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Abstract: Transactivation response RNA-binding protein 2 (TRBP) mediates microRNA (miRNA) biogenesis and regu-
lates messenger RNA (mRNA) stability. It is a pivotal regulator of post-transcriptional gene expression, influencing 
processes including cellular senescence and tumorigenesis. Elevated TRBP expression correlates with poor progno-
sis in breast cancer, underscoring its potential as a therapeutic target. We identified a 3,4-diamino-substituted cou-
marin derivative (3ai), a novel small-molecule compound inhibitor of miR-21 biogenesis. Compound 3ai increased 
the expression of tumor-suppressor proteins targeted by miR-21. Further mechanistic studies revealed that 3ai 
binds TRBP and disrupts the biogenesis of senescence-associated miRNAs. This interaction induces cell cycle arrest 
and DNA damage in tumor cells, ultimately promoting cellular senescence in breast cancer cells and suppressing 
their proliferation and metastasis potential. Our study reveals that 3ai directly engages TRBP to modulate miRNA 
biogenesis, thereby inducing cellular senescence. These results support TRBP as a therapeutic target in breast 
cancer and warrant further development of 3ai as a candidate therapeutic for breast cancer.
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Introduction

Breast cancer exhibits pronounced intratumor-
al heterogeneity and high global prevalence. 
Genomic instability, in concert with a dynamic 
tumor microenvironment, drives therapeutic 
resistance and constrains clinical efficacy [1]. 
Although conventional chemotherapy remains 
a cornerstone of management, its benefit is 
limited by dose-dependent toxicities, acquired 
resistance, and poor tumor selectivity. Cellular 
senescence, defined as a stable proliferative 
arrest, is accompanied by extensive transcrip-
tional reprogramming, increased protein syn-
thesis, and acquisition of a senescence-associ-
ated secretory phenotype (SASP) [2]. In terms 
of its anti-tumor effect [3], cellular senescence 
enforces persistent cell cycle arrest suppress-

es tumor initiation. Through the SASP, senes-
cent cells can propagate senescence to adja-
cent tumor cells, creating a barrier that impedes 
tumor growth [4]. Therapeutic strategies target-
ing tumor cellular senescence via stable cell 
cycle arrest are increasingly recognized as via-
ble in breast cancer, with translational promise 
owing to their dual capacity to suppress prolif-
eration and enhance treatment responsiveness 
[5]. For example, deuterium-depleted water 
(DDW) combined with cisplatin has been report-
ed to promote senescence in triple-negative 
breast cancer (TNBC) MDA-MB-231 cells [6]. 
Likewise, inducting tumor-cell senescence and 
apoptosis has been demonstrated to effective-
ly suppress TNBC and HER2-positive breast 
cancer while reducing recurrence risk [7]. 
Collectively, these findings underscore the clini-
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cal potential of targeting tumor senescence. 
Accordingly, identifying therapeutic targets and 
agents that induce tumor-cell senescence may 
open new avenues for breast cancer treat- 
ment.

MicroRNAs (miRNAs) are small non-coding RNA 
molecules that act as post-transcriptional mod-
ulators of gene expression via RNA-induced 
silencing complex (RISC), leading to translation-
al repression or mRNA degradation [8]. The 
complex gene networks regulated by miRNAs 
influence not only tumor cell proliferation and 
metastasis but also the expression of senes-
cence-associated genes, thereby promoting 
cellular senescence [9, 10]. Several senes-
cence-associated miRNAs-including miR-21, 
miR-34a, and miR-146 are aberrantly express- 
ed in breast cancer and contribute to tumor 
progression and metastasis [11-14]. In addi-
tion, specific miRNAs have been shown to in- 
hibit tumor growth by promoting cellular senes-
cence [15, 16]. Previous studies have shown 
that the upregulation of let-7d and miR-335 
could inhibit cellular senescence [17, 18]. 
Notably, miR-21 levels in serum exosomes are 
significantly higher in breast cancer patients 
with bone metastases than in those without 
[19]. MiR-21 functions as an oncogenic miRNA, 
and its overexpression is strongly associated 
with breast cancer progression [20]. Modulat- 
ing the expression of these miRNAs may help 
control breast cancer progression. Transactiva- 
tion response RNA-binding protein 2 (TRBP) is 
an RNA-binding protein that plays a critical role 
in miRNA biogenesis [21, 22]. As a component 
of the RISC-loading complex, TRBP assists 
Dicer and Argonaute 2 (AGO2) in pre-miRNA 
processing and strand selection and loading, 
thereby ensuring accurate miRNA maturation. 
TRBP is required for efficient miRNA production 
and target mRNA repression, thereby broadly 
influencing gene expression [23]. TRBP has 
emerged as a therapeutic target in cancer [22]. 
In breast cancer, TRBP promotes invasion and 
metastasis, and high tumor expression is sig-
nificantly associated with poor patient survival 
[24]. Therefore, identifying agents that induce 
tumor-cell senescence by targeting TRBP to 
modulate miRNA biogenesis may offer new 
therapeutic opportunities for breast cancer.

In this study, we used a previously established 
HeLa-miR-21-luciferase reporter cell line [25] 
to conduct a high-throughput screen of 202 

synthetic and natural compounds. We identi-
fied a small molecule, 3,4-diamino-substituted 
dihydrocoumarin (3ai) [26], that selectively 
inhibits TRBP, thereby disrupting miRNA bio- 
genesis. In breast cancer models, 3ai induced 
tumor-cell senescence, indicating therapeutic 
potential.

Materials and methods

Cell line and cell culture

The HeLa-miR-21-luciferase stable cell line  
was obtained from the Chengdu Institute  
of Biology, Chinese Academy of Sciences, 
Sichuan, China. The HeLa-miR-21-luciferase 
cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM; VivaCell Bioscience, 
C3103). The human breast cancer cell lines 
MDA-MB-231 and MCF-7, along with the non-
tumorigenic breast epithelial cell line MCF-10A, 
were obtained from Procell, Life Science & 
Technology Co., Ltd., Wuhan, China. The MDA-
MB-231 cell line was maintained in DMEM, 
whereas MCF-7 cells were cultured in Mini- 
mum Essential Medium (MEM, Gibco, 612053) 
supplemented with 1% glutamine (Beyotime, 
C0212), 1% non-essential amino acids (100×; 
Beyotime, C0332), 1% sodium pyruvate (100 
mM; Beyotime, C0331), and 0.01 mg/mL 
recombinant human insulin (Procell, PB18- 
0432). Both media were supplemented with 
10% (v/v) FBS (VivaCell Bioscience, C04001) 
and 1% penicillin-streptomycin (VivaCell Bio- 
science, C3420). MCF-10A cells were cultured 
in specific growth medium (Procell, CM-0525). 
All cells underwent STR authentication.

Luciferase activity assay

HeLa-miR-21-luciferase cells were seeded into 
96-well plates at a density of 1 × 105 cells  
per well and incubated overnight in a 5% CO2 
atmosphere. The following day, cells were  
treated with DMSO (vehicle control) or various 
concentrations of 3ai for 24 h. Cell lysates  
were then prepared using an optimized passive 
lysis buffer and incubated under controlled 
thermal conditions (22 ± 0.5°C) for 15 min. 
Luminescence intensity was quantified with a 
multi-mode microplate reader (SynergyTM H1; 
BioTek, Agilent Technologies).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from treated cells using 
TransZol Up reagent (TransGen Biotech, ET111-
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01-V2, Beijing, China). Cell lysates were homog-
enized and incubated with 1/5 volume of RNA 
extraction reagent, followed by centrifugation 
at 15,000×g for 15 min at 4°C. The superna-
tant was transferred to a new tube and mixed 
gently with an equal volume of isopropanol  
at RT for 10 min for RNA precipitation. After 
another centrifugation at 15,000×g for 15 min 
at 4°C, the RNA pellet was washed twice with 
75% ethanol and air-dried for 5 min, then dis-
solved in 20-50 μL RNA dissolving solution. 
Total RNA was reverse transcribed into cDNA 
using the miRNA 1st Strand cDNA Synthesis  
Kit (by stem-loop) (Vazyme, MR101-02) along 
with Bulge-LoopTM miRNA-specific primers, fol-
lowing the manufacturer’s instructions. The 
synthesized cDNA was stored at -20°C for  
subsequent use. Quantitative PCR was per-
formed using TransGen Biotech’s PerfectStart® 
Green qPCR SuperMix (AQ602). The relative 
gene expression levels were calculated using 
the 2-ΔΔCt method, with U6 small nuclear RNA 
serving as the internal control. Stem-loop st- 
ructured reverse transcription primers were 
designed for microRNA detection, and the cor-
responding sequences are listed in Table S1.  
All reactions were performed in triplicate, and 
no-template controls were included to ensure 
amplification specificity. Total RNA was reverse-
transcribed into cDNA using M-MLV reverse 
transcriptase and Bulge-LoopTM miRNA-specific 
primers in a two-step protocol: 42°C for 15  
min (reverse transcription) followed by 85°C  
for 5 s (enzyme inactivation). The synthesized 
cDNA was stored at -20°C until further use.  
For quantitative real-time PCR (qRT-PCR), reac-
tions were performed on a LightCycler 480  
system (Roche) with U6 small nuclear RNA as 
the internal control. MicroRNA reverse tran-
scription primers were designed using the 
stem-loop method, and the corresponding 
sequences are provided in Table S1. All reac-
tions were conducted in triplicate, and no-tem-
plate controls were included to verify assay 
specificity.

Western blotting

Cells were lysed in RIPA buffer (Beyotime, 
P0013C) supplemented with protease and 
phosphatase inhibitors. Following centrifuga-
tion, protein concentrations were determin- 
ed using a BCA protein assay kit (Beyotime, 
P0009). Equal amounts of protein were sepa-
rated by SDS-PAGE, transferred onto a nitrocel-

lulose membrane, and blocked with 5% bovine 
serum albumin (BSA). The membranes were 
incubated overnight at 4°C with the appropri-
ate primary antibodies, followed by incubation 
with secondary antibodies for 2 h at room tem-
perature. Protein bands were visualized using 
an enhanced chemiluminescence (ECL) sub-
strate (Proteintech, PK10003), and band inten-
sities were quantified using ImageJ software. 
Relative protein expression levels were normal-
ized to GAPDH. 

Cellular Thermal Shift Assay (CETSA)

Cells were harvested, resuspended in phos-
phate-buffered saline (PBS) supplemented with 
10% (v/v) protease inhibitor cocktail, and sub-
jected to three freeze-thaw cycles in liquid 
nitrogen. For each cycle, the suspension was 
frozen in liquid nitrogen for 15 s and then 
thawed in a 37°C water bath for 5 min, repeat-
ed three times. Cell lysates were obtained by 
centrifugation of the homogenate at 20,000  
g for 20 min at 4°C to remove cellular debris. 
The resulting supernatant was aliquoted ac- 
cording to predefined concentrations or tem-
perature conditions of compound 3ai and  
vehicle controls. Lysates were incubated at 
37°C for 30 min and subsequently divided into 
50 μL aliquots. These portions were subjected 
to thermal denaturation by incubating them  
at the specified temperatures for 3 min, fol-
lowed by rapid cooling on ice for 3 min to halt 
the thermal treatment. To separate soluble  
proteins from insoluble aggregates, the lysates 
were centrifuged again at 20,000 g for 20 min 
at 4°C. The supernatants were transferred to 
new microcentrifuge tubes, avoiding precipi-
tate contamination, and analyzed by SDS- 
PAGE.

Surface Plasmon Resonance (SPR) assay

Surface plasmon resonance (SPR) analysis  
was performed on a BIAcore T200 system 
(Cytiva) according to established protocols 
[25]. A CM5 sensor chip was functionalized by 
sequential injection of a 1:1 mixture of N-hy- 
droxysuccinimide (NHS) and N-ethyl-N’-(dim- 
ethylaminopropyl) carbodiimide (EDC) to en- 
able covalent immobilization. Recombinant 
human TRBP protein (20 μg/mL in 10 mM sodi-
um acetate buffer, pH 4.5) was immobilized 
onto the activated surface via amine coupling, 
followed by deactivation of residual reactive 
groups with 1 M ethanolamine hydrochloride 
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(pH 8.5). A reference flow cell subjected to acti-
vation and blocking without protein immobiliza-
tion was used for background subtraction. 
Serial dilutions of compound 3ai prepared in 
HBS-EP buffer (10 mM HEPES, 150 mM NaCl, 3 
mM EDTA, 0.005% surfactant P20, pH 7.4, sup-
plemented with 1% DMSO) were injected across 
the chip surface at a flow rate of 10 μL/min for 
420 s, followed by a dissociation phase of 300 
s. Baseline regeneration between analyte cy- 
cles was performed with 50 mM NaOH to 
restore resonance signals. Sensorgram data 
were analyzed with BIAevaluation 3.2 software 
(Cytiva), and equilibrium dissociation constants 
(KD) were calculated using steady-state affinity 
models to quantify TRBP-3ai interactions.

Assays for cell proliferation and viability

To evaluate the effect of 3ai on cell viability, 
MCF-10A, MCF-7, and MDA-MB-231 cells were 
seeded into 96-well plates at a density of 5 × 
104 cells and allowed to adhere overnight. The 
cells were treated with 0.1% DMSO (control) or 
various concentrations of 3ai. After 24 h, 10% 
(v/v) Cell Counting Kit-8 (CCK-8; Beyotime, 
C0039) solution was added to each well, and 
the cells were incubated for 30-60 min. Abso- 
rbance at 450 nm was measured using a multi-
mode microplate reader (BioTek SynergyTM H1, 
Agilent Technologies). 

Colony formation assay

MCF-7 and MDA-MB-231 cells were seeded 
into 6-well plates at a density of 4000 cells per 
well, allowed to adhere overnight, and then 
treated with different concentrations of 3ai or 
0.1% DMSO (vehicle control). After a 7-14 day 
incubation period, colonies were fixed with 4% 
paraformaldehyde for 15 min. The fixed colo-
nies were stained with 0.1% crystal violet solu-
tion (Solarbio, C8470), rinsed with double-dis-
tilled water, air-dried at room temperature, and 
subsequently imaged using a digital camera. 

Transwell migration assay

MCF-7 and MDA-MB-231 cells were seeded in 
the upper chamber at a density of 1 × 105 cells 
per well in 200 μL serum-free MEM. The lower 
chamber was filled with 600 μL of complete 
MEM supplemented with 10% FBS. After treat-
ment with 3ai, the cells were allowed to migrate 
for 12-16 h at 37°C. Non-migrated cells in the 
upper chamber were gently removed with a  

cotton swab, and the migrated cells on the 
lower membrane surface were fixed with 4% 
paraformaldehyde and stained with 0.1% crys-
tal violet. Images were acquired using a light 
microscope. 

Immunofluorescence

MCF-7 cells were seeded into 6-well plates at a 
density of 1 × 105 cells per well and cultured 
overnight to allow attachment. The following 
day, the cells were treated with various concen-
trations of 3ai or with 0.1% DMSO (vehicle con-
trol). The cells were then treated with the drug 
concentrations for 24 h, after which the culture 
medium was removed and the cells were 
washed three times with PBS. The cells were 
fixed with 4% paraformaldehyde for 30 min, 
washed three times with PBS, permeabilized 
with 0.1% Triton X-100 for 10 min, and blocked 
with 3% BSA in PBS for 30 min at room tem-
perature to prevent non-specific binding. Sub- 
sequently, the cells were incubated overnight at 
4°C in the dark with the corresponding primary 
antibody. After washing, the cells were incubat-
ed with the fluorescent secondary antibody, 
diluted in 1% BSA, at room temperature in the 
dark. Nuclei were counterstained with DAPI for 
15 min at room temperature in the dark. Finally, 
the samples were mounted with an anti-fade 
mounting medium, and images were acquired 
using a fluorescence microscope.

Flow cytometry analysis of cell cycle distribu-
tion

MCF-7 cells were treated with 3ai or vehi- 
cle control, then fixed overnight at -20°C in ice-
cold 70% ethanol. The cells were then washed 
twice with PBS and incubated with 50 μg/mL 
propidium iodide for 30 min. Flow cytometric 
analysis was performed using a NovoCyte 
2060R (Agilent Technologies, Santa Clara, CA, 
USA), with a minimum acquisition threshold of 
20,000 events per sample. The distribution of 
cells across the G0/G1, S, and G2/M phases 
was analyzed.

Senescence-associated β-galactosidase stain-
ing

The cells were seeded into 6-well plates at a 
density of 1 × 105 cells per well and cultured 
overnight. The cells were then treated with dif-
ferent concentrations of 3ai for 36 h. Sen- 
escence-associated β-galactosidase (SA-β-gal) 
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activity was assessed using a SA-β-gal staining 
kit (Beyotime, C0602) according to the manu-
facturer’s instructions. SA-β-gal-positive stain-
ing was then visualized using light microscopy 
and quantified using ImageJ software. 

Establishment of MCF-7 cells stably expressing 
siTRBP

293T cells were seeded at 5 × 105 cells per  
well in 6-well plates and cultured to 80-90% 
confluence. For transfection, 3 μg pLKO.1-
shTRBP, 0.75 μg pMG2D, and 2.25 μg psPAX 
were diluted in 250 μL Opti-MEM, mixed gently, 
and incubated at room temperature for 15-20 
min. The mixture was added dropwise to each 
well and evenly distributed by gentle swirling. 
After 6-8 h, the medium was replaced with 2 
mL serum-free medium. Viral supernatants 
were collected 48 h post-transfection, centri-
fuged at 1000 rpm for 3 min, filtered through a 
0.45 μm membrane, and stored at -80°C. A 
second harvest was collected 24 h later. For 
infection, MCF-7 cells were seeded at 1 × 105 
cells per well 24 h before infection. On the day 
of infection, 1 mL viral supernatant was mixed 
with 1 mL serum-free medium containing 
Polybrene (8 μg/mL). The culture medium was 
removed and replaced with 1 mL of the mix-
ture. After 24 h, the infection medium was 
replaced with 2 mL complete medium. Puro- 
mycin was added at a predetermined concen-
tration 24 h post-infection for stable selection, 
with the medium refreshed every 2 d for 5-7 d 
until all negative control cells had died. A poly-
clonal pool of stable knockdown cells was thus 
established. 

Statistical analysis

Statistical analyses were performed using 
GraphPad Prism 9 software. All experimental 
data are presented as mean ± standard devia-
tion (SD), based on at least three independent 
biological replicates. Intergroup comparisons 
were conducted using one-way analysis of vari-
ance (ANOVA) for multiple group comparisons. 
*P < 0.05, **P < 0.01, ***P < 0.001 denote 
levels of statistical significance.

Results

3ai downregulates miR-21 by inhibiting its bio-
genesis

We used a previously established HeLa-luci- 
ferase-miR-21 reporter cell (Figure 1A) to scr- 

een a library of 202 newly synthesized small 
molecules. Using the previously reported miR-
NA-biogenesis modulator CIB-3b as a control, 
we screened dihydrocoumarin derivatives and 
identified a 3,4-diamino-substituted dihydro-
coumarin, designated as 3ai (Figure 1B). Its 
chemical structure is shown in Figures 1C  
and S1. Compound 3ai increased luciferase 
activity in HeLa-luciferase-miR-21 cells-indica-
tive of inhibition of endogenous miR-21 exp- 
ression-with an EC50 of 9.309 μM (Figure 1D). 
Accordingly, we selected 3ai for further study.

To validate the functional consequences of 
miR-21 inhibition, MCF-7 breast cancer cells 
were treated with graded concentrations of 3ai 
for 24 h, and endogenous miR-21 was quanti-
fied by qRT-PCR. 3ai significantly reduced miR-
21 levels in MCF-7 cells, consistent with the 
luciferase reporter results. To further investi-
gate the effect of 3ai on the miR-21 biogenesis, 
we measured the expression of the miR-21 pre-
cursor (pre-miR-21), and found that it was sig-
nificantly increased. These data indicate that 
3ai inhibits the processing of pre-miR-21 to 
mature miR-21 without affecting upstream 
steps, resulting in decreased mature miR-21 
and accumulation of pre-miR-21 (Figure 1E). 
We next examined canonical miR-21 target 
genes. As shown in Figure 1F, 1G, the inhibition 
of miR-21 by 3ai resulted in marked upregula-
tion of the validated targets PTEN and PDCD4. 

3ai inhibits miRNA maturation by targeting 
TRBP

Our prior results showed that 3ai inhibits miR-
21 maturation. MiRNA maturation involves the 
coordinated action of TRBP, Dicer, and Ago2, 
which together constitute the RISC-loading 
complex. This complex mediates the stepwise 
processing of precursor miRNAs to generate 
mature miRNAs. We therefore assessed the 
effect of 3ai on the expression of RISC-loading 
components by Western blotting. 3ai markedly 
reduced TRBP without significantly affecting 
Dicer or AGO2 (Figure 2A). These findings sug-
gest that 3ai modulates miRNA biogenesis by 
selectively targeting TRBP. We next used the 
cellular thermal shift assay (CETSA) to test 
whether 3ai directly engages TRBP. Relative to 
the DMSO control, 3ai decreased TRBP ther- 
mal stability at 45°C (Figure 2B, 2C). In MCF-7 
cell lysates, TRBP band intensity decreased in 
a dose-dependent manner with 3ai treatment 
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Figure 1. 3ai downregulates miR-21 by inhibiting its biogenesis. A. HeLa-luciferase-miR-21 reporter gene assay 
model for screening miR-21 small molecule inhibitors. B. Screening results for the inhibitory activity of 202 novel 
chemical compounds (10 μM) against miR-21, with red dots representing CIB-3b as the control and blue dots rep-
resenting the dihydrocoumarin compound 3ai. C. Chemical structure of compound 3ai. D. HeLa-luciferase-miR-21 
cells were exposed to increasing concentrations of 3ai for 24 h, after which luciferase reporter gene activity was 
measured. The EC50 value was calculated using GraphPad Prism. E. MCF-7 cells were treated with 3ai (10, 25 μM) 
for 24 h, and the expression levels of pre-miR-21 and mature miR-21 were measured by qRT-PCR. F, G. Western blot 
analysis was performed to evaluate the protein expression levels of PTEN and PDCD4. Data are presented as mean 
± SD from triplicate experiments. Statistical significance was determined by one-way ANOVA (*P < 0.05, **P < 0.01, 
***P < 0.001 vs. DMSO control).

(Figure 2D). We performed qRT-PCR analysis. 
The results demonstrated that 3ai treatment 
significantly decreased TRBP mRNA levels in 
MCF-7 cells, indicating that 3ai suppresses 
TRBP expression primarily at the transcrip- 
tional level (Figure 2E). Additionally, SPR analy-
sis on a BIAcore CM5 chip was used to evalu- 

ate the interaction between 3ai and TRBP. 
Sensorgrams showed concentration-depen-
dent responses upon compound titration, and 
kinetic analysis yielded a dissociation constant 
(KD) of 7.498 μM (Figure 2F). These results 
support a direct interaction between 3ai and 
TRBP. 
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Figure 2. Analysis of the binding between 3ai and TRBP. (A) Western blot analysis of the expression levels of Dicer, 
Ago2, and TRBP in MCF-7 cells treated with 3ai (10 μM) for 24 h. (B) CETSA assay evaluating the effect of 3ai (10 
μM) on the stability of Dicer and Ago2 in MCF-7 cell lysates at different temperatures. The stabilizing effect of 
compound 3ai on TRBP protein was assessed using cellular thermal shift assays (CETSA) in MCF-7 lysates under 
varying temperatures (C) and concentrations (D). GAPDH served as the loading control for normalization, with rela-
tive protein levels quantified through grayscale analysis (expressed as percentage values). All experiments were 
performed in triplicate with data presented as mean ± SD. Complementary validation through SDS-PAGE analysis 
with Coomassie staining confirmed the compound’s dose-dependent stabilization of TRBP in the lysate system. (E) 
MCF-7 cells were treated with 3ai (1, 10, 25 μM) for 24 h, and the mRNA expression levels of TRBP were measured 
by qRT-PCR. (F) SPR analysis using Biacore CM5 chip with recombinant TRBP protein immobilized to detect the bind-
ing of 3ai to TRBP protein. The KD was obtained from the affinity fitting curve.

3ai modulates the biogenesis of additional 
miRNAs

Western blotting and CETSA confirmed that 3ai 
selectively targets TRBP. Building on these find-
ings, we profiled endogenous miRNA expres-
sion and found that 3ai reduced the levels of 

several mature miRNAs, consistent with im- 
paired biogenesis (Figure 3A-C). A heatmap 
shows the enriched signaling pathways associ-
ated with the selected miRNAs. Pathways relat-
ed to tumor progression (e.g., TGF-β signaling, 
p53 signaling, cell cycle, NF-κB signaling, and 
mTOR signaling) are prominently represented. 
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Figure 3. 3ai regulated of the biosynthesis of other miRNAs. A-C. MCF-7 cells were treated with 3ai (10 μM) for 
24 h, and the expression of pre-miRNAs and mature miRNAs was detected by qRT-PCR. D. Functional enrichment 
analysis of miRNAs was performed using the miRPath database. E. MCF-7 cells were treated with si-TRBP, and the 
expression of other miRNAs was detected by qRT-PCR. F, G. MCF-7 cells were transfected with si-TRBP, and cell 
senescence status was assessed 36 hours later through β-galactosidase staining. H. Western blot analysis of p21 
and TRBP expression in MCF-7 cells transfected with siNC or siTRBP (#1 and #2). GAPDH was used as a loading 
control. All data are presented as mean ± SD of triplicate experiments (*P < 0.05, **P < 0.01 and ***P < 0.001 
compared to the DMSO).

In addition, RNA metabolism-related path- 
ways, including RNA degradation and mRNA 

surveillance, are enriched. Notably, cellular 
senescence is also highlighted, suggesting a 
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close association between the identified miR-
NAs and processes involving tumor develop-
ment, RNA stability, and senescence regula-
tion. The color scale indicates the significance 
level (-log10 P value) (Figure 3D). Furthermore, 
the modulation of key cell cycle regulators, 
including the activation of p53, supports the 
induction of cellular senescence, as p53 plays 
a pivotal role in enforcing cell cycle arrest and 
promoting senescence under stress condi-
tions. Previous studies have shown that the 
upregulation of let-7d and miR-335 could inhibit 
cellular senescence; miR-21 may regulate the 
cell cycle proteins, such as p21, to participate 
in the process of astrocyte senescence.

3ai significantly downregulated the expression 
of let-7d and miR-335, a change expected to 
promote cellular senescence. Together, these 
data suggest that 3ai exerts antitumor activity 
by targeting TRBP to modulate the biogenesis 
of senescence-associated miRNAs and the 
expression of senescence-related genes, ther- 
eby inducing senescence in breast cancer cells. 
Consistent with the 3ai treatment, compared 
with the control group, the relative expression 
levels of multiple miRNAs (such as miR-22,  
etc.) in the si-TRBP group exhibited significant 
changes (Figure 3E). Moreover, senescence 
staining results showed that MCF-7 cells treat-
ed with siTRBP displayed more obvious senes-
cent characteristics compared with the DMSO 
group (Figure 3F, 3G). After siTRBP treatment, 
the TRBP protein was decreased, and the 
expression of senescence-associated protein 
p21 was significantly induced (Figure 3H). 
Collectively, these results indicated that the 
regulatory effect of siTRBP on miRNAs was sim-
ilar to that of 3ai treatment. Meanwhile, detect-
ed by senescence staining technology, MCF-7 
cells treated with siTRBP showed obvious 
senescent characteristics, with a significant 
enhancement in the degree of cellular sene- 
scence.

High TRBP expression is associated with 
breast cancer development and progression

TRBP overexpression has been reported to dis-
rupt miRNA biogenesis, thereby promoting 
tumor-cell proliferation and metastasis. Ana- 
lysis of TRBP expression across tumor cell lines 
in the Human Protein Atlas database indicated 
that expression was highest in MCF-7 breast 

cancer cells (Figure 4A). To further validate 
TRBP expression, we profiled hepatocellular 
carcinoma (HCC) cell lines-MHCC97L (low met-
astatic potential), SK-HEP-1 (high metastatic 
potential) and HCCLM3 (high metastatic poten-
tial), lung cancer cell lines A549 and bleomycin 
(BLM)-induced A549 (a classical phenotype of 
senescent cells) [27], and breast cancer cell 
lines MCF-7 and MDA-MB-231 (high metastatic 
potential). Western blotting showed that TRBP 
levels in MCF-7 and MDA-MB-231 cells were 
significantly higher than those in the other can-
cer cell lines (Figure 4B, 4C), consistent with 
the database analysis. In addition, TRBP exp- 
ression was reduced in BLM-induced senes-
cent A549 cells, suggesting an association 
between lower TRBP levels and cellular senes-
cence. Additionally, we analyzed TCGA breast 
cancer datasets, which revealed that TRBP 
mRNA expression was significantly higher in 
breast cancer tissues than in normal breast tis-
sues (Figure 4D). Furthermore, analysis using 
KMplot (http://kmplot.com/analysis/) revealed 
that higher TRBP expression in patients with 
breast cancer was associated with worse sur-
vival (Figure 4E) and correlated with pathologi-
cal stage (P < 0.05). These findings support 
TRBP as a therapeutic target in breast cancer 
(Figure 4F). 

3ai suppresses proliferation and metastasis in 
breast cancer cells

Our previous results indicated that 3ai inhibits 
miR-21 biogenesis by targeting TRBP. MiR-21 
and TRBP function as an oncogenic miRNA and 
an oncogene, respectively, and their overexpr- 
ession is strongly associated with breast can-
cer progression. We therefore evaluated the 
antitumor effects of 3ai in breast cancer. CCK- 
8 assays showed that 3ai was non-toxic to nor-
mal breast epithelial MCF-10A cells but exhibit-
ed strong antiproliferative effects against the 
breast cancer cell lines MDA-MB-231 and 
MCF-7 (Figure 5A, 5B). In addition, 3ai inhibited 
MCF-7 and MDA-MB-231 colony formation in  
a dose-dependent manner (Figure 5C, 5D). 
Furthermore, 3ai inhibited MCF-7 and MDA-
MB-231 migration (Figure 6A, 6B) and sup-
pressed the epithelial-mesenchymal transition 
(EMT) by increasing the expression of the 
migration-related key protein E-cadherin and 
reducing the expression of N-cadherin (Figure 
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Figure 4. High expression of TRBP in breast cancer and its impact on the survival of breast cancer patients. A. 
Expression levels of TRBP in different tumor cells in the database. B, C. Western validation of TRBP expression in 
different tumor cells. (BLM, MCE). D. Expression of TRBP in breast cancer (BRCA) based on sample types from TCGA 
database. E. The relationship between TRBP expression and the prognosis of breast cancer patients. F. The relation-
ship between TRBP expression and the pathological staging of breast cancer tissues.

6C-F). Cell cycle analysis further revealed that 
3ai induced G2-phase arrest (Figure 6G). 

3ai suppresses breast cancer cell proliferation 
by inducing senescence

Cell cycle arrest is a hallmark of senescence, 
and given our previous finding that 3ai-regulat-
ed miRNAs influence this process, we hypo- 
thesized that 3ai exerts antitumor effects in 
breast cancer by inducing senescence. To fur-
ther examine the effects of 3ai on the cell cycle 
and cellular senescence, we performed west-
ern blotting to assess senescence-associated 
proteins p16, p21 and p53. 3ai increased 
expression of p16, p21 and p53 (Figure 7A-D). 
Senescence induction was further evaluat- 
ed by β-galactosidase staining. 3ai induced 
senescence in breast cancer cells in a dose-
dependent manner (Figure 7E, 7F). To further 
confirm the induction of cellular senescence, 
we examined the expression of Ki67, a well-
established marker of proliferation and senes-
cence, using immunofluorescence analysis. 
The results showed that 3ai markedly reduced 
the expression of Ki67 (Figure 7G, 7H). Western 
blot analysis revealed that 3ai elevated the 
level of the DNA damage marker γ-H2A.X, sug-

gesting persistent DNA damage, a hallmark 
feature of cellular senescence (Figure 8A, 8B). 
Furthermore, we investigated the effect of 3ai 
on MMP1, a SASP factor implicated in tumor 
invasion and metastasis. 3ai significantly sup-
pressed MMP1 expression (Figure 8C, 8D). We 
performed Western blotting analysis to evalu-
ate the energy metabolism marker AMP-
activated protein kinase (AMPK) in senescent 
cells. The results demonstrated that treatment 
with 3ai markedly increased the phosphoryla-
tion level of AMPK. Moreover, 3ai inhibited the 
downstream mammalian target of rapamycin 
complex 1 (mTORC1) signaling pathway through 
AMPK activation (Figure 8E-H). These findings 
indicate that 3ai induces senescence in breast 
cancer cells by modulating energy metabolism 
through the AMPK-mTOR signaling pathway. 

Discussion

TRBP (trans-activation response RNA-binding 
protein 2, TARBP2) is a highly conserved dou-
ble-stranded RNA-binding protein (dsRBP) that 
plays a key role in the RNA interference (RNAi) 
pathway [28]. As a core component of the RNA-
induced silencing complex (RISC), TRBP coop-
erates with Dicer to cleave precursor microR-
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Figure 5. 3ai inhibits the proliferation of breast cancer cells. A. MCF-10A cells were treated with varying concentra-
tions of 3ai for 24 h. Cell viability was assessed using the cell counting kit-8 (CCK-8) assay. B. MCF-7 and MDA-
MB-231 cells were treated with 3ai (1, 10, 25 μM) for 24 h. Cell viability was measured by CCK-8. C, D. MCF-7 
and MDA-MB-231 cells were treated with various concentrations of 3ai for 7-14 days, and colony formation was 
visualized by crystal violet staining and quantified. Data are presented as mean ± SD from triplicate experiments. 
Statistical significance was determined by one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001 vs. DMSO control). 

NAs (pre-miRNAs) and promote the accurate 
loading of miRNA strands onto Argonaute 2 
(AGO2), thereby facilitating miRNA biogenesis 
and target mRNA degradation, ultimately regu-
lating gene expression [22]. In breast cancer, 
TRBP promotes the maturation of oncogenic 
miRNAs (such as miR-21 and miR-155) and 
represses tumor-suppressor genes (such as 
PTEN and PDCD4), thereby promoting the pro-
liferation and metastasis of breast cancer cells 
[29].

A previous study has shown that the benzoxa-
zole-based small molecule CIB-3b [25] alloste-
rically modulates TRBP, thereby influencing 
miRNA expression and highlighting TRBP as a 
therapeutic target in oncology. In this study, we 
screened 202 structurally novel small-mole-
cules using the same cellular model employed 
for CIB-3b. We identified a highly active 3,4- 

diamino-substituted dihydrocoumarin, desig-
nated 3ai, that targets and inhibits TRBP,  
thereby regulating the biosynthesis of mul- 
tiple miRNAs, including miR-21. Unlike CIB-3b, 
which does not inhibit TRBP expression but 
interferes with the TRBP-Dicer interaction 
(thereby affecting precise cleavage and matu-
ration of miRNAs), our results in Figure 2 dem-
onstrate that 3ai not only suppresses TRBP 
expression but also physically binds to TRBP. 
Based on these findings, we hypothesize that 
3ai may disrupt TRBP’s phosphorylation and 
ubiquitination modifications through direct 
binding, ultimately influencing its degradation. 
In future studies, we will investigate the binding 
sites of 3ai on TRBP and its effects on TRBP’s 
post-translational modifications.

Furthermore, we confirmed TRBP overexpres-
sion in breast cancer tissues and demonstrat-
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Figure 6. 3ai inhibits the migration of breast cancer cells. A, B. MCF-7 and MDA-MB-231 cells were treated with 3ai 
(1, 10, 25 μM) for 24 h, and cell migration was assessed via transwell assay. 10× magnification. Scale bar: 100 
μm, n = 3×; C, D. MCF-7 cells were treated with 3ai for 48 h, and the expression of EMT markers was evaluated by 
western blot analysis. E, F. MDA-MB-231 cells were treated with 3ai for 48 h, and the expression of EMT markers 
was evaluated by western blot analysis. GAPDH was used as a loading control. G. Flow cytometric analysis of cell 
cycle distribution in MCF-7 cells treated with 3ai. Representative histogram data and statistical results are shown. 
Data are presented as mean ± SD from triplicate experiments. Statistical significance was determined by one-way 
ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001 vs. DMSO control). 

ed a significant association with poor patient 
prognosis. This evidence establish TRBP as a 
potential novel therapeutic target in breast can-
cer. Our subsequent studies demonstrate that 
3ai effectively suppresses breast cancer cell 
proliferation and metastasis (Figures 5, 6) by 

specifically inhibiting TRBP-mediated miRNA 
biogenesis (Figure 3). Functional enrichment 
analysis of 3ai-regulated miRNAs targeting 
TRBP revealed their significant involvement in 
cellular senescence pathways. Consequently, 
we systematically evaluated the effects of 3ai 
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Figure 7. 3ai induces cellular senescence in breast cancer cells. A, B. Treat MCF-7 cells with different concentra-
tions of 3ai for 48 h, and then measure the expression levels of senescence-associated proteins p16, p21, p53 
by western blot. C, D. Treat MDA-MB-231 cells with different concentrations of 3ai for 48 h, and then measure 
the expression levels of senescence-associated proteins p16, p21, p53 by western blot. E, F. Treating MCF-7 and 
MDA-MB-231 cells with varying concentrations of 3ai, cell senescence status was assessed 36 h later through 
β-galactosidase staining. 20× magnification. Scale bar: 100 μm, n = 3×. G, H. Treat MCF-7 cells with 3ai (10 μM) 
for 48 h, and then detect the expression change of Ki67 by immunofluorescence staining. 20× magnification. Scale 
bar: 100 μm, n = 3×. Data are presented as mean ± SD from triplicate experiments. Statistical significance was 
determined by one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001 vs. DMSO control).

on breast cancer cells. As shown in Figure 7, 
3ai treatment markedly enhanced β-galacto- 
sidase staining in breast cancer cells and 
upregulated classical senescence markers 
(p16, p21, and p53) [30, 31].

Cellular senescence serves as a critical tu- 
mor-suppressive mechanism, primarily mediat-
ed through permanent cell cycle arrest [32]. 

Senescent cells produce a senescence-associ-
ated secretory phenotype (SASP), which exerts 
paracrine effects that induce senescence in 
neighboring cells, thereby establishing a tumor-
inhibitory barrier that suppresses cancer cell 
proliferation and metastasis [33]. Dysregula- 
tion of post-transcriptional control contributes 
to numerous complex diseases, with aberrant 
regulation of mRNA stability playing a signifi-
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Figure 8. Effect of 3ai treatment on the expression of key proteins. A, B. Treat MCF-7 cells with different concen-
trations of 3ai for 48 h, and then measure the expression levels of γ-H2A.X by western blot. C, D. Treating MCF-7 
cells with different concentrations of 3ai, changes in the expression levels of MMP1 by western blot 48 h later. E, F. 
Treating MCF-7 cells with different concentrations of 3ai, the expression levels of the AMPK/mTOR by western blot. 
G, H. Treating MDA-MB-231 cells with different concentrations of 3ai, the expression levels of the AMPK/mTOR by 
western blot. GAPDH was used as a loading control. Data are presented as mean ± SD from triplicate experiments. 
Statistical significance was determined by one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001 vs. DMSO control).

cant role in both cellular senescence and 
tumorigenesis [34]. Notably, studies have dem-
onstrated that TRBP can bind to the overex-
pressed structural RNA stability element (sRSE) 
in highly migratory cells, such as breast cancer, 
where it destabilizes metastasis-suppressor 
mRNAs and consequently promotes cancer cell 
invasion and metastasis [35, 36]. Based on 
these findings, we propose that TRBP functions 
as a core regulatory RNA-binding protein (RBP) 
that controls both miRNA maturation and 
mRNA stability through RBP-RNA interactions. 
This complex regulatory network profoundly 
influences cell growth and proliferation and 
plays a pivotal role in the post-transcriptional 
regulation of senescence-related genes. AMP-
activated protein kinase (AMPK) is a central 
regulator of energy metabolism and proteosta-
sis that also influences senescence [37, 38]. 
Western blotting revealed a marked increase in 
AMPK phosphorylation following 3ai treatment. 
AMPK activation is known to inhibit mammalian 

target of rapamycin complex 1 (mTORC1) sig-
naling, thereby promoting senescence [39, 40].

In addition, dihydrocoumarin has been report-
ed to act as a sirtuin (SIRT) inhibitor, promoting 
cellular senescence and apoptosis by inhibiting 
SIRT1 [41]. Although some studies have report-
ed inhibitory effect of dihydrocoumarin deriva-
tives on breast cancer cells activity, the under-
lying mechanisms remain poorly understood 
[42]. As a novel dihydrocoumarin derivative, 3ai 
targets TRBP to regulate miRNAs biogenesis, 
thereby inducing cellular senescence through 
multiple pathways-including cell cycle check-
point activation and DNA damage induction-
and ultimately suppressing the proliferation 
and metastasis of breast cancer cells (Figure 
9).

Conclusion

In summary, we identify 3ai as a novel dihydro-
coumarin derivative that selectively targets 
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TRBP, thereby inhibiting miRNA biogenesis and 
blocking the maturation of oncogenic miR-21. 
By inducing cellular senescence-mediated by 
cell cycle arrest, DNA damage, and AMPK/
mTORC1 pathway regulation, 3ai effectively 
inhibits the proliferation and metastasis of 
breast cancer cells. These findings highlight 
TRBP as a critical regulator of tumor progres-
sion and establish 3ai as a promising lead com-
pound for developing TRBP-targeted cancer 
therapeutics. While our findings establish 3ai 
as a TRBP-targeted lead, rigorous in vivo valida-
tion-including pharmacokinetics, exposure - 
efficacy relationships, and safety margins-
remains a critical next step to substantiate 
translational potential. 
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Table S1. Real-time PCR primer sequence
Gene name Gene sequence/(5’-3’)
pre-miR-21 RT Primer 5’-GCTTATCAGACTGATGTTGACTG-3’

Forward 5’-GCTTATCAGACTGATGTTGACTG-3’
Reverse 5’-CAGCCCATCGACTGGTG-3’

pre-miR-10a RT Primer 5’-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGTGAGT-3’
Forward 5’-TGCCTGTAGATCCGAATTGTG-3’
Reverse 5’-AGTGCAGGGTCGGAGGTATT-3’

pre-miR-30a RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTCCAGTCGAGG-3’
Forward 5’-GTGTA AACATCCTCGAC-3’
Reverse 5’-AGTGCAGGGTCCGAGGT-3’

pre-miR-122 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAAACACCATTGTCAC-3’
Forward 5’-TGGAGTGTGACAATGG-3’
Reverse 5’-GTGCAGGGTCCGAGGT-3’

pre-miR-155 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCCCTATCACG-3’
Forward 5’-TTAATGCTAATCGTGAT-3’
Reverse 5’-AGTGCAGGGTCCGAGGT-3’

pre-miR-214 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTGCCTGTCTGT-3’
Forward 5’-ACAGCAGGCACAGAC-3’
Reverse 5’-AGTGCAGGGTCCGAGGT-3’

pre-miR-221 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAAACCCAGCAGA-3’
Forward 5’-AGCTACATTGTCTGC-3’
Reverse 5’-GTCACAGACTTACCTACACAT-3’

miR-10a RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCACAAA-3’
Forward 5’-CGCGTACCCTGTAGATCCGAA-3’

miR-30a RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAC-3’ 
Forward 5’-TGGTGTGAGTGGGAGTGTG-3’

miR-122 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAAACA-3’
Forward 5’-CGCGTGGAGTGTGACAATGG-3’

miR-155 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCCCT
Forward 5’-TTAATGCTAATCGTGATAG-3’

miR-214 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTGCCCTG-3’
Forward 5’-ACAGCAGGCACAGACAGGC-3’

miR-221 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAAACC-3’
Forward 5’-CGCGAGCTACATTGTCTGCTG-3’

miR-21 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAACA-3’
Forward 5’-GCGCGTAGCTTATCAGACTGA-3’

let-7d RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGAAAG-3’
Forward 5’-AAGAGCGTCTATACGACCTGCTG-3’

let-7e RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGAAAG-3’
Forward 5’-AACACGCCTATACGGCCTCCT-3’

miR-22 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAGTT-3’
Forward 5’-GCGAAGCTGCCAGTTGAAG-3’

miR-23 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAATCC-3’
Forward 5’-AAGCTTAGGGGTTCCTGGGGAT-3’

miR-200b RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCATCA-3’
Forward 5’-GCGCGTAATACTGCCTGGTAA-3’

miR-148a RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGTCGG-3’
Forward 5’-CGACAGGCAAAGTTCTGAGACAC-3’
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Figure S1. HRMS (ESI-TOF) caled for C18H16N2O5Na+ (M+Na)+, m/z: 363.0956, observed: 363.0963. A. High-Resolu-
tion Mass Spectrometry of 3ai (HRMS). B. Circular dichroism (CD) spectrum of 3ai. 

miR-335 RT Primer 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACATTT-3’
Forward 5’-AATCGGCGTCAAGAGCAATAACG-3’

TRBP Forward 5’-GTGCGGGCTGCCTAGTATAGAG-3’ 
Reverse 5’-AGGTCGAGTCAAGCAACTGAAGTTCTCC-3’

si-TRBP1 CCTGGGATTCTCTACGAAATT
si-TRBP2 CCAAGCCCACCAGCCTAATTTCTCGA


