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Harnessing TP73-targeted nintedanib: A novel
strategy to halt triple-negative breast cancer via
pS3-PPARo/PI3K-Akt pathway suppression
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Abstract. Triple-negative breast cancer (TNBC) is an
aggressive malignancy with limited treatment options,
leading to poor clinical outcomes and the need for novel
therapeutic approaches. Nintedanib, a United States Food
and Drug Administration-approved multi-kinase inhibitor
with anti-fibrotic and anti-angiogenic properties, has shown
promise in cancer treatment. However, its precise molecular
effects on TNBC have not yet been fully elucidated. Therefore,
the present study aimed to investigate the therapeutic
potential of nintedanib in TNBC using in vitro and in vivo
models, specifically focusing on its regulatory effects on
key oncogenic pathways. The present study utilized TNBC
cell lines (MDA-MB-231 and 4T1) and BALB/c mice to
evaluate the antitumor efficacy of nintedanib. Cell viability
and clonogenic capacity were assessed using Cell Counting
Kit-8 and colony formation assays. Subsequently, apoptosis
induction and cell cycle progression were determined by flow
cytometry, and cell migration and invasion were analyzed
through scratch and Transwell assays. To identify underlying
mechanisms, potential molecular targets were identified via
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bioinformatics and network pharmacology, and were validated
through western blotting, immunofluorescence and immuno-
histochemistry. Finally, an orthotopic TNBC mouse model
was established and monitored in real time by multimodal
ultrasound imaging. The results revealed that nintedanib
significantly inhibited TNBC cell proliferation and suppressed
stem cell-like properties. Furthermore, it induced cell cycle
arrest at the G,/M phase and promoted apoptosis. Mechanistic
analysis revealed that nintedanib activated tumor protein p73
(TP73), leading to the disruption of the p53-peroxisome
proliferator-activated receptor a (PPARa)/PI3K-Akt signaling
axis. Additionally, it downregulated epithelial-mesenchymal
transition (EMT) markers, including Snail and zinc finger
E-box-binding homeobox protein 1, thereby mitigating
tumor invasiveness. In vivo, nintedanib treatment effectively
reduced tumor growth, angiogenesis and stiffness, indi-
cating its potential as a viable therapeutic agent for TNBC.
In conclusion, nintedanib exerts potent anti-TNBC effects
by modulating TP73, disrupting oncogenic signaling via the
p53-PPARa/PI3K-Akt axis, and attenuating EMT-associated
transcription factors. These findings highlight its potential as
a promising targeted therapy for TNBC, warranting further
clinical exploration.

Introduction

Breast cancer remains one of the most prevalent malignancies
worldwide, with an estimated annual incidence of 2.3 million
cases and a continuously escalating burden (1,2). Among its
subtypes, triple-negative breast cancer (TNBC) represents
15-20% of all breast cancer diagnoses and is defined by the
absence of estrogen receptor (ER), progesterone receptor (PR)
and human epidermal growth factor receptor 2 (HER?2). This
molecular classification contributes to its aggressive nature,
high metastatic potential and poor clinical prognosis (3,4).
Current TNBC treatment regimens rely on a combination
of surgical interventions, chemotherapy and, in some cases,
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immunotherapy (5,6). However, these therapeutic options are
often hampered by limited efficacy, high recurrence rates and
the emergence of drug resistance. Thus, there is a pressing
need to identify novel therapeutic strategies that can effec-
tively target TNBC while minimizing adverse effects.

Nintedanib, a United States Food and Drug
Administration-approved indolinone-derived multi-kinase
inhibitor, is widely used for the treatment of pulmonary
diseases, including idiopathic pulmonary fibrosis. It exerts
antifibrotic and anti-inflammatory effects primarily by
inhibiting receptor tyrosine kinases (RTKs), such as vascular
endothelial growth factor receptors (VEGFRs), fibroblast
growth factor receptors (FGFRs) and platelet-derived growth
factor receptors (PDGFR o/f) (7,8). Previous preclinical and
clinical studies have suggested that nintedanib possesses
marked antitumor activity across various malignancies,
including non-small cell lung cancer, pancreatic cancer and
gastric cancer, with ongoing phase II and III clinical trials
evaluating its efficacy (9-11). Notably, a phase I clinical trial in
patients with early HER2-negative breast cancer demonstrated
that the combination of nintedanib and paclitaxel exhibited
an acceptable safety profile alongside promising antitumor
effects (12). However, the precise molecular mechanisms
underlying the anticancer activity of nintedanib in TNBC
remain poorly understood.

TNBC is frequently associated with a high prevalence
of tumor protein 53 (TP53) mutations, which notably impact
tumor progression and therapeutic response (13,14). p53, the
gene encoded by TP53, is a tumor suppressor critical in DNA
damage repair, apoptosis and cell cycle regulation. Loss of
p53 function is a key contributor to chemoresistance, limiting
the efficacy of conventional therapies (15,16). Tumor protein
p73 (TP73) is a member of the p53 gene family, which can
compensate for p53 loss under specific conditions by inducing
apoptosis and cell cycle arrest through the transcriptional acti-
vation of p53-responsive genes (17-19). Given the pivotal role
of TP73 in regulating tumor suppression, pharmacological
strategies aimed at activating TP73 may provide a promising
approach for targeting p53-deficient TNBC, thereby over-
coming resistance to standard treatments.

To the best of our knowledge, the present study is the first
comprehensive investigation into the therapeutic potential of
nintedanib in TNBC through an integrative bioinformatics
and in vitro and in vivo experiments. The current study focused
on the antitumor application of nintedanib in the treatment of
TNBC and clarified the underlying mechanism. The findings
indicated that nintedanib could serve as a promising targeted
therapy for TNBC.

Materials and methods

Cell lines and animal models. TNBC cell lines, MDA-MB-231
and 4T1, were originally sourced from the American Type
Culture Collection. The cells were cultured in Dulbecco's
Modified Eagle's Medium (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10-12% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc.) under standard condi-
tions of 37°C in a humidified incubator containing 5% CO,. A
total of 10 female BALB/c mice (age, 4-5 weeks; weight, 20 g)
were procured from SPF Biotechnology Co., Ltd. Animals

were acclimated for 1 week before the commencement of the
study in the animal house at standard conditions of tempera-
ture (22+2°C) and relative humidity of (55+10%). A strict 12-h
light/dark cycle was enforced, with lights on at 07:00 a.m. and
off at 07:00 p.m., and free access to food and water. The exper-
imental protocols were approved by the Ethics Committee of
The First Medical Center, Chinese People's Liberation Army
General Hospital (Beijing, China).

Cell viability assay. The cytotoxic effects of nintedanib
(MilliporeSigma) were assessed using the Cell Counting Kit-8
(CCK-8; Millipore Sigma). Briefly, 5,000 cells/well were seeded
in 96-well plates and incubated overnight for adherence. Cells
were subsequently treated with nintedanib at concentrations
of 0-20 uM (MDA-MB-231) and 0-4.5 uM (4T1) for 0-72 h
under standard conditions of 37°C. Following treatment, 10 ul
CCK-8 reagent was added to each well and incubated for 4 h in
the dark. was measured Absorbance at 450 nm using an EIx808
plate reader (Thermo Fisher Scientific, Inc.). The inhibition of
cell viability was calculated using the formula: Cell viability
(%)=[(A450 5 = A45041,1)/(A4500pr01 = A4504,,)] x 100. All
experiments were conducted in triplicate, and half maximal
inhibitory concentration (ICs,) values were determined via
probit regression analysis.

Colony formation assay. Cells were seeded at a density of
500 cells/6-cm culture dish. After a 24-h adherence period,
the cells were treated with nintedanib at 0, 3, 5 and 15 uM
(MDA-MB-231) or 0, 0.5, 1.5 and 3 uM (4T1) for 4 h under
standard conditions of 37°C. The medium was then replaced
with a fresh culture medium and the cells were incubated
for 14 days. Colonies were fixed using 4% paraformaldehyde
and stained with 0.5% crystal violet (Beyotime Institute of
Biotechnology) at room temperature, each for 15 min. After
washing with distilled water, colonies that contained >50 cells
were counted, and images were captured and analyzed using
ImageJ 1.8.0.112 (National Institute of Health). The experi-
ment was repeated three times.

Cell cycle analysis. Cells were treated in 6-well plates
(2.5x10° cells/well) with nintedanib at 5 uM (MDA-MB-231)
or 1.5 uM (4T1) for 24 h under standard conditions of 37°C,
harvested, and fixed with 75% ethanol overnight at 4°C.
Approximately 2x10* fixed cells were then treated with
RNase at 37°C for 30 min and stained with propidium iodide
(PI; MilliporeSigma) at room temperature for 15 min in the
dark before flow cytometric analysis using a FACSAria III
flow cytometer (BD Biosciences) running FlowJo software
10.8.1(BD Biosciences). The experiment was conducted in
triplicate.

Apoptosis assay. Cells were seeded in 6-well plates
(2.5x10° cells/well) and incubated overnight. After treatment
with nintedanib (0, 3, 5 and 15 yuM for MDA-MB-231; 0, 0.5,
1.5 and 3 uM for 4T1) for 24 h under standard conditions of
37°C, apoptosis was assessed using the Annexin V-FITC/PI
apoptosis detection kit (Beijing 4A Biotech Co., Ltd.) at room
temperature in the dark for 30 min, followed by flow cytom-
etry using a FACSAria III flow cytometer running FlowJo
software. All experiments were performed in triplicate.
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Wound-healing assay. Cell motility was assessed using a
wound-healing assay. In a 6-well plate, monolayers of TNBC
cells reaching 90% confluence were scratched with a sterile
1-ml pipette tip, followed by treatment with nintedanib (0,
3 and 6 uM for MDA-MB-231; 0, 0.5 and 1 uM for 4T1)
for 0-48 h. Images of cell migration were captured under a
light microscope (Olympus Corporation) at 0, 24 and 48 h
post-scratch. Cell migration rate was quantified by assessing
wound closure percentage. Briefly, the initial scratch area
(A,) was measured immediately after wound generation
(t=0). After 24-48 h of treatment, the residual scratch area
(A, was measured. The migration rate was calculated as the
percentage reduction in scratch area using the formula: Wound
width (%)=[(A, - A, /A,] x 100. The migration distance was
measured and analyzed by ImageJ 1.8.0.112, and the assays
was performed in triplicate.

Transwell migration and invasion assays. Cell migration and
invasion were determined using 12-well Transwell chamber
inserts (diameter, 6.5 mm; pore size, 8.0 ym; Corning, Inc.).
Cells were pre-treated with nintedanib (0, 3 and 6 uM for
MDA-MB-231; 0, 0.5 and 1 uM for 4T1) for 24 h and were
then seeded in serum-free medium (5x10* cells/well) in the
upper chamber. Migration assays were performed using a 10%
FBS-enriched medium in the lower chamber. For invasion
assays, the upper chamber was coated with 50 xl Matrigel
(Beyotime Institute of Biotechnology) under standard condi-
tions of 37°C for 30 min to 1 h. Following incubation at 37°C
in a 5% CO, incubator for 24 h, migrated or invaded cells
were stained with 0.5% crystal violet at room temperature for
20 min. The number of imaging fields was used for bright-field
microscopy (magnification, x40) and the findings were quanti-
fied by ImageJ. The experiment was repeated in triplicate.

RNA samples for sequencing. MDA-MB-231 human breast
cancer cells were divided into control (untreated) and 5 uM
nintedanib-treated groups. After 24 h of treatment, total RNA
was extracted using TRIzol® reagent (cat. no. 15596018CN;
Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, cells in
6-well plates were washed twice with PBS. Then, at room
temperature, 1 ml TRIzol was added per well for 5 min. Atroom
temperature, 200 ul chloroform (cat. no. 67-66-3; Millipore
Sigma) was added per 1 ml of TRIzol, vortexed for 30 sec, and
incubated for 3 min. After centrifugation (12,000 x g, 15 min,
4°C), the aqueous phase was collected. An equal volume of
isopropanol (cat. no. 67-63-0; MilliporeSigma) was added,
mixed by inversion and incubated for 10 min at room tempera-
ture. RNA was pelleted by centrifugation (12,000 x g, 10 min,
4°C). The pellet was washed with 75% ethanol, air-dried and
dissolved in RNase-free water (cat. no. 10977015; Thermo
Fisher Scientific, Inc.) RNA concentration, purity, and integ-
rity were assessed by Nanodrop spectrophotometry (Thermo
Fisher Scientific, Inc.)

Bioinformatics analysis and target screening. Stranded
RNA sequencing libraries were prepared from total RNA
using the SMARTer Stranded RNA-Seq Kit (cat. no. 634839;
Clontech; Takara Bio USA, Inc.). After library construction,
dsDNA concentration was initially quantified using a Qubit
2.0 Fluorometer (Thermo Fisher Scientific, Inc.). Libraries
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were then diluted to a working concentration of 1.5 ng/ul
in nuclease-free water. Insert size distribution was subse-
quently assessed with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc.) using the High Sensitivity DNA chip. Upon
confirmation of expected insert size profiles (250-500 bp),
the effective library concentration (molar concentration of
adapter-ligated fragments) was precisely determined by quan-
titative PCR. Only libraries exhibiting effective concentrations
>1.5 nM were processed for sequencing to ensure data quality.
RNA sequencing was performed using the Illumina NovaSeq
6000 platform (Illumina, Inc.) at Novogene Biotechnology
Co., Ltd. Novogene Biotechnology Co., Ltd. performed
comprehensive RNA sequencing services in strict adherence
to the standardized workflows of Illumina, Inc. Starting with
1 ug total RNA input, polyadenylated mRNA was isolated
through polyA selection using oligo(dT) magnetic beads
(TruSeq™ RNA Sample Prep Kit; Illumina, Inc.), followed
by fragmentation in divalent cation-based buffer at 94°C for
8 min. Double-stranded cDNA synthesis was subsequently
conducted with random hexamer primers (Illumina, Inc.) and
SuperScript™ II Reverse Transcriptase (Invitrogen; Thermo
Fisher Scientific, Inc.). The resulting cDNA underwent system-
atic library preparation involving three sequential enzymatic
treatments: i) End-repair/5'-phosphorylation, ii) 3'-dA-tailing,
and iii) Illumina adapter ligation. Libraries were then
size-fractionated targeting 300 bp inserts via 2% low-range
ultra-agarose gel electrophoresis (Bio-Rad Laboratories, Inc.),
amplified through 15 PCR cycles with Phusion High-Fidelity
DNA Polymerase (New England BioLabs, Inc.), quantified
fluorometrically using a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific, Inc.), and finally subjected to paired-end sequencing
(2x150 bp) on the Illumina NovaSeq 6000 platform. Principal
component analysis (PCA) was employed to assess inter-group
heterogeneity and intra-group sample consistency. PCA, a
dimensionality reduction technique grounded in linear algebra
(specifically, eigenvalue decomposition of the covariance/
correlation matrix), extracts principal components capturing
the maximum variance within high-dimensional data. This
analysis was applied to the gene expression profiles of all
samples, quantified as Fragments Per Kilobase of transcript
per Million mapped reads (FPKM) values. Differential gene
expression between the control and nintedanib-treated groups
was analyzed using the DESeq2 R package (https://www.
bioconductor.org/packages/release/bioc/html/DESeq2.html),
with an adjusted P<0.05 and llog,(fold change) I=1. Volcano plots
and heatmaps visualizing the differentially expressed genes
(DEGs) were generated using the ggplot 2 3.5.2 (https://ggplot2.
tidyverse.org/) and pheatmap 1.0.13 (https:/www.rdocumenta-
tion.org/packages/pheatmap/versions/1.0.13/topics/pheatmap)
packages in R package, respectively. Gene Ontology (GO)
enrichment analysis of DEGs was performed using the clus-
terProfiler package version 3.8.1 in R package (https:/www.
bioconductor.org/packages/release/bioc/html/clusterProfiler.
html), incorporating correction for gene length bias. GO terms
with an adjusted P-value <0.05 were considered significantly
enriched by the DEGs. Kyoto Encyclopedia of Genes and
Genomes (KEGG) is a database resource used to under-
stand high-level functions and utilities of biological systems
from molecular-level information, particularly large-scale
molecular datasets generated by genome sequencing and other
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high-throughput experimental technologies. Statistical enrich-
ment of DEGs within KEGG pathways was also analyzed
using the clusterProfiler package 3.8.1.

The molecular structure of nintedanib was retrieved from
PubChem (https://pubchem.ncbi.nlm.nih.gov/), converted to
Protein Data Bank (PDB) (https://wwwl.rcsb.org/) format
using Open Babel 2.3.2 (https://github.com/openbabel/open-
babel/tree/master/tools), and docked to receptor proteins
from the PDB. Potential drug targets were predicted using
the PharmMapper database (20,21) and cross-referenced
with RNA sequencing results using Venny (https://bioinfogp.
cnb.csic.es/tools/venny/index.html). Molecular docking
was performed using AutoDock Vina 1.1.2 (https://github.
com/ccsb-scripps/AutoDock-Vina), with results visualized via
PyMOL (https://pymol.org/).

Western blotting. After treatment with nintedanib (0, 3,
5 and 15 uM for MDA-MB-231; 0, 0.5, 1.5 and 3 M for 4T1)
for 24 h under standard conditions of 37°C, TNBC cells were
lysed using radioimmunoprecipitation assay buffer (Beyotime
Institute of Biotechnology) supplemented with phospha-
tase inhibitors and PMSF (100:10:1; Beyotime Institute of
Biotechnology). After centrifugation at 12,000 x g for 15 min
at 4°C, protein concentration was quantified using a bicincho-
ninic acid assay. Subsequently, 30 ug total proteins/lane were
loaded in 1X Laemmli buffer (Bio-Rad Laboratories, Inc.) and
were then separated by SDS-PAGE on 8-15% gels (Beijing
Solarbio Science & Technology Co., Ltd.). Post-transfer,
nitrocellulose membranes were blocked with 5% (w/v) non-fat
dry milk for 1 h at room temperature with orbital shaking.
At 4°C overnight with gentle agitation, the membranes
were incubated overnight at 4°C with the following primary
antibodies in 5% bovine serum albumin (BSA; Beyotime
Institute of Biotechnology): Snail Rabbit monoclonal antibody
(mAb) (cat. no. 3879T), Slug Rabbit mAb (cat. no. 9585T)
and phosphorylated (p)-PI3K Rabbit mAb (cat. no. 17366T)
(all from Cell Signaling Technology, Inc.; diluted 1:1,000),
Akt Rabbit polyclonal antibody (pAb) (cat. no. 10176-2-AP),
p-Akt Mouse mAb (cat. no. 66444-1-Ig), Bcl-2 Rabbit pAb
(cat. no. 12789-1-AP), Bax Rabbit pAb (cat. no. 50599-2-1g),
CD133 Rabbit pAb (cat. no. 18470-1-AP), cell division control
protein 2 (CDC2) Rabbit pAb (cat. no. 19532-1-AP), cyclin
B1 Rabbit pAb (cat. no. 55004-1-AP), E-cadherin Rabbit
pAb (cat. no. 20874-1-AP), mammalian target of rapamycin
(mTOR) Mouse mAb (cat. no. 66888-1-Ig), p-mTOR Mouse
mAb (cat. no. 67778-1-Ig), N-cadherin Rabbit pAb (cat. no.
22018-1-AP), proliferating cell nuclear antigen (PCNA)
Rabbit pAb (cat. no. 10205-2-AP), TP73 Mouse mAb
(cat. no. 66990-1-Ig), pS3 Rabbit pAb (cat. no. 10442-1-AP),
PPARa Mouse mAb (cat. no. 66826-1-Ig), PI3K Rabbit
pAb (cat. no. 20584-1-AP), vimentin Rabbit pAb
(cat. no. 10366-1-AP), zinc finger E-box-binding homeobox
protein (ZEB)1 Rabbit pAb (cat. no. 21544-1-AP), ZEB2
Rabbit pAb (cat. no. 14026-1-AP) and B-actin Mouse mAb
(cat. no. 66009-1-Ig) (all from Proteintech Group, Inc.; diluted
1:5,000), followed by incubation with goat anti-rabbit/mouse
IgG HRP-conjugated secondary antibodies (1:2,000 dilution in
BSA,; cat. nos. 7074P2 and 91196S; Cell Signaling Technology,
Inc.) for 2 h at room temperature in the dark. Subsequently,
the blots were visualized using western ECL Substrate

(Bio-Rad Laboratories, Inc.) in the ChemiDoc Go system
(Bio-Rad Laboratories, Inc.), and relative protein intensity
was semi-quantified using ImagelJ software and normalized
to B-actin, with protein expression expressed relative to the
control group. The experiment was performed in triplicate.

Immunofluorescence staining. Cells were seeded in 6-well
plates (2.5x10° cells/well) and treated with nintedanib at 5 uM
(MDA-MB-231) or 1.5 uM (4T1) for 24 h under standard
conditions of 37°C. Following treatment, the cells were fixed
with 4% paraformaldehyde and permeabilized with 0.5%
Triton X-100 for 10 min at room temperature. Non-specific
binding was blocked using 3% BSA (Invitrogen; Thermo
Fisher Scientific, Inc.) for 1 h at room temperature, and the cells
were then incubated overnight at 4°C with primary antibodies
against E-cadherin (1:500; cat. no. GB12083-100; Wuhan
Servicebio Technology Co., Ltd.) and N-cadherin (1:500;
cat. no. GB12135-100; Wuhan Servicebio Technology Co.,
Ltd.) at 4°C overnight. After washing in PBS, the Alexa Fluor®
488-conjugated secondary antibody (1:500; cat. no. GB25301;
Wuhan Servicebio Technology Co., Ltd.) was applied for 1 h
at room temperature in the dark. Finally, nuclei were coun-
terstained with DAPI (Abcam) in anti-fade mounting medium
prior to fluorescence microscopy imaging.

In vivo TNBC model and treatment. The ultrasound system
was used to visualize the nipple and mammary fat pad (MFP)
of the mice to determine the injection site. Under ultrasound
guidance, a 29G syringe needle was horizontally positioned
at the fourth left nipple and inserted percutaneously into the
MFP. While under ultrasound monitoring, 100 g1 (1x107/ml)
4T1 tumor cell suspension was slowly injected, followed by
needle rotation upon withdrawal. After the tumors reached
~50 mm?, the mice were randomly assigned to the control
(PBS dissolved in 3% dimethyl sulfoxide; Millipore Sigma) or
nintedanib groups (I mg/kg, tail vein injection) every 2 days
for 2 weeks. Tumor growth was monitored using multimodal
ultrasound imaging. On day 15, the animals were sacrificed.
If the tumor reached a diameter of 1.5 cm in any direction, or
the animal showed any notable signs of pain before reaching
this size, humane euthanasia was immediately carried out
(150 mg/kg pentobarbital sodium, intraperitoneal injection).

Histological and immunohistochemical analyses. After
confirming that the mice had lost consciousness, stopped
breathing, their hearts had stopped beating and corneal
reflexes were lost, the tumors and major organs were collected,
fixed in formalin at room temperature for <24 h, embedded in
paraffin and sectioned (5 #m). Sections were stained with 1%
hematoxylin for 5 min and counterstained with 1% alcoholic
eosin for 1 min at room temperature and analyzed via optical
microscopy.

For immunohistochemistry, the paraffin-embedded sections
were deparaffinized in xylene and rehydrated through graded
ethanol. Antigen retrieval was performed in citrate buffer
at 98°C for 20 min. For intracellular epitopes (Ki67/PCNA),
permeabilization with 0.1% Triton X-100 (20 min, room
temperature) preceded endogenous peroxidase quenching
using 3% H,0, (20 min, room temperature). The sections were
then blocked with 5% BSA for 1 h at room temperature, then
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incubated with the following primary antibodies: Ki67 Rabbit
pAD (1:200; cat. no. GB111499-100) and anti-PCNA Rabbit pAb
(1:500; cat. no. GB11010-100) (both from Wuhan Servicebio
Technology Co., Ltd.) at 4°C overnight. HRP-conjugated
secondary antibodies (1:300; cat. nos. GB23303; Wuhan
Servicebio Technology Co., Ltd.) were then applied at 37°C
for 1 h. Subsequently, DAB chromogen (cat. no. G1211;
Wuhan Servicebio Technology Co., Ltd.) development was
microscopically monitored (1-3 min), followed by hematoxylin
counterstaining at room temperature for 5 min. TUNEL assay
(cat. no. G1501; Wuhan Servicebio Technology Co., Ltd.) was
performed after proteinase K permeabilization (20 pg/ml;
37°C, 15 min) and followed kit protocols. Images of all slides
were captured under light microscopy.

Statistical analysis. GraphPad Prism 4.0 (Dotmatics) was used
for statistical analysis. Data are presented as the mean + SD
and the experiments were repeated in triplicate. Comparisons
between two groups of tumors volume were made using
unpaired Student's t-test, whereas one-way ANOVA was used
for multiple comparisons followed by Tukey's post hoc test,
with specific focus on comparisons between the group of
interest and the control. P<0.05 was considered to indicate a
statistically significant difference.

Results

Cytotoxicity of nintedanib in TNBC cells. The results of the
CCK-8 assay revealed a concentration- and time-dependent
decrease in MDA-MB-231 and 4T1 cell viability in response
to nintedanib (Fig. 1A and B), suggesting nintedanib may exert
cytotoxic effects on TNBC cells. Probit regression analysis
revealed that the IC,, values of nintedanib at 24,48 and 72 h
were 7.06, 5.0 and 4.39 uM for MDA-MB-231 cells, and 2.12,
1.59 and 1.12 uM for 4T1 cells.

As for antiproliferative effects, colony formation
assays showed that nintedanib significantly inhibited the
colony-forming ability of TNBC cells (Fig. 1C and D), indi-
cating a suppression of both proliferation and stemness. This
was further corroborated by western blot analysis, which
demonstrated the downregulation of PCNA, a key marker of
cell proliferation, and CD133, a stemness-associated marker,
following nintedanib treatment (Fig. 1E and F).

Dysregulated cell cycle progression is a hallmark of
cancer proliferation. Flow cytometric analysis revealed
that nintedanib treatment significantly altered cell cycle
distribution in both TNBC cell lines. In MDA-MB-231
cells, drug exposure led to a non-significant trend toward
decrease in the proportion of cells in G, phase, accompanied
by a concurrent increase in S phase cells. Conversely, in
4T1 cells, treatment resulted in a significant increase in G,
phase cells and a corresponding decrease in S phase cells.
Notably, both cell lines exhibited a significant prolonga-
tion/accumulation of cells in G,/M phase (Fig. 1G and H).
Mechanistically, western blot analysis indicated that
nintedanib treatment led to a dose-dependent reduction in
the expression of CDC2 and cyclin Bl, critical regulators
of the G, phase, suggesting that nintedanib suppresses
TNBC cell viability by disrupting G, phase progression
(Fig. 1E and F).
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Nintedanib induces apoptosis in TNBC cells. To further inves-
tigate whether nintedanib can induce apoptosis in TNBC cell
lines, flow cytometric analysis was performed, demonstrating
a dose-dependent increase in early and late apoptosis in both
MDA-MB-231 and 4T1 cells following nintedanib treatment
(Fig. 2A and B). Western blot analysis further revealed an
upregulation of Bax, a pro-apoptotic protein, and a down-
regulation of Bcl-2, an anti-apoptotic protein, suggesting that
nintedanib may induce apoptosis via the intrinsic mitochon-
drial apoptotic pathway (Fig. 2C and D).

Nintedanib inhibits cell motility and epithelial-mesenchymal
transition (EMT) in TNBC cells. Numerous chemotherapeutic
agents not only induce apoptosis but also impair tumor cell
motility (22), with nintedanib no exception. The results
of wound-healing assays indicated a significant dose- and
time-dependent reduction in cell motility compared with
control cells, as indicated by a significant increase in wound
width (Fig. 3A and B). Similarly, Transwell migration and
invasion assays confirmed a marked inhibition of TNBC cell
motility following nintedanib treatment (Fig. 3C and D).

EMT serves a pivotal role in cancer metastasis (23).
Western blot analysis showed that nintedanib treatment
resulted in a dose-dependent decrease in the mesenchymal
markers N-cadherin and vimentin, along with an increase
in the epithelial marker E-cadherin relative (Fig. 4A and B).
Immunofluorescence staining further corroborated these
findings, demonstrating an upregulation of E-cadherin and
a downregulation of vimentin in nintedanib-treated TNBC
cells (Fig. 4C and D). These results suggest that nintedanib
suppresses TNBC cell migration and invasion by partially
reversing EMT.

Nintedanib activates TP73 expression in TNBC cells. Given
that the genomic profile of the MDA-MB-231 cell line closely
mimics patient tumor characteristics and is well-established
for drug sensitivity assessments, metastasis studies and
transcriptomics analyses (24,25), this model was selected to
investigate transcriptional regulatory mechanisms in TNBC
and to identify novel therapeutic targets. RNA sequencing
and network pharmacology analyses were employed to
investigate the molecular mechanisms underlying the
anti-proliferative and anti-migratory effects of nintedanib. A
total of 42.26 G high-quality sequencing data were obtained
from six samples. PCA revealed a clear separation between
the control and nintedanib-treated groups, accounting for
98.18% of the variance (Fig. 5A), indicating that nintedanib
significantly alters the transcriptional landscape of TNBC
cells.

Differential expression analysis identified 3,723 DEGs,
including 1,317 downregulated and 2,406 upregulated
genes (Fig. 5B). Using the volcano plot, the expression
heatmap of the top 50 DEGs was obtained (Fig. 5C). GO
analysis revealed that these DEGs were enriched in biological
processes related to ‘DNA replication” and ‘DNA metabolic
process’; cell components related to ‘chromosome’, ‘chromo-
some, centromeric region’ and ‘chromosomal region’; and
molecular functions related to ‘catalytic activity, acting on
DNA’ (Fig. 5D). KEGG pathway analysis indicated significant
enrichment in cancer-related pathways, including the ‘cell
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Figure 1. Nintedanib suppresses the viability of triple-negative breast cancer cells. Viability of (A) MDA-MB-231 and (B) 4T1 cells was assessed using
the Cell Counting Kit-8 assay following treatment with nintedanib for 24, 48 and 72 h. (C) Colony formation assays were performed to further confirm the
inhibitory effects of nintedanib on cell proliferation. (D) Quantification of colony formation rates based on statistical analysis. (E) Western blot analysis of
protein expression levels in TNBC cells after nintedanib treatment. (F) Statistical analysis of relative protein expression levels. (G) Cell cycle distribution of
MDA-MB-231 and 4T1 cells analyzed after nintedanib treatment by flow cytometry. (H) Quantitative analysis of cell cycle progression. All data are presented
as the mean + SD from three independent experiments. “P<0.01 and “*"P<0.0001 vs. control. CDC2, cell division control protein 2; PCNA, proliferating cell
nuclear antigen.

cycle’, ‘cytokine-cytokine receptor interaction’, ‘JAK-STAT  with DEGs identified TP73 as a key overlapping gene
signaling pathway’ and ‘p53 signaling pathway’ (Fig. SE). (Fig. 5F). Molecular docking analysis revealed a strong

Using PharmMapper, 144 potential targets of nintedanib  binding affinity between nintedanib and TP73, with a
were identified. A Venn analysis comparing these targets  binding energy of -5.2 kcal/mol, suggesting that TP73 may
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Figure 2. Nintedanib induces apoptosis in TNBC cells. (A) Flow cytometric analysis of apoptosis in TNBC cells following nintedanib treatment.
(B) Quantification of apoptosis rates based on flow cytometry data. (C) Western blot analysis of Bcl-2 and Bax protein expression in TNBC cells after nint-
edanib treatment. (D) Statistical analysis of relative protein expression levels. All data are presented as the mean + SD from three independent experiments.
“P<0.01, ""P<0.001 and “""P<0.0001 vs. control. PI, propidium iodide; TNBC, triple-negative breast cancer.

be a critical target mediating the anticancer effects of nint-
edanib (Fig. 5G and H).

Nintedanib modulates key signaling pathways in TNBC cells.
Based on the transcriptomics analysis, the impact of nintedanib
on key signaling pathways was investigated, particularly the
p53 and peroxisome proliferator-activated receptor o (PPARo)

pathways, using western blotting. Nintedanib treatment
significantly upregulated TP73 and p53 expression relative to
B-actin, whereas PPARa, p-PI3K, p-Akt and p-mTOR were
downregulated in a dose-dependent manner (Fig. 6A and B).
Further analyses demonstrated that nintedanib selectively
suppressed EMT-transcription factors (EMT-TFs), particularly
Snail and ZEBI, while having minimal effects on Slug and
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ZEB2 (Fig. 6C and D). These findings suggested that nint-
edanib exerts its inhibitory effects on TNBC by modulating
the TP73-p53 and TP73-PPARa pathways and targeting EMT
regulators.

Nintedanib suppresses tumor growth in an orthotopic
TNBC model. Following ultrasound-guided injection, the
orthotopic TNBC model was successfully established in

P<0.0001 vs. control. TNBC, triple-negative breast cancer.

BALB/c mice for the in vivo efficacy evaluation of nint-
edanib (Fig. 7A). Ultrasound-guided imaging was used
to monitor tumor progression. On day 14, B-mode tumor
imaging revealed the volume was markedly reduced in
nintedanib-treated mice compared with controls, color
Doppler flow imaging and color power angiography
revealed diminished tumor vascularity post-treatment,
manifested by reduced density of intratumoral flow
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signals and ultrasound strain elastography using
fat/muscle as reference tissues indicated significant tissue
softening (Fig. 7B and D). During the experiment, the
maximum volume of the mouse tumor was 601 mm?® and

the maximum diameter was 1.2 cm. Hematoxylin and
eosin staining confirmed the inhibition of angiogenesis
(Fig. 7C). Immunohistochemical analysis further demon-
strated reduced expression of proliferation markers Ki67
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zinc finger E-box-binding homeobox protein.

and PCNA and increased TUNEL staining, indicating
enhanced apoptosis (Fig. 7C).

To assess potential toxicity, body weight was monitored
throughout the treatment period, with no significant fluctua-
tions observed (Fig. 7E). Additionally, histological analysis of
major organs (heart, liver, spleen, lungs and kidneys) revealed
no pathological abnormalities in nintedanib-treated mice
(Fig. 7F), suggesting minimal systemic toxicity.

Discussion

TNBC is the most aggressive histological subtype of breast
cancer, characterized by the absence of ER, PR and HER2
expression. The absence of well-defined therapeutic targets
poses a notable challenge in developing targeted therapies
for TNBC. Despite considerable research progress, cytotoxic
chemotherapy remains the cornerstone of pharmacological
treatment, although its efficacy is limited by suboptimal
clinical outcomes and adverse effects (26,27). Among
chemotherapeutic agents, doxorubicin (DOX) remains a
fundamental treatment option; however, its prolonged use
is constrained by the emergence of drug resistance and
dose-dependent cardiotoxicity (28). Consequently, drug
repurposing strategies have garnered interest in oncology,
emphasizing the need for novel, low-toxicity and highly
effective tumor-targeted therapies (29). Nintedanib, a
multi-targeted tyrosine kinase inhibitor approved for
idiopathic pulmonary fibrosis, has demonstrated anti-inflam-
matory, anti-fibrotic and antitumor properties (30). However,
its therapeutic effects on TNBC remain largely unexplored
and the present study aimed to address this by system-
atically investigating the biological effects and molecular
mechanisms of nintedanib in TNBC using a combination of
bioinformatics, in vitro and in vivo experimental validation.

The present findings demonstrated that nintedanib
significantly inhibits TNBC cell proliferation, stemness

and invasion, while inducing apoptosis in a dose-dependent
manner. This was confirmed in MDA-MB-231 and 4T1 cell
lines by assessing key molecular markers associated with
these phenotypic characteristics. Notably, CD133 and PCNA,
markers of cancer stemness, exhibited reduced expression
upon nintedanib treatment. Similarly, the downregulation
of cyclin Bl and CDC2 indicated cell cycle arrest at the G,
phase, whereas alterations in Bax/Bcl-2 expression confirmed
apoptotic induction. Furthermore, EMT markers, including
N-cadherin and vimentin, were downregulated, whereas
E-cadherin expression was increased, suggesting that nint-
edanib effectively suppresses the EMT capabilities in TNBC.
Ultrasound imaging further validated the in vivo efficacy of
nintedanib, revealing decreased tumor volume, stiffness index
and angiogenesis in treated mice.

Evidence from clinical and preclinical studies has indi-
cated that chronic fibrotic inflammatory diseases and certain
drug-resistant malignancies exhibit reduced sensitivity to RTK
signaling pathway inhibition (31,32). This observation suggests
that, beyond the established effects of nintedanib on classical
signaling pathways, compensatory or alternative signaling
mechanisms may mediate its inhibitory efficacy in TNBC. To
elucidate the underlying mechanism of action, RNA sequencing
and molecular docking studies were conducted based on
network pharmacology. The results demonstrated that the
inhibitory effects of nintedanib on MDA-MB-231 cells were
closely associated with TP73 activation. The tumor suppressor
TP73 belongs to the p5S3 family, known for its critical role in
maintaining genomic integrity and cellular homeostasis (33,34).
While p53 mutations occur in >50% of human cancers, TP73
remains functionally intact in a number of malignancies,
retaining its ability to regulate p53 target genes and induce apop-
tosis. Despite its established significance, the precise regulatory
mechanisms of TP73 in TNBC remain poorly understood (35).

Emerging evidence has suggested that TP73 interacts
with microRNAs (miRs) to modulate cancer progression.
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Sampath et al (36) first reported that in chronic lymphocytic
leukemia, TP73 accumulation transcriptionally activates the
apoptosis regulator p53 up-regulated modulator of apoptosis,
thereby triggering mitochondrial dysfunction, caspase-9
processing and ultimately apoptotic cell death; this positions
TP73 as a pivotal nexus bridging epigenetic regulation to
apoptotic execution, offering a promising p53-independent
therapeutic strategy against malignant cells. Furthermore,
TP73 regulates autophagy by transcriptionally activating
Atg5, a key autophagy-related gene, further reinforcing its role
in cellular homeostasis (37). Given the paucity of research on
TP73 in TNBC, the current study provided novel insights by
demonstrating that nintedanib significantly upregulates TP73
protein expression in a concentration-dependent manner,
consequently inducing TNBC cell apoptosis.

The PI3K-Akt and mTOR signaling pathways are
frequently hyperactivated in breast cancer and are crucial
mediators of tumorigenesis (38). Prior research has estab-
lished a functional crosstalk between TP73 and mTOR
signaling in ER-positive breast cancer, where rapamycin
potentiates tamoxifen efficacy via TP73 induction (39). The
present KEGG enrichment analysis of RNA sequencing data
suggested that nintedanib may downregulate the PPARa and
p53 pathways. Therefore, it was hypothesized that nintedanib
may exert its antitumor effects by downregulating the PPARa
and PI3K-Akt-mTOR pathways through TP73 activation.
Western blot analyses corroborated these findings, showing
a dose-dependent decrease in p-mTOR, p-PI3K, p-Akt and
PPARa levels upon nintedanib treatment. These results
provide compelling evidence that TP73 activation may serve
as a key regulatory mechanism underlying the suppressive
effects of nintedanib on TNBC progression. Consequently,
the present study repositioned nintedanib as a modulator
of the TP73-p53-PPARa/PI3K-Akt axis, revealing a novel
metabolic regulatory mechanism that extends beyond its
canonical RTK inhibitory activity. This finding elucidates
the therapeutic efficacy of nintedanib in RTK inhibitor-resis-
tant contexts. Additionally, TP73 could be proposed as a
candidate predictive biomarker for therapeutic response in
TNBC. Furthermore, a dose-dependent upregulation of TP73
and p53 proteins was detected in respones to nintedanib; it
may be proposed that this phenomenon results from p53
protein-function dissociation. MDA-MB-231 cells carry a
TP53 R280K mutation that: i) Abrogates apoptosis induction
and cell cycle arrest capability; and ii) enhances confor-
mational stability promoting mutant protein accumulation.
Nintedanib may further elevate this transactivation-defective
pS53 via degradation inhibition or stability enhancement,
mechanisms warranting future investigation. Crucially,
western blot analysis detected total p5S3 without functional
context. The present study hypothesized that under p53-defi-
cient conditions, nintedanib-induced apoptosis and cell
cycle arrest may primarily derive from TP73 upregulation.
As a p53 homolog, TP73 compensates for p53 loss by acti-
vating shared tumor-suppressive targets (e.g., pro-apoptotic
genes/CDK inhibitors). Elevated mutant p53 in the present
study thus represents a concomitant event rather than the
primary therapeutic effector.

TP73 is also implicated in modulating EMT, a funda-
mental process in cancer metastasis and therapy resistance.
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Lu et al (40) demonstrated that TP73 suppresses EMT in breast
cancer cells through regulation of miR-200a/b expression,
consequently inhibiting metastatic progression. Similarly, in
pancreatic cancer models, TAp73, a subtype of TP73, enhances
tumor suppression by promoting canonical TGF-B/Smad
signaling while inhibiting non-canonical ERK1/2-mediated
pathways (35). The present study indicated that nintedanib
treatment can significantly reduce N-cadherin and vimentin
levels, while increasing E-cadherin expression, confirming its
anti-EMT effects. Furthermore, given the involvement of the
PPARa and PI3K-Akt pathways in EMT regulation, it may be
proposed that TP73 functions as a critical upstream modulator
of these pathways in response to nintedanib treatment.

EMT-TFs, including Snail, Slug, ZEB1 and ZEB2, serve
pivotal roles in regulating cancer cell proliferation, migra-
tion, invasion, apoptosis and therapeutic resistance (41).
Notably, ZEB1 and Snail directly suppress miR-200 family
members, leading to EMT induction (42). The present results
demonstrated that nintedanib treatment could significantly
downregulate ZEB1 and Snail expression in a concentra-
tion-dependent manner, whereas Slug and ZEB2 levels
remained unchanged. This selective modulation suggests that
nintedanib could selectively modulate EMT-TFs, highlighting
the necessity for tailored therapeutic strategies that account for
TNBC molecular heterogeneity.

Previous studies have established nintedanib as a
potent anti-angiogenic agent targeting FGFR, VEGFR and
PDGFR (43-45). It has been successfully combined with
DOX for non-small cell lung cancer treatment by inhibiting
tumor-associated angiogenesis (42). Furthermore, Tu er al (46)
revealed that nintedanib enhances antitumor immunity by
promoting immune cell infiltration, augmenting interferon-y
responsiveness, activating MHC class I antigen presentation
and stimulating STAT3 phosphorylation. These findings
collectively demonstrate the dual mechanism of action of nint-
edanib, disrupting angiogenesis while directly inhibiting tumor
cell proliferation and survival, positioning it as a promising
multi-targeted therapeutic agent. While single-target inhibi-
tors offer therapeutic advantages, they are often constrained
by compensatory signaling mechanisms within tumors, neces-
sitating multi-targeted approaches such as nintedanib.

Despite the potential antitumor ability of nintedanib, a
major challenge in TNBC treatment is the dense extracellular
matrix, which restricts drug penetration and bioavailability.
To address this limitation, nanoparticle-based drug delivery
systems have emerged as a promising strategy (47). These
platforms enhance drug retention, accumulation and penetra-
tion within tumors, consequently enhancing therapeutic
efficacy. Future investigations should focus on the encapsula-
tion of nintedanib in nanoparticle formulations to optimize
its pharmacokinetic profile and tumor-targeted delivery
efficiency.

In conclusion, the present study, integrating network phar-
macology, transcriptomics and biological validation, provided
novel insights into the anti-TNBC effects of nintedanib. the
findings revealed that nintedanib may exerts its therapeutic
effects by targeting TP73, which modulates the downstream
p53-mediated PPARa and PI3K-Akt signaling pathways, while
inhibiting EMT regulators such as Snail and ZEBI1. These
findings expand the understanding of the mechanistic action
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of nintedanib in TNBC and provide a foundation for future
research aimed at improving targeted therapeutic strategies.
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