as MS-444, inhibitor of HUR protein (Meisner et al., 2007), natural-product derivatives E7107 and H3B-8800, which inhibit the splicing
factor 3b (SF3b) subcomplex (Seiler et al.,, 2018; Wheeler et al., 2024) and Ro 08-2750, a competitive inhibitor of Musashi protein (Walters et al., 2023).
Small molecules modulating splicing include Risdiplam and Branaplam, modulators of the survival of the motor neuron 2 (SMN2) alternative splicing

(Cheung etal., 2018; Ratni et al., 2018); spliceostatin A, a derivative from natural products, which interferes with the binding of U2 snRNA to the pre-mRNA
(Yoshimoto et al., 2021); the DNDI-6148 and acoziborole which target the cleavage and polyadenylation specificity factor 3 (CPSF3) (Betu Kumeso et al.,
2023; Mowbray et al., 2021). Small molecules with other mechanisms of actions such as covalent inhibitor-compound 9 (Wan et al., 2020), indisulam
which induces degradation of RBM39 via recruitment to DCAF15 (Du et al., 2019) and products from natural compounds like pladienolide analogs (Booth

et al,, 2020) are also included. Figure was made by OMK and WBB in ChemDraw.

In contrast to PROTACs, molecular glues are small molecules
that do not contain PROTAC segments but promote the interaction
between a target protein and an E3 ligase, leading to protein
degradation (Xiao et al., 2022). These molecules induce a
conformational change in the target protein, converting it into a
“neo-substrate” for the ligase, which then undergoes ubiquitination
and degradation (Schreiber, 2021). Despite being discovered
serendipitously, molecular glues represent an exciting therapeutic
strategy for targeting previously undruggable proteins. For example,
indisulam, a sulfonamide used in treating cancers, has been shown
to induce the degradation of RBM39 by promoting its interaction
with an E3 ligase complex. Further advancements in PROTAC
technology have led to the development of a PS-MOE

Frontiers in Chemistry 07

(Phosphorothioate 2'-O-Methoxyethyl) oligonucleotide analog,
designed to bind tightly to the zinc finger domain of Lin28A, a
key RNA-binding protein. This oligonucleotide was conjugated with
a VHL-recruiting peptide, inducing Lin28A degradation via the
ubiquitin pathway. This approach represents a novel method for
degrading and inhibiting RNA-binding proteins, a class of targets
that are typically difficult to treat pharmacologically (Xiao et al.,
2022). The details about different types of PROTACs and molecular
glues together with their targets and current applications are
summarized in Table 3.

Natural compounds have historically been important in drug
discovery, especially for cancers and infectious diseases. Plants are
recognized as a good source of natural compounds, contributing to
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TABLE 3 Comparison of mechanisms of action, molecular targets and current applications of bifunctional molecules.

Bifunctional Mechanisms of action

molecules

Molecular targets

References

Current applications

PROTACs They are composed of two ligands:
one binds the protein of interest
(POI), the other recruits an

E3 ubiquitin ligase, leading to
ubiquitination and proteasomal
degradation

protein 4)

RNA-PROTACs Target RNA-binding proteins by
linking RNA-recognition elements to
E3 ligase-binding peptides; however,
these constructs often suffer from
poor stability and membrane

permeability

protein)

Methionyl aminopeptidase 2
(METAP2); A 3-nitropyridine
derivative (N2-(1H-indazole-5-
y1)-N6-methyl-3-nitropyridine-
2,6-diamine) named KRIBB11;
BRD4 (Bromodomain-containing

Lin28 (oncogenic RNA-binding

Targeted protein degradation in
cancer, neurodegeneration, and
inflammation

Békés et al. (2022), Li et al.
(2023), Xue et al. (2020)

Early-stage applications in cancer
therapy, under active investigation

Ghidini et al. (2021), Li et al.
(2021b), Modell et al.
(2021)

RIBOTACs Small molecules that recruit RNase L
to degrade specific structured RNAs
by dimerizing the ribonuclease on the

RNA target.

Molecular Glues Small molecules that promote or

stabilize protein—protein interactions
between POI and E3 ligase, leading to
degradation; without the need of a
linker

drug discovery and offering solutions that are potentially more
than example, natural

compounds like FR901464, herboxiedenes, and
pladienolides, isolated from bacteria, target the SF3b subcomplex
of the U2 snRNP and disrupt early spliceosome assembly,

effective synthetic molecules. For

anticancer

demonstrating the potential of natural products to modulate
RNA splicing processes (Mizui et al., 2004). Natural compounds
have also shown promise in treating tropical neglected diseases like
trypanosomal infections. Alkaloids and flavonoids found in the
aqueous extract of Adansonia digitata (baobab fruit) have
effects
infections (Ogunleye et al., 2020). This makes baobab fruit pulp a

demonstrated  anti-trypanosomal against T. brucei
potential candidate for treating human and animal African
trypanosomiasis. In  addition, pure compounds
Siphonochilus aethiopicus (wild ginger) were shown to possess
anti-trypanosomal activity. For instance, compounds like
8(17),12E-labdadiene-15,16-dial and sesquiterpenoids exhibited a

minimum inhibitory concentration (MIC) of 5.3 pM and 6.9 pM,

from

respectively, against Trypanosoma brucei, making them potential
alternatives to suramin (MIC 10 uM) (Igoli et al, 2012). This
suggests that these compounds could be evaluated for their
ability to target RNA-binding proteins in trypanosomes.

Despite their pharmacological potential, natural products face
substantial limitations that must be addressed before clinical
translation. First, many exhibit poor bioavailability, which can
result from low aqueous solubility, rapid metabolic degradation,
or inefficient absorption (Daina et al, 2017). Second, the
promiscuous binding profiles of many natural compounds raise
concerns about off-target toxicity, particularly when administered
systemically (Chaudhari et al., 2020; Kiely-Collins et al., 2021).
Third, their structural complexity often poses serious challenges
in chemical synthesis, structural optimization, and large-scale
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pri-miR-96, pre-miR-21, SARS-
CoV-2 RNA genome

Transcription factors, RBM39
(spliceosome factor), IKZF1/3
(cereblon substrates)

Targeting non-coding RNAs in
cancer and viral infections (e.g.,
COVID-19)

Dey and Jaffrey (2019),
Haniff et al. (2020)

Li et al. (2024), Sasso et al.
(2023), Schreiber (2021)

Clinically approved agents for
myeloma (e.g., lenalidomide), MDS,
and refractory hematologic cancers

manufacturing, which complicates drug development pipelines
(Newman and Cragg, 2020).

these requires  multidisciplinary
approaches, including the use of semisynthetic derivatives,

Overcoming barriers
nanoparticle-based delivery systems, and Al-assisted de novo
design to improve pharmacokinetics and reduce toxicity.
Additionally, mechanistic studies, including chemo-proteomics
and structure-activity relationship (SAR) analysis are essential to
better understand how these compounds interact with RBPs and
other molecular targets (Harvey et al., 2015).

Given the challenges associated with chemical synthesis and the
potential toxic effects of natural products, it is essential to carefully
design these compounds, understand their mechanism of action and
conduct appropriate studies to elucidate their chemical properties.
These steps are crucial for the application of these compounds in
targeting RNA-binding protein (RBP) function in clinical studies (Li
and Kang, 2023).

Both PROTACs (MGs)

complementary advantages, advancing the therapeutic potential

and molecular glues offer
of targeted protein degradation technologies in disease treatment
(see Table 3). Molecular glues are small molecules that modulate
protein—protein interactions (PPIs) to promote the degradation of
proteins of interest (POIs) by facilitating their interaction with
E3 ligases. Their small size and structural simplicity contribute to
better cellular permeability and potential for oral administration.
Notably, they do not exhibit the “hook effect” commonly seen in
PROTACs. However, the development of molecular glues remains
challenging due to the unpredictable nature of PPIs, with many
Their

identification often depends on innovative screening approaches

effective ~ compounds  discovered  serendipitously.

to pinpoint molecules capable of modulating PPIs effectively (Zhong
G. et al., 2024).
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In contrast, most conventional PROTACs exceed Lipinski’s Rule of
Five due to their high molecular weight (typically 1,000-2,000 Da),
which negatively impacts their solubility, permeability, and cellular
uptake. This structural complexity also contributes to active
efficacy.
recent advances in reversible covalent inhibitors

transporter-mediated  efflux, limiting their overall
Nonetheless,
provide a promising complement to PROTAC strategies (Li et al,
2023). These inhibitors offer the benefits of prolonged action and
improved selectivity, advantages commonly associated with irreversible
covalent inhibitors while mitigating the risks of off-target binding and
toxicity. This is particularly valuable in the context of diseases that
require long-term treatment and high safety margins, such as
autoimmune disorders (Kiely-Collins et al., 2021).

Moreover, alternative targeted protein degradation technologies
such as hydrophobic tagging (hydrophobic labeling) offer an
E3 ligase-independent approach. This method uses a POI ligand
conjugated with a highly lipophilic fragment to induce degradation,
conferring monospecificity and avoiding the heterospecificity
challenges of PROTAC-based strategies (Wang et al., 2023). The
integration of artificial intelligence is playing an increasingly
important role in accelerating the rational design of PROTACs.
For instance, a recent study integrated pharmacokinetic data into
PROTAC-DB 3.0, recognizing the importance of druggability in
PROTAC development. While these technologies hold promise,
they remain in early stages and require robust datasets to reach
their full potential (Ge et al., 2025).

Crucially, emerging studies suggest the value of synergistic
applications that combine different targeted protein degradation
strategies to enhance efficacy. For example, a covalent inhibitor
could be used to first alter the conformation of an RNA-binding
protein (RBP), thereby increasing the efficiency of its subsequent
degradation by a PROTAC. For instance, covalent PROTACs
derived from ibrutinib analogs have demonstrated successful
degradation of Bruton’s Tyrosine Kinase (BTK) and B Lymphoid
Kinase (BLK) in live cells, underscoring the feasibility of linking
covalent warheads to PROTAC scaffolds in order to enhance
degradation efficiency in otherwise challenging targets (Xue et al.,
2020). This

mechanisms, enhance selectivity, or improve pharmacokinetics.

layered approach could overcome resistance
Similarly, natural products and their derivatives can serve as
molecular  glue

interactions or

“primers” by modulating protein-protein
potentially

sensitizing downstream degradation mechanisms. When used in

post-translational modifications,
combination with degraders, these molecules can expand the
degradable proteome or improve the selectivity and potency of
targeted protein degradation approaches. These compounds offer
chemical diversity and often possess inherent binding affinity to
protein surfaces, qualities which make them attractive starting
points for designing degraders that operate synergistically with
PROTAC: or glues (Kiely-Collins et al., 2021; Li et al., 2023).
Another example involves dual-ligand PROTACs, multi-valent
chimeras that incorporatetwo copies each of the POI ligand and E3-
ligase ligand. These constructs promote high-avidity, stable ternary
complex formation, resulting in enhanced degradation potency (up
to tenfold) and prolonged activity in vitro and in vivo, compared to
conventional single-ligand PROTACs. These dual strategies show
how multivalent interactions and sequential engagements can
synergistically increase degradation efficiency (Chen et al., 2024).
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Another emerging area is the dual-function bifunctional
molecules, where one “arm” covalently modifies the protein to
stabilize a degradation-prone conformation, and the other arm
recruits an E3 ligase (functionally similar to a PROTAC),
achieving a two-step degradation mechanism with enhanced
precision (Huang et al.,, 2024). By sequentially targeting a protein
with two different mechanisms, such as covalent modification
followed by PROTAC binding, the degradation rate can be
enhanced or steric hindrance overcome. For example, covalent
modification of E3 ligases with electrophilic ligands stabilizes
PROTAC ternary complexes, thereby increasing degradation
kinetics and circumventing the limitations of solely non-covalent
binding (Zhou and Xiao, 2020). This strategy can render previously
degradation-resistant proteins, whether due to inaccessible binding
pockets or resistance-conferring mutations, susceptible when
complementary modalities are combined. As evidence, covalent
inhibitors of KRAS GI12C, paired with PROTAC recruitment,
have successfully induced rapid and sustained degradation of
mutant KRAS even where direct PROTAC action alone was
insufficient (Jia et al, 2024). Moreover, dual-ligand PROTACs
(which carry two copies each of the POI ligand and E3 ligase
ligand) exhibit up to a tenfold increase in degradation efficiency
compared to single-ligand PROTACs, while allowing lower overall
dosing, thus reducing off-target activity and maintaining potency
(Chen et al., 2024). This exemplifies how synergy between distinct
mechanisms can yield greater selectivity and efficacy than either
approach alone.

Combining distinct degradation modalities also helps preempt
or overcome resistance mechanisms, such as mutations in E3 ligase
binding sites or activation of compensatory signaling pathways, a
strategy demonstrated in the case of BTK resistance to ibrutinib,
where PROTAC degradation bypassed target-site mutations to
restore efficacy (Li et al., 2022; Xue et al., 2020).

Challenges, however, must be carefully navigated when
implementing synergistic targeted protein degradation strategies.
One major concern is the risk of additive or synergistic toxicity,
which may arise from combining multiple active agents or
employing complex bifunctional molecules with overlapping or
effects. Additionally, there
pharmacokinetic mismatches between agents that differ in

interacting  biological can be
bioavailability, half-life, or tissue distribution, complicating dose
optimization and timing. From a development standpoint, such
combination strategies introduce greater complexity in drug
discovery, requiring sophisticated design, synthesis, and
optimization processes, as well as more extensive regulatory
evaluation. Furthermore, there is the potential for unpredictable
biological cross-effects or off-target interactions, especially in cases
where the mechanisms of the combined agents intersect within
overlapping cellular pathways or interact with unintended proteins.
These challenges have been noted in recent studies exploring multi-
mechanism degraders and bifunctional agents (Chaudhari et al,

2020; Chen et al., 2024).

5 Perspectives

Small molecules are of significant interest in drug discovery due
to several advantages such as oral bioavailability. Although RBPs
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have traditionally been considered “undruggable” targets due to the

absence of well-defined binding pockets, recent evidence
demonstrates that diverse small molecules can modulate RBP
function, highlighting the feasibility of targeting RBPs (as shown
in Figure 2). Key aspects for the development of effective RBP
regulators include high-throughput screening methods, elucidation
of mechanisms of action, and

strategic optimization of

identified compounds.

5.1 Screening technologies to identify small
molecules targeting RNA-binding proteins

Cell-based screens have been developed to identify small
molecules that modulate RNA splicing. There are a variety of
assays available for screening small molecule inhibitors of RNA-
binding proteins (RBPs) from various compound libraries. In this
section, we discuss some commonly used screening techniques in
drug discovery (Jaiswal et al., 2024). Drug discovery, which is often
slow and resource-intensive, requires collaboration across multiple
disciplines, as success hinges on the right team, the right target, and
the right compound. Various screening methods are employed to
identify potential drug leads, with high-throughput screening
(HTS) being one of the most widely used approaches
(Janzen, 2014).

HTS allows the screening of large compound libraries, often
numbering in the millions, to find molecules that interact with
specific targets, including proteins and protein-protein interactions
(PPIs) (Janzen, 2014; Nag et al., 2013). However, HTS is resource-
heavy and has a success rate of only around 50% (Macarron
et al., 2011).

An alternative to HTS is Fragment-Based Drug Discovery
(FBDD), which focuses on smaller libraries, typically containing
1,000 to 15,000 compounds with greater chemical diversity (Wang
L. etal, 2022). FBDD has become an essential tool in drug discovery
and often relies on techniques such as Nuclear Magnetic Resonance
(NMR), (SPR),
Crystallography to identify compounds that bind to biological

Surface Plasmon Resonance and X-ray
targets. While FBDD involves screening fewer compounds, it is
highly effective due to the diversity of molecules involved. NMR, in
particular, is considered the gold standard for FBDD studies (Wang
L. et al,, 2022).

The first step to drug discovery is to screen for drug leads from a
large pool of compounds. At present, there is a lack of efficient cell-
based methods that can rapidly screen compounds by detecting
apoptotic cell death. For example, the commonly used in vitro
caspase activity assay utilizes cell extracts from a large population
of cells. Furthermore, although the TdT-mediated dUTP nick end
labeling method is only applicable to fixed cells but not living cells,
assays involving annexin V require the use of a fluorescent
microscope or fluorescence-activated cell sorting analysis. These
methods are time-, labor- and cost-consuming and therefore, will be
difficult for a high-throughput drug screening (Tian et al., 2007).

In contrast, newer fluorescence-based assays, such as
Fluorescence Resonance Energy Transfer (FRET), are highly
sensitive and capable of detecting the proximity of biomolecules,
them

interactions. FRET works by labeling both a protein and its RNA

making excellent tools for screening RNA-protein
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target with different fluorescent probes, which allow detection of
binding interactions based on changes in fluorescence signals
(Janzen, 2014; Tian et al, 2007). Other fluorescence-based
methods include Fluorescence Polarization Immunoassays (FPIA)
and Fluorescence Lifetime Imaging Microscopy (FLIM) and
fluorescence polarization assays (FP) (Smith and Eremin, 2008).
FPIA is a user-friendly technique for monitoring small molecules,
while FP assays are valuable for investigating protein-ligand binding
affinities and thermo-stability (Huang et al., 2020). FLIM which
exploits the lifetime property of fluorescence, is a microscopy
technique that has gained popularity because of its high
sensitivity to the molecular environment and changes in
molecular conformation (Datta et al, 2020). Others assays
including catalytic Enzyme-Linked Click Chemistry Assay (cat-
ELCCA) as shown in Figure 3, are currently used along with
native mass spectrometry (MS) (Garner, 2018). Although MS was
initially used to study small proteins and protein-ligand
interactions, the applications of native MS have expanded and
cover a huge variety of protein assemblies involved in a plethora
of different biological processes.

Recent studies have demonstrated the effectiveness of high-
throughput screening (HTS) in identifying small molecules that
disrupt RNA-binding protein (RBP) interactions. For example, a
protein/RNA FRET assay using a GFP-tagged Lin28 donor and a
Let-7 microRNA acceptor labeled with a black hole quencher
(BHQ), as illustrated in Figure 3, enabled screening of over
16,000 small molecules. One compound, N-methyl-N-[3-(3-
methyl[1,2,4]triazolo[4,3-b]pyridazin-6-yl)phenyl]acetamide,
identified as a disruptor of the Lin28/Let-7 interaction. This
compound restored Let-7 processing and activity in cancer cells
expressing Lin28, induced differentiation in mouse embryonic stem

was

cells, and reduced tumor sphere formation in 22RV1 and
Huh7 cancer cells. A biotinylated analog of the compound also
successfully pulled down Lin28 from cell lysates, confirming target
engagement within cells. The Lin28/Let-7 axis is an emerging
therapeutic target in cancer biology, particularly for tumors that
exploit Lin28 to repress tumor-suppressive Let-7 microRNAs (Julio
and Backus, 2021; Roos et al., 2015; Roos et al., 2016; Zhang, 2008).

In another example, a fluorescence polarization (FP) assay as
illustrated in Figure 3, optimized for HTS was used to screen a
library of approximately 6,000 compounds for inhibitors of the
HuR-ARE (AU-rich element)
validated wusing orthogonal methods, including AlphaLISA,

interaction. Several hits were

surface  plasmon  resonance  (SPR),  ribonucleoprotein
immunoprecipitation (RNP-IP), and luciferase reporter assays.
These compounds disrupted HuR-RNA interactions at
nanomolar concentrations and blocked HuR function by

competitively binding to its RNA-binding site. Given HuR’s role
in stabilizing oncogenic transcripts, these findings highlight the
potential of these small molecules as chemical probes and
leads
characterized by HuR overexpression (Wang et al., 2015).

FRET and HTS techniques have also led to the discovery of
chemical probes targeting splicing-related RBPs, including Lin28,
HuR, MSUT2, the ELF4 protein family, as well as other modulators
such as cu-cpT17e, Branaplam, Risdiplam, RG7800, and splicing
regulators like SMN-C1, -C2, -C3, and -C5. These discoveries have
expanded the chemical biology toolkit for dissecting RBP function

possible for therapeutic development in cancers
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FIGURE 3

High-throughput screening approaches to identify RBPs inhibitors. Three different high-throughput screening strategies used for the identification

of small-molecule inhibitors of RBPs (A) Fluorescence resonance energy transfer (FRET) assays (Lim et al., 2016). In this assay, a protein (in this example,
LIN28) is labeled with a fluorophore that fluoresces stronger when it is on the free, unbound state. However, when the protein binds to a quencher-
tagged precursor let-7 microRNA (pre-let-7 miRNA), the FRET between the fluorophore and the quencher leads to the reduction or elimination of
fluorescence. Inhibitors that interfere with this interaction can prevent quenching, allowing the fluorescence to be detected. (B) Fluorescence
polarization (FP) assay (Wang Longfei et al., 2018). In this assay, an RNA molecule is labeled with a fluorophore, which moves quickly when free and
unbound, causing low emission of depolarized light on excitation with polarized light. However, when the RNA binds a protein, the rotation of the
fluorophore is slowed down and the emission of polarized light is increased. If a compound interferes with the protein-RNA binding, the fluorophore can
rotate more freely again, and the signal becomes depolarized, indicating a lower fluorescence polarization signal. (C) Catalytic enzyme-linked click-
chemistry assay (cat-ELCCA) (Lorenz et al., 2018). In this assay, 5'-trans-cyclooctene (TCO)-labelled RNAs interact with immobilized LIN28 protein and
their interaction is detected using a chemiluminescence signal. The signal arises from chemical reaction where the TCO-labeled RNA reacts with
methyltetrazine (MTZ)-labeled horseradish peroxidase (HRP) followed by incubation with an HRP substrate. If a small molecule disrupts the RNA-LIN28
interaction, the chemiluminescence signal will decrease, indicating that the interaction has been weakened or blocked. Figure was created in BioRender.

Bishola, T. (2025) https://BioRender.com/q33t189.

and hold therapeutic potential in diseases involving aberrant
splicing and RNA regulation (Baker et al., 2020).

To select an appropriate assay, it is essential to consider the
nature of the targets. For example, when an RNA-binding protein
(RBP) is associated with spliceosome, a cell-based assay is
recommended due to the complexity of the target. On the other
hand, in a system containing only an RBP and an RNA molecule, a
proximity-based fluorescent assay is more suitable for screening. It is
crucial to define screening strategies tailored to a known target.
Defining the right strategy is essential to minimize costs and avoid
false positives. During the hit identification and lead discovery
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phase, screening assays are developed to identify compounds that
show biologically relevant activity, allowing for the construction of a
structure-activity relationship (SAR), which is critical for optimizing
2011). A “lead” is defined as a hit
confirmed by more than one assay in vitro, and if possible in

drug leads (Hughes et al,

vivo, in a manner that shows biologically relevant activity that
correlates to the target (Fox et al., 2006).

Fragment-based drug discovery also plays a crucial role in
targeting protein-protein interactions (PPIs), which are notoriously
challenging to modulate with small molecules. PPIs are often involved
in key cellular processes, making their disruption or stabilization an
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B. Small molecules targeting RNA-binding proteins

 mRNA-binding proteins (eg. HUR, Musashi proteins)
¢ Spliceosome proteins (eg. SF3b complex, CPSF3)
 miRNA-binding proteins (eg. LIN28A and LIN28B)

¢ ds- or ss-RNA-binding proteins (eg. TLR3, TLR8)

o CRISPR-associated proteins (eg. SpCas9)

¢ IncRNA-binding proteins

FIGURE 4

Selected strategies for targeting RNA-binding proteins and RNAs. (A) RNA-targeting strategies include nucleotide-based drugs such as fomivirsen

(Crooke, 1998), mipomersen (Crooke et al., 2013), nusinersen (Scoto et al,, 2018) and short interfering RNA (siRNA) such as patisiran (Setten et al., 2019)
and givosiran (Sardh et al,, 2019). These strategies are designed to target specific RNA sequences or structures (Angelbello et al.,, 2018). The year of
regulatory approval of the drug by the US Food and Drug administration is indicated in parentheses. Small molecules targeting RNA can bind to
structural motifs like hairpins and loops, RNA enzymes like ribozymes, or specific RNA sequences (such as those in HIV), as well as other RNA sequences
and repeats. Some examples not shown include macrocyclic inhibitors and peptidomimetics (Shi et al., 2019). (B) Protein-targeting strategies involve
small molecules and natural products that modulate RNA-binding proteins (RBPs) by interacting with their RNA-binding domains (D'Agostino et al., 2019).
Protein-targeting small molecules modulate RNA-binding proteins (RBPs), which participate in diverse processes such as binding to mRNAs, microRNAs
(MiRNAs), double-stranded RNA (dsRNA), single-stranded RNA (ssRNA), and spliceosomal components, as well as other RNA-related functions, including
those mediated by the bacterial CRISPR-Cas system. Other protein-targeting approaches, such as RNA constructs and antibody-based methods, are not
covered here (Laver et al., 2012). (C) PROTACs (proteolysis-targeting chimeras) are heterobifunctional molecules that recruit E3 ubiquitin ligases to RNA-
binding proteins, promoting their ubiquitination and subsequent proteasomal degradation. This strategy enables selective removal of disease-relevant
RBPs rather than inhibition alone (Schreiber, 2021; Xiao et al., 2022). (D) RNA-PROTACSs are chimeric structures that employ small RNA mimics as
targeting groups to dock into the RNA-binding sites of RBPs. A conjugated E3-recruiting peptide, often derived from the HIF-1a protein, then directs the
bound RBP to the ubiquitin—proteasome system for degradation (Ghidini et al., 2021; Modell et al., 2021). Figure was created in BioRender. Bishola, T.

(2025) https://BioRender.com/htawgie.

important therapeutic strategy. FBDD approaches can identify
compounds that either inhibit or stabilize PPIs by binding to one
of the interacting proteins and affecting the protein-protein
interaction.

Compounds targeting PPIs can achieve their effects by either
disrupting interactions or stabilizing specific conformations to
influence signaling pathways (Li, 2020). As drug discovery
continues to evolve, screening strategies are becoming more
integrated with advances in technology. HTS labs are increasingly
using focused libraries, predictive profiling of compounds, and
cherry-picking strategies to improve the efficiency and
effectiveness of drug screening.

Systems biology and pharmacogenomics are gaining prominence

as more screening strategies incorporate data-driven approaches.
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Moreover, HTS is now being applied in other areas, such as RNA
interference research, biomarker discovery, and in vitro studies of
absorption, distribution, metabolism, and excretion (ADME), as well
as toxicity screening (Fox et al., 2006). The cost of screening remains a
significant challenge for pharmaceutical companies, prompting many
to outsource various stages of the process to reduce costs while
improving the quality of leads generated through HTS.

Several promising drug leads have emerged from screening
efforts aimed at treating tropical diseases such as the Human
African Trypanosomiasis (HAT). Using FRET-based assays,
researchers screened 100,000 compounds against purified T.
brucei editosomes, identifying seven compounds that inhibited
essential catalytic activities, such as RNA editing ligase activity
(Rostamighadi et al, 2024). Virtual screening has also been
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employed to target specific enzymes involved in RNA editing, such
as Trypanosoma brucei editing ligase 1 (TbRELI) (Salavati et al.,
2012). Studies have identified compounds, such as GW 5074,
mitoxantrone, and protoporphyrin IX, that inhibit RNA editing
by interfering with endonuclease cleavage (Salavati et al.,, 2012).
Other promising compounds, including fexinidazole, SCYX-7158,
and acoziborole, have already entered clinical trials, highlighting the
potential for high-throughput screening to identify -effective
treatments for neglected diseases like HAT (Gilbert, 2013).

5.2 Mechanisms of action of small molecules

Small molecules can influence the activity of RNA-binding
proteins (RBPs) through several mechanisms (Julio and Backus,
2021) (as shown in Figure 4). One approach involves disrupting
the interaction between RBPs and RNA. By preventing this binding,
these compounds can alter RNA stability or affect signaling pathways
(as illustrated in Figure 4). Such inhibitors are often identified using
binding assays. The identified covalent inhibitors prevent RBPs from
binding to RNA molecules. The formation of a covalent bond
enhances the effectiveness and chemical characteristics of the
modulators. Such inhibitors can be developed when an appropriate
amino acid like serine, cysteine, or lysine is located within the binding
site of the compound (Li and Kang, 2023).

Another strategy uses small molecules that improve the
interactions between RNA molecule and protein or with
components of the spliceosome. These types of compounds are
usually found through biophysical assays. Molecules that bind
directly to RNA can also influence how well RBPs can attach to
it. In a different mechanism, small molecules binding to RBPs can
trigger the degradation of RBPs by recruiting ubiquitin E3 ligases.
The design of PROTACs (proteolysis-targeting chimeras) or
molecular glues will result in modulators to reduce the level of
RBPs (Corley et al., 2020; Wang L. et al.,, 2022).

Even though most known small molecule modulators interfere
with RNA binding through direct competition or allosteric effect
(see Figure 4), further chemical optimization is needed to meet the
needs for clinical use. Interestingly, PROTACs can be developed by
modifying
inhibitory activity on RNA binding (as shown in Figure 4).

existing RBP-binding compounds, without any

Various screening methods, like fragment-based screening,
molecular docking, or other binding assays, can be used to
identify promising RBP-targeting molecules. Although RNA
molecules were once considered as undruggable targets, recent
research shows that small molecules can selectively bind RNAs
(Datta et al., 2020; Huang et al., 2020; Smith and Eremin, 2008; Tian
et al, 2007). RNA binding to an RBP can also result in
conformational changes, which might create new binding sites
for drug development (Flores and Ataide, 2018). Therefore, it
might be possible to design compounds that stabilize RBP-RNA

complexes as a way to treat certain diseases.

5.3 Bifunctional molecules

Proteolysis-targeting chimeras (PROTACs) are a class of
bifunctional small molecules designed to induce the targeted
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degradation of proteins by harnessing the cell's ubiquitin-
proteasome system (Zhong J. et al., 2024). They consist of three
components: a ligand that binds the protein of interest (POI), a
ligand that recruits an E3 ubiquitin ligase, and a linker that connects
these two ligands (Pasieka et al., 2023). Despite their potential, the
clinical application of PROTACs faces challenges, including issues
with specificity, pharmacokinetics, pharmacodynamics, and large-
scale production. These limitations have driven the development of
heterobifunctional molecules, which can simultaneously interact
with two or more targets to induce the desired molecular
interactions or reactions. Recent advancements have led to the
design of several types of heterobifunctional molecules. These
include traditional PROTACs which bind to both an RBP and an
E3 ligase, facilitating the degradation of the RBP through the
ubiquitin-proteasome pathway; RNA-PROTACs which are
designed to bind to a specific RNA sequence and an E3 ligase (as
illustrated in Figure 4). When a small molecule that binds to the
RNA sequence is available, linking this molecule with an E3 ligase-
binding moiety can result in a compound that affects the RBP level
through induced ubiquitination (Li and Kang, 2023). RIBOTACs
type of
heterobifunctional molecules which induce RNA degradation by
binding to both RNA and a ribonuclease, such as RNase L. Linking
small molecule binders of RBPs with an RNase-binding moiety can

(Ribonuclease-Targeting ~ Chimeras) are another

result in a molecule that degrades RNA by recruiting the RNase to
proximity with the RNA molecule (Modell et al, 2021). Lastly,
bifunctional molecules targeting both RBPs and RNA bind to both
an RBP and an RNA sequence, potentially improving the specificity
of individual moieties and offering more precise modulation of RBP
function (Li and Kang, 2023).

The development of these heterobifunctional molecules
provides new opportunities for drug discovery and development,
particularly in targeting RNA-binding proteins (RBPs) that have
been challenging to modulate with traditional small molecules.
However, designing such compounds remains complex due to
the chemical properties and structural intricacies of RBP-RNA
complexes. Ongoing research is essential to overcome these
and realize the

challenges therapeutic potential of these

innovative molecules.

6 Challenges in clinical translation of
RBPs targeting therapeutics

Despite significant progress in targeting RNA-binding proteins
(RBPs) through modalities such as natural products, PROTACs, and
covalent inhibitors, translating these approaches into clinical
therapies faces significant modality-specific barriers. Natural
products often present synthetic challenges due to their complex
structures, which complicates scale-up, while their promiscuous
binding can lead to off-target effects and toxicity. PROTACs,
meanwhile, are hindered by their high molecular weight
(typically over 700 Da), which adversely affects cell permeability,
oral bioavailability, and tissue distribution. The design of the linker
joining the target ligand and E3 ligase is particularly critical to
activity, as linker length, flexibility, and rigidity directly influence
ternary complex formation, target selectivity, and pharmacokinetic
behavior (Cecchini et al., 2021). Macrocyclization or introduction of
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rigid scaffolds in linker design can improve potency, specificity, and
cellular efficacy even if binary binding affinity to the target is
reduced (Li and Crews, 2023). Additionally, strategies such as
PEGylation, delivery, and antibody-conjugated
PROTAC: are being investigated to address pharmacokinetic and

nanoparticle

targeting challenges. Al-assisted modeling tools that predict ternary
complex stability and linker behavior are increasingly applied to
rationally optimize PROTACs as drug-like entities (Fu et al., 2025;
Lin et al., 2025; Lv et al., 2025).

Covalent inhibitors pose their own hurdles: electrophilic
warheads may modify nucleophilic residues across the proteome,
raising concerns around off-target toxicity. Strategies to mitigate
these risks include the development of “soft” electrophiles with
tuned reactivity and the application of chemo-proteomic profiling
methods (e.g., ABPP, residue-based probes) to identify and
(Wai 2021).
Reversible covalent inhibitor designs also offer promise in

eliminate unintended targets Cheung et al,
balancing sustained target engagement with improved safety
margins (Zhao and Bourne, 2025).

Finally, to bridge the gap from mechanistic studies to clinical
application, a cohesive framework that links structural modulation
of RBP domains to downstream transcriptomic and phenotypic
changes is essential. Multi-omics integration, including RNA
sequencing, proteomics, and chemo-proteomics, helps trace the
impact of RBP perturbation across molecular networks, while
biomarker-based selection (such as RBP expression signatures or
splicing variants) can enable precision targeting. Predictive
modeling that combines Al-driven ADME-Tox evaluation with
protein-ligand docking further accelerates rational optimization
and clinical de-risking.

7 Conclusion and future prospects

Targeting RNA-binding proteins (RBPs) with small-molecule
inhibitors is a growing field of research, offering a complementary
approach to modulate protein-RNA interactions. Over the past
decade, significant progress has been made in understanding RBP
functions and identifying small-molecule modulators, many of
which were once considered “undruggable” (Julio and Backus,
2021; Li and Kang, 2023). High-throughput screening has been
key in discovering these inhibitors, often followed by structure-
activity relationship (SAR) analysis to refine compounds. Notable
progress has been made with RBPs like LIN28 (Rosenblum et al.,
2024), RNA-sensing toll-like receptors (Zheng et al., 2023), and Cas
proteins (Chen et al., 2022), but challenges remain in developing
more effective inhibitors with better biological and pharmacological
properties. As more RBP structures are solved, the drug discovery
process is expected to shift from screening to rational drug design
(Julio and Backus, 2021). Techniques like NMR and computational
modeling are playing a crucial role in identifying potential inhibitors
by leveraging structural information from related proteins. The
diversity of chemical libraries is also critical for discovering
compounds with novel biological effects. Libraries containing
both protein- and RNA-targeting molecules are needed to
explore protein-RNA interactions fully.

In addition to RNA binding, RBPs may have other functions,
such as DNA binding, pseudokinase activity, or protein-protein
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interactions, offering new avenues for targeting RBP functions (Corley
et al, 2020). These non-RNA-binding activities could offer new
opportunities for targeting RBP functions in different ways.
Moreover, proteins that interact with RBPs without directly binding
to RNA, such as some recently identified RNA-dependent proteins,
could provide an alternative approach for modulating protein-RNA
interactions, especially when small molecules that directly target either
the protein or RNA are not available. While significant strides have
been made in identifying small-molecule inhibitors for a variety of
RBPs, further research is required to better understand their
mechanisms of action, confirm their efficacy in different assays, and
evaluate their performance in living organisms. With continued
development, RBP inhibitors hold potential for chemical biology
and biomedical applications, offering novel treatments for diseases
such as trypanosomiasis, cancer, autoimmune and inflammatory
disorders, and neurodegenerative diseases.
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