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the systematic profiling of drug-
induced remodeling of RNA–RBP (RNA-binding
protein) interactions

Yajie Jiao, a Jinguo Zhao,a Bin Fu,a Peiying Dong,a Xiaohong Qian,a Tong Liu*ab

and Weijie Qin *ac

Nucleic acid-based therapeutics targeting RNA-related regulatory networks have received substantial

attention in drug development, among which the interventions of RNA–RBP (RNA-binding protein)

interactions or RNA–protein complex assemblies represent a promising strategy for treating various

diseases. RBPs play essential roles in post-transcriptional regulation, and their interactions with RNA are

closely associated with physiological homeostasis and pathological progression. Although RNA–RBP

interactions are increasingly recognized as therapeutic targets, the lack of systematic methods for

screening the drugs that intervene in these interactions and evaluating their off-target effects remains

a major bottleneck in the field. Here, we established an integrated approach combining biotinylated

furocoumarin probe (BFP)-mediated RNA-tagging and RPC enrichment with quantitative proteomics to

systematically profile the drug-induced remodeling of RNA–RBP interactions, thereby facilitating

therapeutic drug discovery and off-target effect assessment. Applying this approach to MS-444-treated

cells, we confirmed therapeutic target engagement by detecting inhibited HuR–RNA binding (the

primary target of MS-444) and simultaneously revealed widespread binding suppression of RNA-

processing RBPs, particularly those harboring RRM domains, as potential off-target effects. When applied

to risdiplam-treated cells (an FDA-approved splicing modulator for spinal muscular atrophy), we verified

the expected dissociation of hnRNP G from RNA transcripts and revealed extensive remodeling of SR

and hnRNP splicing factors involved in SMN2 exon 7 regulation, providing insights into both its

therapeutic mechanism and potential off-target perturbations. We anticipate that this approach will serve

as a powerful platform for screening the drugs targeting RNA–RBP interactions and evaluating their off-

target effects, thereby advancing the development of RNA-targeted therapeutics.
1. Introduction

The RNA-binding protein (RBP) is the key regulator of post-
transcriptional gene expression in eukaryotic cells.1 By assem-
bling with RNA into RNA–protein complexes (RPCs), the RBP
coordinates multiple steps of RNA metabolism, including pro-
cessing, transport, translation, and degradation.1–4 Under
physiological conditions, the dynamic remodeling of RNA–RBP
interactions is tightly controlled to maintain cellular homeo-
stasis, while aberrant perturbations of these interactions are
closely linked to the pathogenesis of numerous diseases,
including cancer, neurodegenerative disorders, and genetic
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diseases.5–8 For instance, the dysregulated binding of HuR to
oncogenic mRNA 30UTRs promotes tumor progression by
enhancing mRNA stability and translation.9–11 These ndings
highlight RNA–RBP interactions as attractive therapeutic
targets for disease treatment. In recent years, nucleic acid-based
therapeutics targeting RNA-related pathways have emerged as
a rapidly developing eld, with the interventions of RNA–RBP
interactions representing a key direction.12,13 Compared with
traditional protein-targeted small molecules, the drugs that
modulate RNA–RBP interactions directly target disease-related
post-transcriptional regulatory networks, offering possibly
higher therapeutic potential as seen in recent clinical
successes.14–16 For example, risdiplam (Evrysdi), the rst FDA-
approved oral small-molecule splicing modulator for spinal
muscular atrophy (SMA), exerts its therapeutic effect by di-
splacing hnRNP G from the SMN2 transcript and stabilizing U1
snRNP binding to the 50 splice site of SMN2 exon 7, thereby
promoting functional SMN protein expression.16–18 However,
the development of such therapeutics is severely hindered by
two critical bottlenecks: rst, the lack of systematic methods for
RSC Adv., 2026, 16, 27057–27068 | 27057
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screening compounds that can specically perturb the patho-
genic RNA–RBP interactions. Second, the difficulty in compre-
hensively evaluating the off-target effects of these drugs, as RBP
and RNA oen form complex regulatory networks and non-
specic perturbation may lead to unexpected side effects.19,20

Although large-scale studies using metabolic RNA labeling and
organic phase separation have revealed extensive RNA–RBP
interactions in diverse biological contexts, current technologies
are primarily focused on identifying biomolecular complexes
rather than evaluating drug-induced perturbations, limiting
their application in drug development.21–25

Mass spectrometry-based proteomics has been widely
applied in drug discovery and target identication, including
methods based on protein abundance changes, such as func-
tional identication of targets by expression proteomics
(FITExP), as well as methods relying on drug-induced alter-
ations in protein stability, including thermal proteome proling
(TPP), solvent-induced protein precipitation (SIP), and pH-
dependent protein precipitation (pHDPP).26–29 Recent
advances in matrix-augmented pooling strategy (MAPS) have
further improved the throughput of stability-based target
deconvolution, enabling multiplexed TPP for parallel deconvo-
lution of multiple compounds, and revealed pronounced cell-
specic drug–protein interaction landscapes.30 Moreover,
peptide-centric local stability assay (PELSA) has been developed
to capture ligand-induced local stability shis at the peptide
level using limited proteolysis coupled with quantitative mass
spectrometry.31 However, these approaches are not suitable for
studying drug-induced remodeling of RNA–RBP interactions
since both RNA and drugs act as ligands affecting protein
stability, making it difficult to distinguish direct perturbations
of RNA–RBP interactions from indirect effects. Herein, we
established an integrated workow combining 254 nm UV-
induced RNA and RBP crosslinking biotinylated furocoumarin
probe (BFP)-mediated RNA tagging for RPC enrichment with
quantitative proteomics to systematically characterize drug-
induced remodeling of RNA–RBP interactions. This approach
leverages furocoumarin-mediated RNA tagging and streptavi-
din–biotin affinity enrichment to specically isolate RPCs fol-
lowed by quantitative proteomics to compare RNA–RBP binding
dynamics between drug-treated and untreated cells (Scheme 1).
Scheme 1 Schematic overview of the integrated workflow for profilin
interactions, combining biotinylated furocoumarin probe (BFP)-mediat
quantitative proteomic analysis.

27058 | RSC Adv., 2026, 16, 27057–27068
BFP integrates an RNA tagging moiety with an enrichment
handle into a single molecule. Upon 365 nm UV irradiation, the
3,4-double bond of the pyrone ring and the 40,50-double bond of
the furan ring in furocoumarin can undergo cycloaddition with
the 5,6-double bond of the uracil base, resulting in the forma-
tion of cyclobutane adducts, thus avoiding non-specic side
reactions with DNA or proteins and conferring high selectivity
for RNA labeling.32,33 The biotin moiety can specically interact
with streptavidin magnetic beads, thus allowing selective
enrichment of the RPCs. We validated this approach using two
model compounds: MS-444 (a potential anti-cancer compound
targeting HuR–RNA interactions) and risdiplam (an FDA-
approved SMA therapeutic targeting SMN2-related RNA–RBP
interactions). For MS-444, we not only conrmed its therapeutic
target via validating specic inhibition of HuR–RNA binding
but also identied widespread binding suppression of other
RNA-processing RBPs as potential off-target effects. For risdi-
plam, we veried the expected dissociation of hnRNP G from
the SMN2 transcript and uncovered extensive remodeling of SR
and hnRNP splicing factors involved in SMN2 exon 7 regulation,
providing insights into its therapeutic mechanism and poten-
tial off-target perturbations. This study provides a powerful and
generalizable platform for screening drugs that modulate RNA–
RBP interactions and evaluating their off-target effects, thereby
advancing the development of RNA-targeted therapeutics.
2. Experimental
2.1 Materials and reagents

MS-444 and risdiplam were purchased from MedChemExpress
(New Jersey, USA). Biotinylated furocoumarin probe, HRP-
conjugated streptavidin, Dynabead M-280 Streptavidin and
RNase A (10 mg mL−1) were purchased from Thermo Fisher
Scientic (Waltham, USA). DEPC-treated water was obtained
from Sangon Biotech (Shanghai, China). Ribonucleoside
vanadyl complex (200 mM) was obtained from New England
Biolabs (Ipswich, USA). Protease inhibitor cocktail tablets were
purchased from Roche (Basel, Switzerland). Cell Counting Kit-8
(CCK-8) was purchased from Lablead Trading Co., Ltd (Beijing,
China). Ultrapure RNA Kit and Protein Silver Stain Kit were
ordered from CoWin Biosciences (Jiangsu, China).
g the drug-induced remodeling of RNA–RBP (RNA-binding protein)
ed tagging and enrichment of RNA–protein complexes (RPCs) with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2 Cell culture and cell viability analysis

Human epithelial (HeLa), human colon cancer (HCT116) and
human embryonic kidney (HEK293T) cell lines were obtained
from the American Type Culture Collection (ATCC). Cells were
cultured in Dulbecco's Modied Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U mL−1

penicillin and 100 mg mL−1 streptomycin at 37 °C in a humidi-
ed atmosphere containing 5% CO2.

For the cell viability analysis, HEK293T cells were seeded
into 96-well plates at a density of 104 cells per well. Aer treat-
ment with different concentrations of risdiplam for 24 h, the
cells were incubated with 100 mL DMEM supplemented with 10
mL CCK-8 at 37 °C for 1 h. The absorbance at 450 nm was
measured using a Multiskan MK3 microplate reader (Thermo
Fisher Scientic, USA). Cell viability was calculated as: Cell
viability (%) = (At − Am)/(Au − Am) × 100%, where At, Au, and Am
represent the absorbances of the risdiplam-treated cells,
untreated cells, and medium-only control, respectively. At least
three wells were tested per experiment.
2.3 Dot blotting analysis of photo-labeled RNA

Total RNA was extracted from the HeLa cells using an Ultrapure
RNA Kit. A mixture containing 5 mg RNA and 5 mMBFP in 100 mL
DEPC-treated water was exposed to 365 nm UV irradiation32,34 at
20 mW cm−2 for 2 min using a UV LED instrument (UVSF81T,
Futansi Electronic Technology, China), followed by an addi-
tional purication using the same kit. The labeled RNA was
heated at 95 °C for 3 min, immediately cooled on ice, and
spotted onto a nitrocellulose membrane (0.45 mm, Merck
Millipore, Germany). Aerwards, the membrane was subjected
to 254 nm UV exposure for 30 min to immobilize the RNA.
Following washing with TBST for 5 min, the membrane was
blocked with 5% (w/v) skim milk in TBST for 1 h and incubated
with HRP-conjugated streptavidin (1 : 1000) for 1 h at RT. Aer
washing three times with TBST for 10 min each, the membrane
was incubated with ECL western blotting substrate and visual-
ized using the ImageQuant LAS 500 system (Cytiva, USA).
2.4 Enrichment of RBPs from drug-treated cells

To evaluate the effects of MS-444, HCT116 cells were grown in
15 cm culture dishes to approximately 80% conuence, fol-
lowed by treatment with 10 mM MS-444 in DMEM for 48 h.
Vehicle-treated cells served as the negative control. Aer
washing twice with PBS, cells were irradiated on ice with 254 nm
UV35–37 (0.25 J cm−2) using a UV crosslinker (CL-1000, UVP, USA).
Cells were harvested using a cell lier and transferred to RNase-
free centrifuge tubes. Aer centrifugation, the supernatant was
discarded, and cell pellets were resuspended in 250 mL lysis
buffer I (PBS, 0.5% SDS, 1× protease inhibitor, and 10 mM
ribonucleoside vanadyl complex). The suspension was homog-
enized by repeated pipetting with a 1 mL syringe and incubated
at 4 °C with gentle rotation for 30 min. Subsequently, 1 mL lysis
buffer II (PBS, 0.1% Triton X-100, 1× protease inhibitor, and
10mM ribonucleoside vanadyl complex) was added, followed by
additional homogenization and incubation at 4 °C for 30 min.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Lysates were centrifuged at 14 000g for 10 min, and the super-
natant was transferred to a six-well plate. BFP was then added to
the plate at a nal concentration of 5 mM and incubated at 4 °C
with shaking for 30 min. The plate was then irradiated on ice
with 365 nm UV light (20 mW cm−2) for 2 min. The supernatant
was concentrated using Amicon Ultra centrifugal lters (10 kDa
MWCO; Merck Millipore, Germany) and washed three times
with PBS for buffer exchange. The BFP-treated lysate was
adjusted to a volume of 500 mL with 2 M urea and incubated
with 100 mL precleared streptavidin beads at 4 °C for 1 h with
gentle rotation. Following magnetic separation and removal of
the supernatant, the beads were washed twice with 200 mL PBS
containing 0.2% SDS, twice with 200 mL PBS containing 8 M
urea, and twice with 50 mM NH4HCO3. To release the RBPs, the
beads were incubated with 20 mL RNase A (0.01 mg mL−1) at 37 °C
for 1 h. Eluates were collected for SDS-PAGE analysis or MS-
based proteomic analysis. An RNase washing control was
included, in which the cells and lysates were subjected to the
same treatment except for an additional incubation with RNase
A (0.1 mg mL−1) at 37 °C for 1 h prior to the bead washing steps.
All buffers used in this study were prepared using DEPC-treated
H2O. To evaluate the effects of risdiplam, HEK293T cells were
incubated with 20.5 mM risdiplam in DMEM for 24 h, followed
by RBP enrichment using the same procedure.

2.5 SDS-PAGE analysis of enriched RBPs

The eluted RBPs were denatured at 95 °C for 10 min in 1× SDS-
PAGE loading buffer containing b-mercaptoethanol. The dena-
tured proteins were separated on a 10% SDS-PAGE gel at 80 V
for 20 min through the stacking gel and 120 V for 1 h through
the resolving gel. The gel was then transferred to a clean
container and silver-stained using Protein Silver Stain Kit to
visualize protein bands.

2.6 Proteome sample preparation

2.6.1 RNA-binding proteome (RBPome) sample prepara-
tion. The eluted RBPs were reduced with 10 mM dithiothreitol
(DTT) at 56 °C for 45 min and alkylated with 40 mM chloro-
acetamide (CAA) at room temperature for 45 min. The RBPs
were digested by trypsin at a ratio of 50 : 1 (protein : enzyme) at
37 °C for 16 h. The resulting peptides were desalted using
a StageTip C18, dried in a SpeedVac concentrator (Thermo
Fisher Scientic, USA) and reconstituted in 100 mL of 100 mM
tri-ethylammonium bicarbonate (TEAB) buffer. Stable isotope
dimethyl labeling was performed for quantitative analysis.
Briey, the experimental samples were incubated with 8 mL of
4% (v/v) CH2O, while RNase washing controls were incubated
with 8 mL of 4% (v/v) CD2O. Both experimental and control
samples were supplemented with 8 mL of 0.6 M NaBH3CN and
incubated for 1 h at room temperature. Reactions were
quenched with 32 mL of 1% (v/v) ammonia solution and acidi-
ed with 16 mL of formic acid (FA). Following the mixing of the
light-labeled and heavy-labeled peptides, the solution was
desalted, dried and stored at −80 °C until LC-MS/MS analysis.

2.6.2 Whole-cell proteome sample preparation. Whole-cell
lysates collected aer 365 nm UV irradiation were prepared
RSC Adv., 2026, 16, 27057–27068 | 27059
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using the lter-aided sample preparation (FASP) method.38

Briey, the lysates were transferred to 10 kDa lter units and
centrifuged at 14 000g for 40 min. The lter units were then
washed three times with 50 mM NH4HCO3 for buffer exchange
and removal of low-molecular-weight components. Proteins in
the lter units were reduced with 10 mM DTT at 37 °C for 4 h
and alkylated with 40 mM CAA at room temperature for 45 min.
Aer washing ve times with 50 mM NH4HCO3, the proteins
were digested with trypsin at a ratio of 50 : 1 (protein : enzyme)
at 37 °C for 16 h. Subsequently, the peptide ltrates were
collected by centrifugation at 14 000g for 10 min into new
collection tubes. The peptide solutions were desalted, dried and
stored at −80 °C until LC-MS/MS analysis.
2.7 LC-MS/MS analysis

2.7.1 LC-MS/MS analysis of RBPome sample. The dimethyl-
labeled peptides were reconstituted in 0.1% FA and loaded onto
a 150 mm i.d. × 15 cm reversed-phase column packed with 1.9
mmUltimateXB-C18 resin. Peptide separation was performed on
an Easy nLC 1000 nano-LC system at a ow rate of 600 nL min−1

using a 78 min gradient: 5–8% B (0–8 min), 8–22% B (8–58min),
22–32% B (58–70 min), 32–90% B (70–71 min), and 90% B (71–
78 min). Solvent A consisted of 0.1% FA in water, and solvent B
consisted of 0.1% FA in acetonitrile. The LC system was coupled
to an Orbitrap Fusion Tribrid mass spectrometer (Thermo
Fisher Scientic, USA) equipped with a nano-electrospray ioni-
zation source. The spray voltage was set to 2.0 kV, and the ion
transfer tube temperature was maintained at 320 °C. Data were
acquired in data-dependent acquisition (DDA) mode. Full MS
scans (m/z 300–1400) were acquired in the Orbitrap at a resolu-
tion of 120 000 (AGC target of 5 × 105, maximum injection time
100 ms). Precursor ions were fragmented by higher-energy
collision dissociation (HCD) with a normalized collision
energy (NCE) of 32. MS2 spectra were acquired in the ion trap
with an AGC target of 5 × 103, a maximum injection time of 35
ms, and a dynamic exclusion time of 18 s.

2.7.2 LC-MS/MS analysis of whole-cell proteome sample.
Peptides were reconstituted in 0.1% FA and loaded onto a 75 mm
i.d. × 20 cm reversed-phase column packed with 1.9 mm
UltimateXB-C18 resin. Peptide separation was performed on an
Easy nLC 1000 nano-LC system at a ow rate of 600 nL min−1

using a 120 min gradient: 7–12% B (0–8 min), 12–30% B (8–84
min), 30–42% B (84–109 min), 42–95% B (109–112 min), and
95% B (112–120 min). Solvent A consisted of 0.1% FA in water,
and solvent B consisted of 0.1% FA in acetonitrile. The LC
system was coupled to a Q Exactive HF mass spectrometer
(Thermo Fisher Scientic, USA) equipped with a nano-
electrospray ionization source. The spray voltage was set to 2.0
kV, and the ion transfer tube temperature was maintained at
320 °C. Data were acquired in data-independent acquisition
(DIA) mode. Full MS scans (m/z 350–1200) were acquired in the
Orbitrap at a resolution of 120 000 (AGC target of 3 × 106,
maximum injection time 50 ms). Precursor ions were isolated
using 60 xed-width windows of 14.2 Da each and fragmented
by HCD with an NCE of 25. MS2 spectra were acquired in the
27060 | RSC Adv., 2026, 16, 27057–27068
Orbitrap at a resolution of 30 000 with an AGC target of 1 × 106,
and the maximum injection time was set to auto.
2.8 Mass spectrometry data analysis

2.8.1 Data analysis of RBPome sample. The raw les were
searched using MaxQuant (version 2.0.3.0) against the UniProt
KB/Swiss-Prot database (Homo sapiens, release 2025_04, 20 421
entries). Dimethyl labeling multiplicity was set to 2, with Di-
methLys0 and DimethNter0 as light labels and DimethLys4 and
DimethNter4 as heavy labels. Trypsin was selected as the
digestion enzyme with maximum two missed cleavages and
minimum peptide length of six amino acids. Carbamido-
methylation of cysteine was set as a xed modication, while
oxidation of methionine and N-terminal acetylation were set as
variable modications. For peptide identication, mass toler-
ances for precursor ions and fragment ions were set to 20 ppm
and 0.5 Da, respectively. A false discovery rate (FDR) threshold
of 1% was applied at both the peptide and protein levels.
Missing values were imputed using the minimum value method
in each dataset.39 For RBP ltering, the processed data were
imported into Perseus to compute the fold change (FC) between
the experimental and RNase washing control groups, and
statistical signicance was determined by the Student's t-test
with Benjamini–Hochberg (BH) correction. Proteins identied
with at least two unique peptides in three tests and signicantly
enriched relative to the control (FC $ 2, BH-adjusted P < 0.01)
were dened as RBPs.

2.8.2 Data analysis of whole-cell proteome sample. The raw
les were searched using the DirectDIA workow in Spectronaut
(version 19.0) against the UniProt KB/Swiss-Prot database
(Homo sapiens, release 2025_04, 20 421 entries). Trypsin was
selected as the digestion enzyme with maximum two missed
cleavages and minimum peptide length of six amino acids.
Carbamidomethylation of cysteine was set as a xed modica-
tion, while oxidation of methionine and N-terminal acetylation
were set as variable modications. An FDR threshold of 1% was
applied at both the peptide and protein levels. Protein abun-
dance data obtained from whole-cell lysates were rst subjected
to median normalization using the online BioLadder plat-
form,40 followed by the minimum value imputation method in
each dataset.39 RBPs exhibiting signicant changes (jFCj $ 2
and BH-adjusted P < 0.05) in protein abundance in the whole-
cell proteome were excluded from the corrected analysis.

For the determination of drug-induced alterations in RNA
binding, quantitative comparisons of RBPs between drug-
treated and untreated cells were performed. In the quantita-
tive proteomics workow used to measure drug-induced alter-
ations in RNA binding, a protein ltering step was applied
before minimum value imputation and statistical testing,
retaining only proteins quantied in at least two-thirds of the
samples (4/6 runs) for downstream analysis. This type of valid-
value ltering before imputation is commonly used in quanti-
tative proteomics to reduce the impact of extensive missingness
and improve the robustness of downstream statistical anal-
ysis.41,42 The retained proteins were then subjected to median
normalization to minimize batch effects40 and minimum value
© 2026 The Author(s). Published by the Royal Society of Chemistry
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imputation to impute missing values.39 Aer correcting by the
global proteome level, RBPs meeting the criteria of jFCj$ 2 and
BH-adjusted P < 0.05 were classied as drug-altered RBPs.
2.9 Functional analysis of RBPs

Gene ontology (GO) enrichment analysis was performed using
the DAVID database (https://davidbioinformatics.nih.gov/).
Pathway enrichment analysis was conducted using Reactome
(https://reactome.org/). Protein domain analysis was
performed using SMART (https://smart.embl.de/). Protein–
protein interaction (PPI) analysis was carried out using the
STRING database (https://string-db.org/).
3. Results and discussion
3.1 Establishment of a workow for screening RNA–RBP
interaction modulators and evaluating off-target effects

To address the bottlenecks in drug development targeting RNA–
RBP interactions, we established an integrated workow for
systematically proling drug-induced remodeling of RNA–RBP
interactions which can be used for both therapeutic candidate
screening and off-target effect assessment (Scheme 1). The
workow consists of the following key steps. (1) Drug treatment:
Fig. 1 Characterization and optimization of the RPC enrichment process
HeLa cells under 365 nmUV irradiation. SDS-PAGE characterization of en
dose (b), BFP concentration (c), and 365 nm UV labeling time (d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
cells are treated with or without the candidate compound. (2)
Crosslinking of RNA–RBP interactions: cellular RNA–RBP
interactions are covalently crosslinked using 254 nm UV irra-
diation. (3) RPC enrichment: RNA within crosslinked RPCs is
tagged with biotinylated furocoumarin probe (BFP) under
365 nm UV irradiation, and the RPCs are then isolated via
streptavidin–biotin affinity purication. (4) False positive
elimination: a stringent RNase washing is included in the
control group to degrade its RNA, thereby removing all RNA-
bound RBPs. In contrast, for the experimental group, non-
RNase washing buffer was used to remove only non-specic
background proteins. In this way, high-condence RBPs are
identied by a quantitative proteomics comparison between the
experimental group and the RNase control using stable isotope
dimethyl labeling (Fig. S1). (5) Quantitative analysis of RNA–
RBP binding dynamics: quantitative proteomics is performed to
compare the abundance of RBPs in RPCs between the drug-
treated and untreated cells. To exclude the inuence of global
protein abundance changes induced by drug treatment, the
measurements are corrected using whole-cell proteome data,
ensuring that the observed differences specically reect
remodeling of RNA–RBP interactions rather than changes in
protein expression levels. This workow enables systematic
identication of RBPs whose RNA-binding is altered by drug
. (a) Dot blot analysis detecting BFP labeling of the RNA extracted from
riched RBPs under different conditions, including 254 nmUV irradiation

RSC Adv., 2026, 16, 27057–27068 | 27061
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treatment, thereby providing direct evidence for therapeutic
target engagement and comprehensive information on poten-
tial off-target effects.

We rst characterized and optimized the RPC enrichment
process to ensure enrichment efficiency and specicity. Strep-
tavidin dot blotting was used as a direct readout of RNA bi-
otinylation. Using this assay, we conrmed that under 365 nm
UV irradiation, the furocoumarin moiety of the BFP efficiently
labeled the RNA molecules extracted from HeLa cells, gener-
ating a strong biotin signal. The absence of 365 nm UV or BFP
resulted in complete abolition of the biotin signal, thereby
validating the feasibility of the BFP-mediated RNA labeling with
high selectivity (Fig. 1a). Next, we performed a series of opti-
mization experiments at the protein level to maximize the
recovery of crosslinked RPCs. Silver staining showed that the
strongest protein bands were obtained when the 254 nm UV
irradiation dose was set to 0.25 J cm−2, the BFP concentration
was 5 mM, and the 365 nm UV labeling time was 2 min (Fig. 1b–
d). The choice of UV dose should be justied by considering
both crosslinking efficiency and cell viability. UV dose–response
curves for cell viability are shown in Fig. S2. Cell viability at 0.25
J cm−2 was not signicantly different from that at 0.15 J cm−2,
whereas higher doses (0.4 and 0.5 J cm−2) signicantly reduced
cell viability. Combined with the crosslinking efficiency results
shown in Fig. 1b, 0.25 J cm−2 was selected as the irradiation
condition for subsequent experiments as it maintained high
cell viability while preserving good crosslinking efficiency. The
above optimized parameters were adopted for subsequent
experiments to enable reliable proling RNA–RBP interactions.
3.2 MS-444-induced remodeling of RNA–RBP interactions:
validation of therapeutic target and identication of off-target
effects

We rst applied the established workow to evaluate MS-444,
a chrysanthone-like compound reported to inhibit colorectal
cancer (CRC) tumor growth by targeting HuR–RNA
interactions.43–45 HuR (ELAVL1) is an oncogenic RBP that binds
to AU-rich elements (AREs) in the 30UTRs of oncogenic mRNAs
via its RRM domains, promoting mRNA stability and
translation.9,45–47 MS-444 is proposed to disrupt HuR–RNA
interactions, but its off-target effects on other RNA–RBP inter-
actions remain unknown. We treated HCT116 CRC cells with 10
mMMS-444 for 48 h (corresponding to the reported IC50 value)44

and performed RBP enrichment and quantitative proteomics
analysis.

The silver staining of the experimental group (without RNase
washing) showed distinct RBP band patterns in the MS-444-
treated and untreated samples, while these bands were almost
absent in the RNase washing control, conrming the RNA-
dependence of the enriched proteins and the high specicity
of the BFP-based enrichment method (Fig. 2a). High-condence
RBPs were dened as proteins with fold enrichment $ 2 and
BH-adjusted P < 0.01 compared to RNase controls. A total of
1369 high-condence RBPs were identied fromMS-444-treated
and untreated cells (Table S1), 90.8% (1243) of which were
annotated with the gene ontology term “RNA-binding” or
27062 | RSC Adv., 2026, 16, 27057–27068
previously reported as RBPs in large-scale human RBPome
studies21–25,48,49 (Fig. 2b and Table S2), conrming the reliability
of the identied RBPs. Regarding the 9.2% non-overlapping
proteins, a total of 126 proteins were not identied in
previous large-scale human RBPome studies and were therefore
retained as candidate RBPs. To systematically analyze these
proteins, we compared them with the overlapping RBPs in
terms of abundance and physicochemical properties. As shown
in Fig. S3a, candidate RBPs (red dots) were more concentrated
in regions with lower abundance compared to the overlapping
RBPs (blue dots). Consistently, the median abundance of
candidate RBPs (red box) in both the RBPome and the global
proteome was lower than that of the overlapping RBPs (blue
box), indicating that our BFP-based strategy has sufficient
sensitivity to low-abundance RBPs and thus may have higher
efficiency in in-depth RBPome analysis (Fig. S3b). The physi-
cochemical characteristics of the candidate RBPs and over-
lapped RBPs were also compared, including hydrophobicity,
positively charged amino acids, and disorder, and similar
distribution patterns were found (Fig. S3c and d). Furthermore,
several proteins of the candidate RBPs have independent liter-
ature support for RNA-related functions. For example, SIGMAR1
has been reported to interact with the 30UTR of LC3BmRNA and
promote its translation.50 MRRF participates in post-
termination dissociation of the ribosome from mRNA and
facilitates ribosome recycling.51 WDR74 is involved in early
cleavage of pre-rRNA, particularly at ITS1 site 2, in cooperation
with NVL2 and thereby contributes to ribosome biogenesis.52

Taken together, these results suggest that the 9.2% non-
overlapping proteins are potential candidate RBPs that were
not identied previously, possibly due to their lower abun-
dance. We also assessed the quantitative reproducibility of the
identied RBPs across three technical replicates and observed
good reproducibility with Pearson's correlation coefficients
greater than 0.85 (Fig. 2c). Aerwards, we compared the BFP-
based method with established RBP enrichment methods,
including ChIRP-MS,53 RAP-MS,54 CARIC (4SU-based metabolic
labeling)55 and OOPS56 (Table S3). This comparison highlights
key metrics including specicity and throughput. Briey,
ChIRP-MS relies on formaldehyde crosslinking, which enriches
both directly and indirectly RNA-associated proteins, resulting
in lower specicity than the remaining RBP enrichment
methods based on 254 nm UV crosslinking. CARIC relies on
living cell metabolism for at least 18 hours to incorporate
nucleoside analogs for RNA labeling before crosslinking, which
limits its applicability to cell types with low uptake efficiency
andmay perturb normal RNAmetabolism. In contrast, our BFP-
based method does not rely on metabolic RNA labeling and
combines 254 nm UV crosslinking and RNA-specic photo-
labeling probes in a shortened enrichment workow, enabling
relatively high-throughput and high-specicity of RBP enrich-
ment and therefore making it well suited for global RBPome
proling and analysis of perturbation-induced changes.

To characterize the MS-444-induced remodeling of RNA–RBP
interactions, we compared the abundance of RBPs in RPCs
between MS-444-treated and untreated cells (corrected by
whole-cell proteome data). In the whole-cell proteome dataset,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of the BFP-based RNA-binding proteome and MS-444-induced remodeling of RNA–RBP interactions. (a) Silver staining
of RBPs enriched by the BFP-basedmethodwith or without RNase Awashing. (b) Venn diagram showing the overlap between the RBPs identified
by BFP-based method and the reported RBP datasets derived from human cell lines. (c) Reproducibility assessment of RBPs enriched using the
BFP-basedmethod. (d) Volcano plot (upper panel) showing the log2 fold change (x-axis) and−log BH adjusted P values (y-axis) of RBPs between
the MS-444-treated and untreated samples. Red and blue dots represent the RBPs with increased and reduced RNA-binding, respectively.
Statistical analysis was performed using a two-sided Student's t-test (Benjamini–Hochberg adjusted P values) based on three biological repli-
cates. Bar chart (lower panel) showing the number of significantly altered RBPs in the RNA-binding proteome upon MS-444 treatment. (e) Gene
ontology enrichment analysis of biological process terms for the MS-444-induced RBPs with reduced RNA-binding. (f) Pathway enrichment
analysis of the MS-444-induced RBPs with reduced RNA-binding.
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a total of 8719 proteins were quantied in HCT116 cells (Table
S4). We identied 117 signicantly altered RBPs, among which
102 showed reduced RNA-binding and only 15 showed
increased (Fig. 2d and Table S5). Notably, the known thera-
peutic target HuR exhibited a signicant reduction in RNA-
binding upon MS-444 treatment, consistent with the estab-
lished mechanism of MS-444 inhibiting HuR–RNA interactions.
This result conrms that our approach can reliably capture
therapeutic target engagement, validating its utility in drug
screening.

To evaluate the potential off-target effects of MS-444, we
performed functional enrichment analysis of the 102 RBPs with
reduced RNA-binding. Gene ontology enrichment analysis at
the biological process level revealed signicant over-
representation of terms related to RNA processing and trans-
lation initiation (Fig. 2e), which are closely associated with the
physiological function of HuR (stabilizing oncogenic mRNAs
and promoting translation). Pathway analysis further high-
lighted signicant enrichment of pathways involved in RNA
metabolism, regulation of mRNA stability by proteins that bind
AU-rich elements, and translation (Fig. 2f), indicating that MS-
© 2026 The Author(s). Published by the Royal Society of Chemistry
444 not only targets HuR but also perturbs a broader RNA–RBP
interaction network involved in post-transcriptional regulation.

Since MS-444 recognizes HuR through its conserved RRM
domains (the structural basis for RNA binding),43,44 we
hypothesized that other RBPs harboring structurally similar
RRM domains may also be targeted by MS-444, leading to
potential off-target effects. Domain analysis of the 102 RBPs
with reduced RNA-binding identied six additional RRM-
containing RBPs besides HuR, including EWSR1, HNRNPAB,
SRSF10, PSPC1, U2AF2, and G3BP2 (Fig. 3a). Using the STRING
database, protein–protein interaction (PPI) analysis mapped the
RBPs with reduced RNA-binding into a HuR-interacting
network comprising 17 nodes and 35 edges (Fig. 3b and Table
S6). We identied a prominent module in the PPI network (blue
nodes) displaying enriched RNA-related functions, including
RNA metabolism and splicing. In addition, RBPs within the PPI
network showed more signicant reductions of RNA-binding
compared to the overall reduced set. Similarly, RRM-
containing RBPs were more strongly affected than non-RRM
proteins (Fig. 3c). These results suggest that MS-444 may
exhibit off-target effects by interacting with other RRM-
containing RBPs within the HuR-interacting network, which is
RSC Adv., 2026, 16, 27057–27068 | 27063
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Fig. 3 Domain and PPI network analysis of the MS-444-induced RBPs with reduced RNA-binding. (a) Domain architecture of the RRM-con-
taining RBPs with reduced RNA-binding using SMART. The blue diamonds indicate the RRM domains, the pink bars indicate the regions of low
compositional complexity, and the green bars indicate the coiled-coil regions. The combined score integrates multiple evidence channels,
including the experimentally determined interactions, text-mining, co-expression, and homology. (b) PPI network of the HuR-interacting RBPs
constructed using STRING (interaction score > 0.4). (c) Box plots showing the distribution of log2 fold change for the RBPs with reduced RNA-
binding, HuR-interacting RBPs, and RRM-containing RBPs.
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likely due to the structural similarity of their RRM domains.
This nding highlights the utility of our approach in identifying
potential off-targets and elucidating the mechanisms of off-
target effects, which is critical for optimizing drug specicity
in therapeutic development.
3.3 Risdiplam-induced remodeling of RNA–RBP
interactions: validation of therapeutic mechanism and off-
target proling

To further validate the utility of our approach in therapeutic
evaluation, we applied it to risdiplam, an FDA-approved oral
splicing modulator for SMA.17,18 Risdiplam promotes SMN2
exon 7 inclusion and SMN protein expression by stabilizing the
interaction between SMN2 exon 7 50 splice site (50 ss) and U1
snRNP and displacing hnRNP G from the exon splicing
enhancer 2 (ESE2) region of SMN2 transcript.57–61 While its
therapeutic mechanism has been partially characterized, the
global remodeling of RNA–RBP interactions induced by risdi-
plam (including potential off-target effects) remains unknown.
We rst evaluated the cell viability of risdiplam in HEK293T
27064 | RSC Adv., 2026, 16, 27057–27068
cells: cell viability was assessed aer 24 h of treatment with
increasing concentrations of risdiplam, and nonlinear curve
tting yielded an IC50 value of 20.5 mM (Fig. 4a). The rationale
for choosing the IC50 was to balance biological efficacy with
experimental interpretability, so that compound-induced RNA
and RBP interaction changes could be robustly detected without
using an arbitrarily high concentration. The adoption of IC50 as
the reference concentration is widely accepted in pharmaco-
logical perturbation studies,62,63 and therefore it was used for
detecting drug-induced RNA and RBP interaction changes in
this work. The IC50 obtained in our assay should be interpreted
as an in vitro pharmacological parameter within this specic
experimental context, not as a clinically predictive potency
value. Consistent with this, previous studies in HEK293T-based
systems used risdiplam at 0.1, 1.0, and 10 mM and observed
concentration-dependent increases in SMN2 exon 7 inclusion,
indicating that micromolar concentrations are commonly used
for in vitro mechanistic interrogation even though they exceed
clinical exposure levels.64 Based on these considerations, cells
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Proteomic profiling of the risdiplam-induced remodeling of RNA–RBP interactions. (a) Cell viability dose–response curve of the HEK293T
cells treated with increasing concentrations of risdiplam. (b) Silver staining of the RBPs enriched by the BFP-basedmethod with or without RNase
A washing. (c) Volcano plot (upper panel) showing log2 fold change (x-axis) and −log BH adjusted P values (y-axis) of the RBPs between risdi-
plam-treated and untreated samples. Bar chart (lower panel) showing the number of significantly altered RBPs in the RPCs upon risdiplam
treatment. (d) Bar plot showing the log2 fold change of hnRNP G upon risdiplam and branaplam treatment. (e) GO enrichment analysis of
biological process terms for the risdiplam-induced RBPs with increased and reduced RNA-binding. (f) Pathway enrichment analysis of the ris-
diplam-induced RBPs with reduced RNA-binding.
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were treated with or without 20.5 mM risdiplam for subsequent
RBP enrichment and quantitative proteomics analysis.

Silver staining showed prominent protein bands in the
enriched RPC samples which were almost completely abolished
in the RNase A washing control, conrming the RNA-
dependence of the captured proteins (Fig. 4b). A total of 2047
high-condence RBPs were identied across the risdiplam-
treated and untreated cells (Table S7), 89.8% of which have
been previously documented in human RBPome
datasets.21–25,48,49 In the whole-cell proteome dataset, a total of
8584 proteins were quantied in HEK293T cells (Table S8).
Comparative quantication revealed 312 RBPs with reduced
RNA-binding and 358 with increased binding (Fig. 4c and Table
S9). Notably, hnRNP G (RBMX), the known target of risdiplam,
showed a signicant reduction in RNA-binding, consistent with
the established mechanism of risdiplam-induced dissociation
of hnRNP G from the SMN2 transcript. To conrm the speci-
city of this effect, we treated cells with branaplam, another
SMA therapeutic with a distinct mechanism (primarily targeting
'MN2 50ss without affecting hnRNP G),60,61 and found that bra-
naplam did not signicantly alter hnRNP G-RNA association
(Fig. 4d). This differential effect demonstrates that our
approach specically captures drug-induced perturbations of
target RNA–RBP interactions, validating its utility in therapeutic
mechanism validation. Additionally, the identication of
numerous other altered RBPs provides a comprehensive prole
of the potential off-target effects of risdiplam.
© 2026 The Author(s). Published by the Royal Society of Chemistry
We next performed gene ontology enrichment analysis to
characterize the functional roles of risdiplam-altered RBPs. For
RBPs with reduced RNA-binding, biological process enrichment
analysis revealed associations with translation, RNA splicing,
and multiple RNA-processing events (Fig. 4e), which are closely
related to the therapeutic mechanism of risdiplam (modulating
SMN2 splicing). Pathway analysis further highlighted RNA
metabolism-related pathways, including RNA processing, ribo-
some assembly, and translational regulation (Fig. 4f). In
contrast, RBPs with increased RNA-binding were enriched in
processes involving protein folding, cellular metabolism, and
mitochondrial energy production (Fig. 4e), suggesting potential
adaptive or compensatory responses of cells to risdiplam
treatment. By comparing the RNA–protein interaction changes
induced by risdiplam and branaplam, we identied a group of
commonly downregulated RBPs, including those involved in
ribosome-related and translational processes (RPS26, RPS27,
RPL7A, RPL28), mitochondrial homeostasis and metabolism
(DNM1L, CLUH, CLPB, PFKL), and chromatin and RNA regu-
latory processes (HMGB1, HELLS, ZNF326, ZC3HAV1, PTPN11,
CUL3). This pattern may reect broader remodeling of RNA–
protein homeostasis, mitochondrial function, and cellular
stress adaptation. Domain annotation showed that RBPs with
reduced RNA-binding contain both classical RNA-binding
domains (RRM, KH) and nonclassical domains (helicase C,
SAP), with RRM as the most prominent category (Fig. 5a).
Notably, several RRM-containing RBPs, including SR proteins
RSC Adv., 2026, 16, 27057–27068 | 27065
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Fig. 5 Domain and PPI network analysis of the risdiplam-induced RBPs with reduced RNA-binding. (a) Domain classification of the RBPs with
reduced RNA-binding based on classical and non-classical RNA-binding domains (RBDs) annotated by SMART. (b) PPI network of the hnRNP G-
interacting RBPs constructed using STRING (interaction score > 0.7).
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(SRSF2, SRSF4, SRSF7) and hnRNP family members (hnRNP A1,
hnRNP Q, hnRNP M), are known regulators of SMN2 exon 7
splicing.65–68 The altered RNA-binding of these RBPs suggests
that the therapeutic effect of risdiplam on SMN2 splicing is not
limited to displacing hnRNP G but involves coordinated
remodeling of a broader network of splicing-related RNA–RBP
interactions. PPI network analysis revealed that hnRNP G
interacted with 22 other RBPs, many of which are core compo-
nents of spliceosomal complexes or multifunctional RBPs
involved in pre-mRNA processing (Fig. 5b). This indicates that
risdiplam-induced dissociation of hnRNP G may propagate
through its interaction network, leading to global changes in
splicing-related RNA–RBP interactions. These ndings not only
deepen our understanding of the therapeutic mechanism of
risdiplam but also identify potential off-target RBPs that may be
involved in unintended splicing perturbations, providing crit-
ical information for clinical safety evaluation.
4. Conclusion

In this study, we established an integrated workow for
systematically proling drug-induced remodeling of RNA–RBP
interactions which addresses the key bottlenecks in the devel-
opment of therapeutics targeting RPC assembly. By focusing on
two model compounds (MS-444 and risdiplam), we demon-
strated that this approach can reliably validate therapeutic
target engagement (e.g., MS-444 inhibiting HuR–RNA binding
and risdiplam displacing hnRNP G), comprehensively prole
potential off-target effects (e.g., MS-444 perturbing RRM-
containing RBPs in the HuR network and risdiplam altering
splicing-related SR and hnRNP proteins), and deepen the
understanding of therapeutic mechanisms. Compared with
traditional proteomic methods, our approach specically
targets RNA–RBP interactions, enabling direct evaluation of
drug efficacy and off-target risks associated with RNA–RBP
interaction modulation. Future applications of this approach,
27066 | RSC Adv., 2026, 16, 27057–27068
combined with structural biology and computational modeling,
may further enable rational design of highly specic drugs
targeting RNA–RBP interactions.
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