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Purpose: Small-molecule inhibitors of vascular endothelial growth factor
receptor 2 (VEGFR2) face clinical limitations due to adverse effects. This study
aimed to evaluate the novel compound SB218078 as a dual-targeting agent
against both tumor angiogenesis and epithelial-mesenchymal transition (EMT) in
breast cancer, while exploring its mechanisms of action.

Methods: The anti-angiogenic effects of SB218078 were investigated using in
vitromodels of endothelial cell migration, invasion, and tube formation, alongside
in vivo zebrafish developmental angiogenesis assays. Breast cancer progression
was assessed through cellular proliferation, migration, invasion tests, and mouse
xenograft models. Mechanistic studies focused on the Chk1/ZEB1 signaling axis,
validated through genetic interventions.

Results: SB218078 effectively suppressed angiogenesis by inhibiting endothelial
cell functions and disrupting developmental vascular networks in zebrafish. It also
impeded breast cancer cell aggressiveness and tumor growth in vivo.
Mechanistically, SB218078 selectively targeted ZEB1—an EMT transcription
factor—via Chk1 inhibition, with ZEB1 knockdown mimicking its anti-
angiogenic effects, while ZEB1 overexpression reversed this activity.

Conclusion: SB218078 emerges as a promising dual-action therapeutic
candidate for breast cancer, simultaneously blocking angiogenesis and EMT
through the Chk1-ZEB1 axis. Its specificity for ZEB1, distinct from other EMT
regulators, offers a novel strategy to overcome the limitations of traditional
VEGFR2 inhibitors, warranting further preclinical development.
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1 Introduction

Breast cancer is one of themost common cancers worldwide and themost common cause of
cancer death in women. Tumor angiogenesis is a critical process that supplies tumors with the
necessary blood supply to facilitate growth and metastasis (Zhang et al., 2020). Tumor growth
relies on blood vessels, which not only deliver oxygen and nutrients essential for tumor tissue but
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also serve as conduits for transporting tumor cells, thereby enabling
metastasis (Shashni et al., 2021). However, breast cancer exemplifies a
solid tumor type that has consistently shown limited responses to
angiogenesis inhibitors, failing to significantly enhance patient survival
outcomes (Ayoub et al., 2022). Consequently, the development of
angiogenesis inhibitors targeting the blood vessels of breast cancer
has become a vital focus in anti-tumor research.

Small molecule drugs inhibit tumor angiogenesis by specifically
blocking the angiogenic signaling pathways. They are characterized by
their non-immunogenic nature, ease of absorption, and various routes of
administration (Li et al., 2021; Qin et al., 2019). Vascular endothelial
growth factor receptor 2 (VEGFR2) is considered the most important
target for anti-angiogenic therapy in breast cancer (Ash et al., 2021).
Presently, a range of smallmolecule inhibitors of VEGFR2 is employed in
clinical treatment, including FDA-approved tyrosine kinase inhibitors
such as sorafenib (Fang et al., 2019), sunitinib (O’Donnell et al., 2015) and
vandetanib (Middleton et al., 2017). Despite their effective anti-tumor
activity, these drugs come with certain limitations and side effects.
Notably, the incidence of cardiovascular toxicity related to VEGFR2-
targeting tyrosine kinase inhibitors is relatively high, leading to potential
adverse reactions in patients, such as heart failure and myocardial
ischemia (Versmissen et al., 2019). Additionally, small molecule
inhibitors like isoliquiritigenin (Wang et al., 2019), pazopanib
(Grunwald et al., 2020), cediranib (Ledermann et al., 2016), and
motesanib (Torok et al., 2017), have been tested in clinical trials.
Observations during these trials revealed that patients often developed
drug resistance following anti-angiogenic therapy (Liang et al., 2021;
Malone et al., 2020). As a result, existing anti-angiogenic drugs have
yielded only modest improvements in overall survival rates for cancer
patients and are frequently associated with drug resistance. SB218078 is a
compound that enhances the efficacy of certain chemotherapeutic drugs
by inhibiting Chk1 activity, which prevents its phosphorylation of
Cdc25 and releases G2 cell cycle arrest, thereby increasing the
cytotoxicity of DNA-damaging agents. However, the role and
mechanism of SB218078 in tumor anti-angiogenesis remain unclear.

In this study, we identified SB218078, a small molecule inhibitor
that effectively suppresses tumor angiogenesis and epithelial-
mesenchymal transition (EMT) in breast cancer. Using transgenic
fluorescent zebrafish embryos Tg (Fli-1: EGFP) and human
umbilical vein endothelial cells (HUVECs), we demonstrated that
SB218078 significantly reduces tumor angiogenesis by inhibiting
VEGF-induced phosphorylation of VEGFR2 and its downstream
signaling pathways. Additionally, SB218078 markedly hinders the
growth, migration, and metastasis of breast cancer cells in both
in vitro and in vivo models. Mechanistically, it decreases the
expression of EMT-related transcription factors, particularly
downregulating zinc finger E-box binding homeobox 1 (ZEB1),
which counteracts angiogenesis in zebrafish embryos. In summary,
SB218078 is established as a potent anti-angiogenic agent, offering a
promising new strategy for breast cancer treatment.

2 Methods

2.1 Animals

Transgenic zebrafish Tg (fli-1:EGFP) were used to study blood vessel
development. Adult zebrafish were maintained under controlled

conditions with a 14-hour light and 10-hour dark cycle to support
their natural biorhythm. The breeding environment was kept at
approximately 28.5°C, with a pH of 7.0 ± 0.2 and an electrical
conductivity of 550 ± 10 μS/cm. Adult zebrafish, aged 7–18 months,
were fed harvested shrimp twice daily and selected for spawning.
Embryos were collected 1 hour post-spawning, washed in Holt Buffer
to remove dead eggs and debris, and cultured at 28.5°C for development
observation. Healthy embryos at 12 h post-fertilization (hpf) were
transferred to a 24-well plate containing various concentrations of
SB218078 (1.25 μM–10 μM) diluted in a solution with 1-phenyl 2-
thiourea (PTU), while the negative control contained PTU and 0.1%
dimethyl sulfoxide (DMSO). After 24 h of treatment, the embryos were
examined under a fluorescence microscope for vascular development,
specifically the intersegmental vessels (ISV) and dorsal longitudinal
anastomotic vessels (DLAV), with abnormal cases recorded. For fin
regeneration, zebrafish at 30 days post-fertilization (dpf) underwent
dorsal fin amputation and were subsequently observed for vascular
development and regeneration under a fluorescence microscope. They
were maintained in a 12-well plate with a solution containing 10 μM
SB218078, refreshed every 24 h, while their fin regeneration was
monitored microscopically. In the tumor angiogenesis model,
mCherry-labeled MDA-MB-231 cells were injected into the
perivitelline space of 2-day-old zebrafish embryos, which were then
treated with either DMSO (control) or 2.5 μM SB218078 for 3 days.
Following treatment, embryos were fixed in 4% paraformaldehyde for
imaging, and angiogenesis was analyzed using a spinning disk laser
scanning confocal microscope. Tumor angiogenesis was quantified with
ImageJ software based on vessel intensity relative to tumor cell intensity.
Isogenic zebrafishwith gene knockouts were used to observe subintestinal
vessel (SIV) formation at approximately 96 hpf, with embryos fixed,
stored, and imaged at a wavelength of 488 nm. SIV vasculature was
quantified using ImageJ, and leading buds were counted (Ma et al., 2021).

For the xenograft experiments, female nude mice (4–6 weeks old,
Charles River, Beijing, China) were used. One million MDA-MB-
231 cells were resuspended in 100 μL of PBS and injected into the
mammary fat pad of the mice in the groin area. The mice with tumors
were randomly divided into two groups of six: the treatment group
received an intragastric injection of 5 mg/kg/d of SB218077, while the
control group was given an equivalent volume of vehicle. Tumor growth,
body weight, and tumor size weremonitored weekly, with tumor volume
calculated using the formula V (mm³) = Length (mm) ×Width (mm)2/2.
For theMatrigel plug studies, mice were anesthetized with 2% isoflurane.
A syringe pre-cooled to −20°C was used to absorb the Matrigel mixture,
which was then injected into a 1-cm gap created subcutaneously in the
armpit. The mice were routinely fed and monitored, with body weights
recorded every 3 days. Ten days post-operation, the mice were sacrificed,
and the Matrigel plugs were dissected for immunofluorescence using
frozen sections. All animal experiments received approval from the
Institutional Ethics Committees of the First Affiliated Hospital of
Chongqing Medical University.

2.2 Cell culture

Fetal bovine serum (FBS), RPMI-1640 medium, Penicillin-
Streptomycin solution, and 0.25% trypsin were all obtained from
Invitrogen (Carlsbad, CA). Human umbilical vein endothelial cells
(HUVECs), along with breast cancer cell lines T47D andMDA-MB-

Frontiers in Pharmacology frontiersin.org02

Wu et al. 10.3389/fphar.2025.1552707

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1552707


231, were obtained fromATCC. T47D andMDA-MB-231 cells were
maintained in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) and 1% Penicillin-Streptomycin solution.
HUVECs were cultured in EGMTM-2 Bullet Kit Endothelial Cell
Medium (Lonza, United States), along with 1% penicillin/
streptomycin. The culture medium was refreshed every two to
3 days to ensure optimal growth conditions.

2.3 Rat arterial ring

The aorta isolated from a 6-week-old Sprague Dawley (SD) rat
was sliced into thin sections approximately 1mm thick and arranged
in a 96-well plate. Each well was filled with 70 μL of Matrigel to
embed the arterial rings, which were then incubated at 37°C for 1 h.
Following this, different concentrations of SB218078 (1 μM and
2 μM) were introduced to each well for routine culture. After 7 days,
microvascular sprouting from the arterial rings was observed under
a microscope and documented through photography.

2.4 Migration assay

Approximately 2.5 × 10̂5 cells per 2mL per well (eitherHUVECs or
MDA-MB-231 and T47D cells) were inoculated in 6-well plates. Once
the cells reached 95% confluence, a wound was created in each well
using a 10-μL pipette tip. Images were captured under a microscope at
this initial time point (0 h). The drug SB218078 was diluted to various
concentrations (1 μM and 2 μM), and 2 mL of each solution was added
to the wells. After 24 h, the same visual field was examined, and images
were obtained for analysis.

2.5 Transwell assay

The transwell chamber and its tips were precooled at −20°C. Next,
50 μL of melted Matrigel was added to the transwell chamber and
incubated at 37°C for 1 h to allow it to solidify. Meanwhile, full medium
(200 μL) was added to each well of a 24-well plate. The transwell
chamber was then placed into the wells. Cells in the logarithmic growth
phase (MDA-MB-231, T47D, and HUVECs) were collected and
suspended in culture medium. A total of 2 × 10̂4 cells in 500 μL
were seeded into the transwell chamber and incubated at 37°C with 5%
CO2 for 16 h. After this incubation, the chamber was removed, and the
cells remaining in the chamber were gently wiped off. The chamber was
then fixed with 4% paraformaldehyde (PFA) for 30 min and
subsequently stained with crystal violet for 10 min. Images were
captured using a microscope (Trinocular Biological Microscope,
CX43, Olympus, Tokyo, Japan).

2.6 Tube formation

The 48-well plate and pipette tips were precooled at −20°C.
Subsequently, 160 μL of melted Matrigel was added to the 48-well
plate and incubated at 37°C for 1 h to allow it to solidify. HUVECs in
the logarithmic growth phase were collected and suspended in
treatment solutions (vehicle control (DMSO) or 1, 2 μM

SB218078). A total of 4 × 10̂4 HUVECs in 500 μL were then
added to each well of the 48-well plate and cultured at 37°C with
5% CO2 for 6 h. Images were captured using a microscope
(Trinocular Biological Microscope, CX43, Olympus, Tokyo, Japan).

2.7 Clone formation

Cells (HUVECs, T47D, and MDA-MB-231) in the logarithmic
growth phase were collected and cultured in a 6-well plate at a
density of 600 cells per 2 mL per well. The drug SB218078 was
diluted to various concentrations (1 μMand 2 μM), and 2mL of each
concentration was added to each well. The drug-containing medium
was changed every 48 h. After 1 week, the cells were washed twice
with PBS and fixed with 4% paraformaldehyde (PFA) for 30 min.
Subsequently, the cells were stained with crystal violet for 10 min at
room temperature (RT). Manual counting was performed to
determine the number of cell clones present (Wu et al., 2021).

2.8 Kinase assay

Different concentrations of SB218078 were employed to inhibit
intracellular protein kinases. In brief, 10 μL of non-radioactive ATP
solution (in H2O), 25 μL of an assay buffer/[γ-³2P]-ATP mixture,
varying concentrations of SB218078 dissolved in 10% DMSO, and
10 μL of enzyme/substrate were combined in each well of a 96-well
FlashPlates™. The reaction was carried out at 30°C for 60 min. All
protein kinase assays were conducted using a Beckman Coulter
Biomek 2000/SL robotic system (Ma et al., 2021).

2.9 Lentiviral transfection

The Biosettia website (http://biosettia.com/support/shrna-designer)
was utilized to design shRNAs. The sequences of the shRNAs were as
follows: sh-ZEB1#1, 5′-ATAGAGGCTACAAGCGCTTTA-3′; sh-
ZEB1#2, 5′-GGAGGATAAAGAGATGGAAGA-3′; sh-Snail#1, 5′-
GCTGTCACTCAATTCGGTCATT-3′; sh-Snail#2, 5′-GCACCG
GCGTTTCAGATATCT-3′; sh-Twist#1, 5′-GGAAGAGGCGATATC
GGAAGT-3′; and sh-Twist#2, 5′-GGATGGAAGGTGCGTGGA
ATA-3′. These shRNAs were cloned into the pLVX-shRNA1-puro
vector to produce the pLV-shRNA vector. HEK293T cells were
transfected with the lentiviral vector using Lipofectamine 2000, and
the lentivirus was generated by transfecting a packaging plasmid via
calcium phosphate and subsequently collecting the supernatant. When
the breast cancer cell density reached 30%–50%, the cells were infected
with a mixture of 1 mL of lentivirus stock and 3 μL of Polybrene
(Solarbio, Beijing, China) at 37°C. After 48 h, stable cell lines were
selected using puromycin for 48–72 h, after which follow-up
experiments were conducted.

2.10 Immunohistochemistry (IHC)

The tissue slices (xenografts) were sectioned to a thickness of
4 μm and dewaxed using xylene. Antigen retrieval was performed
using citrate buffer (pH 6.0): the slices were immersed in this buffer
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at 95°C for 20 min and then allowed to cool to room temperature.
Following this, the slices were treated with a 3% peroxidase solution
(ZSGB-BIO, Beijing, China) for 20 min to inhibit endogenous
peroxidase activity. To block non-specific binding sites, 10%
normal goat serum (ZSGB-BIO) was applied to the slices at 37°C
for 30 min, after which the slices were incubated overnight at 4°C
with the primary antibody (1:200 dilution). The following day, the
slices were incubated with biotinylated goat anti-mouse IgG (ZSGB-
BIO) for 30 min, washed, and then treated with horseradish
peroxidase-labeled streptavidin-biotin (ZSGB-BIO) for 20 min.
Finally, the slices were stained with DAB under a microscope, re-
stained with hematoxylin, dehydrated, andmounted. The slices were
examined under a microscope, and the intensity of staining
alongside the percentage of immunoreactive cells were used to
assess protein expression (Wu et al., 2022).

2.11 Cell viability assay

Approximately 3,000 cells from each group (HUVECs, T47D,
and MDA-MB-231, treated with different concentrations of
SB218078 for 72 h) were inoculated into 96-well culture plates.
At 0, 24, 48, and 72 h, a mixture of 10 μL of CCK-8 reagent (CK04,
Dojindo, Japan) and 100 μL of medium was added to each well and
incubated with the cells for 2 h. The absorbance values were then
measured at 450 nm using a microplate reader (Infinite 200 PRO,
Tecan, Männedorf, Switzerland).

2.12 Apoptosis assay

Well-grown MDA-MB-231 cells were collected and seeded
in 6-well plates at a density of 1 × 10̂5 cells per 100 mL per well.
The drug SB218078 was diluted to the desired concentrations
(1 μM and 2 μM), and the cells were incubated with the drug
solution for 72 h. Approximately 1 × 10̂6 cells were then treated
with Annexin V-FITC (Sigma-Aldrich) and Propidium Iodide
(Sigma-Aldrich) at room temperature for 30 min. Cell apoptosis
was subsequently assessed using a FACSCalibur flow cytometer
(BD Biosciences).

2.13 Western blotting

Total protein was extracted from HUVECs or breast cancer cells
using RIPA lysis buffer (P0013B, Beyotime), and the protein
concentration was quantified using a BCA kit (P0012S,
Beyotime). Equal amounts of denatured protein (40 μg) were
subjected to protein imprinting, followed by 10% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred onto a PVDF membrane. The membrane was blocked
with 5% skim milk. It was then incubated overnight at 4°C with
primary antibodies (Anti-pVEGFR2, anti-VEGFR2, anti-pSTAT3,
anti-STAT3, anti-p-ERK, anti-ERK, anti-p-mTOR, anti-mTOR,
anti-ZEB1, anti-Snail, anti-Vimentin, anti-Twist, anti-E-cadherin,
and anti-β-actin). The following day, the membrane was incubated
with a secondary antibody (1:2000 dilution) at room temperature for
1 h. The bands were detected using a chemical developer (Kodak).

2.14 Immunofluorescence imaging

Approximately 1 × 10̂4MDA-MB-231 cells were seeded onto slides
in 24-well plates. The drug SB218078 was diluted to the desired
concentrations (1 μM and 2 μM), and the cells were incubated with
the drug solution for 72 h. Following this, the slides were fixed with 4%
paraformaldehyde (PFA) for 30 min. After blocking with 5% goat
serum for 15 min, the cell climbing slides were incubated overnight at
4°C with primary antibodies (anti-Vimentin (#5741) and anti-E-
cadherin (#14472)). The next day, the slices were washed with PBS
and incubated for 3 h with goat anti-human IgG labeled with FITC or
Cy3. After DAPI staining for 5 min, the slides were mounted using an
anti-fluorescence quenching solution (P0126, Beyotime). The
immunofluorescence staining procedure for frozen xenograft slices
followed a similar protocol, using anti-CD31 antibodies.
Immunofluorescence was analyzed using ImageJ version 1.52a.

2.15 Generation of isogenic zebrafish with
individual gene knockouts

For guide RNA (gRNA) target site design, potential gRNA target
sites were identified using the web programs CRISPR Design (http://
CRISPR.mit.edu) or CHOPCHOP (http://chopchop.cbu.uib.no/index.
php). The following single guide RNAs (sgRNAs) (sense strand) were
used: snail1a:sg-snail1a: 5′-GCACAAGTTGCCATTTGCCG-3′,
twist1a:sg-twist1a: 5′-GACGTCCCAGACCAGTCCGG-3′, zeb1a:sg-
zeb1a: 5′-GCCAGCCGCAAAAACGCCG-3′, and green fluorescent
protein (GFP): sg-GFP 5′-GGGCGAGGAGCTGTTCACCG-3′. The
sgRNA: Cas9 ribonucleoprotein (RNP) complexes included 1 μL 25 μM
sgRNA + 1 μL 25 μMCas9 stock + 2 μL H2O+ 1 μL 0.25% phenol red
solution. Prior to microinjection, the RNP complex solution was
incubated at 37°C for 5 min. Approximately 1 nL 5 μM gRNA:
Cas9 RNP complex was injected into the cytoplasm of one-cell stage
embryos. Zebrafish mutants were screened and identified (Hoshijima
et al., 2019). The primers used for knockout validation were as
following: snail1a: PF:TTCCAGACTCACGCTGACATC, PR:
GTCCCAGAAATGCAACGACG; Twist1a: PF: GTGTTCGCGCTG
CATGTAAA, PR: TAAACGCTTCCTCGCGGATT; zeb1a: PF: GTG
TTCGCGCTGCATGTAAA, PR: TAAACGCTTCCTCGCGGATT.

2.16 RNA-seq analysis

TheMDA-MB-231 cells were treated with SB218078 (2 μM) for 48 h,
afterwhich theywere collected for RNA sequencing.GeneOntology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were conducted using R software. The criteria for identifying
differentially expressed proteins included a false discovery rate (FDR)
corrected p-value of less than 0.01 and a log fold change (logFC) greater
than 1. The names of the repository/repositories and accession number(s)
can be found below: https://bigd.big.ac.cn/gsa/browse/ HRA008767.

2.17 Statistical analyses

The Student’s t-test and one-way analysis of variance (ANOVA)
were employed to perform differential comparisons between two
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groups or multiple groups, respectively. For group comparisons
within one-way ANOVA, Tukey’s test was applied. R software was
used to analyze and perform statistics on RNA sequencing data.
Statistical analyses were conducted using GraphPad Prism (version
5.0). A p-value of less than 0.05 was considered statistically
significant.

3 Results

3.1 Inhibitory effects of SB218078 on
vascular development in zebrafish embryos

We initially identified 30 candidate small-molecule drugs that
could induce tumor cell death by targeting VEGFR2 activity using
the molecular drug bank in our laboratory (see Table 1). To evaluate
their effects on angiogenesis, we monitored the vascular
development of intersegmental vessels (ISVs) and the dorsal
longitudinal anastomotic vessel (DLAV) in zebrafish. At 12 h
post-fertilization (hpf), zebrafish embryos were treated with
small-molecule inhibitors for a duration of 24 h. The results
revealed that SB218078, at a concentration of 2.5 μM,
significantly inhibited the development of ISVs in zebrafish
(Figures 1A, B). Given the importance of angiogenesis in
zebrafish caudal fin regeneration (Ma et al., 2017), juvenile
zebrafish (approximately 30 days post-fertilization) with severed
tails were treated with 10 μM SB218078 and observed continuously
for 7 days. We observed a significant reduction in both caudal fin
regeneration and vascular growth in zebrafish following
SB218078 treatment (Figures 1C, D), thereby confirming the
inhibitory effect of SB218078 on angiogenesis in zebrafish.

3.2 Inhibitory effects of SB218078 on
angiogenesis in HUVECs

Next, we utilized human umbilical vein endothelial cells (HUVECs)
to assess the inhibitory effects of SB218078 on angiogenesis. HUVECs
were cultured onMatrigel and treated with SB218078 in the presence of
VEGF. As illustrated in Figure 2A, treatment with 1–2 μM
SB218078 reduced the tube formation capability of HUVECs by
approximately 50% compared to the vehicle control group
(Figure 2B). We further investigated the impact of SB218078 on
HUVEC proliferation using cell viability and colony formation
assays. Our findings indicated that treatment with 1–2 μM
SB218078 significantly inhibited the proliferation of HUVECs
(Figures 2C–E). Additionally, wound-healing and transwell assays
were conducted to evaluate the effects of SB218078 on HUVEC
migration and invasion. The results demonstrated that
SB218078 significantly inhibited both the migration (Figures 2F, G)
and invasion (Figures 2H, I) of HUVECs in vitro.

For in vivo assessments, the aortic ring sprouting assay revealed that
2 μM SB218078 suppressed aortic ring sprouting by over 90% (Figures
3A, B). Furthermore, we established a subcutaneous Matrigel plug assay
to evaluate the inhibitory effect of SB218078 on angiogenesis in mice. A
1 mL Matrigel mixture (comprising 750 μL Matrigel and 250 μL of
endothelialmediumcontaining 8mg/kg SB218078 and 100ng/kgVEGF)
was injected subcutaneously into the axillae of BALB/c mice. Ten days
later, the Matrigel plug was excised, and angiogenesis was assessed. As
shown in Figure 3C, treatment with SB218078 significantly inhibited
angiogenesis in mice. We also collected the Matrigel plugs for frozen
sectioning and analyzed the expression of CD31, a marker for vascular
endothelial cells, using immunofluorescence. The results indicated that
the number of vascular endothelial cells migrating into theMatrigel plugs
was reduced by 50% in the SB218078 treatment group (Figures 3D, E).

3.3 Molecular mechanisms underlying the
angiogenesis inhibition effects of SB218078

To further elucidate the potential signaling pathways through
which SB218078 exerts its anti-angiogenic effects, we conducted
kinase activity analysis to determine the IC50 values of SB218078 on
angiogenesis-related signaling pathway proteins (Table 2). The results
revealed that the concentrations required to achieve 50% inhibition of
FAK and KDR (VEGFR2) were notably low, particularly for VEGFR2,
which demonstrated an especially low IC50 (Figures 3F, G; Table 2).

3.4 SB218078 suppresses breast cancer cell
growth and tumor angiogenesis in vitro and
in vivo

Considering the critical role of angiogenesis-related signaling
pathways in the growth and metastasis of breast cancer,
SB218078 may have significant potential as a therapeutic agent
against this disease. To test this hypothesis, we examined the effects
of SB218078 on the growth of T47D and MDA-MB-231 breast cancer
cells. The results from colony formation (Figures 4A–C) and cell
viability (Figures 4D, E) assays demonstrated that treatment with
1–2 μM SB218078 effectively inhibited the growth of breast cancer

TABLE 1 Thirty candidate small molecular drugs.

No. Drugs No. Drugs

1 Meclizine hydrochloride 16 Phenylmer curic acetate

2 Fenbendazole 17 Ouabain

3 Vincristine sulfate 18 Pararosaniline pamoate

4 Proscillaridin 19 Mitoxantrone hydrochloride

5 Vinblastine sulfate 20 Sertraline hydrochloride

6 Candesartan cilextil 21 Doxorubicin

7 Bromocriptine mesylate 22 Itraconazole

8 Dexamethasone 23 SB 218078

9 Digitoxin 24 IMD 0354

10 Digoxin 25 SN 38

11 Emetine 26 (1′S, 2′S)-Nicotine-1′-oxide
(1′S, 2′S)

12 Gentian violet 27 Cantharidin

13 Gramicidin 28 NSC-663284

14 Hexachlorophene 29 5-Iodotubercidin

15 Histamine
dihydrochloride

30 Ivermectin
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cells. Additionally, we investigated cancer cell apoptosis and found that
SB218078 induced apoptosis in MDA-MB-231 cells (Figures 4F, G).
Concurrently, wound-healing and transwell assays revealed that
SB218078 significantly inhibited both the migration and invasion of
breast cancer cells (Figures 4H–N).

To further assess the inhibitory effects of SB218078 on breast cancer
cell growth, we established xenograft models using nude mice. The
results indicated that intraperitoneal injections of SB218078 markedly
suppressed the growth of transplanted tumors in these mice (Figures
5A–C). Furthermore, immunohistochemistry (IHC) analysis of the
tumor tissue confirmed that the expression of Ki-67 was
significantly reduced in response to SB218078 treatment (Figures
5D, E). Additionally, the transplanted tumor tissues were stained
with CD31 using both IHC and immunofluorescence (IF). The
results showed a significant decrease in the expression level of
CD31 and microvessel density (MVD) following
SB218078 treatment (Figures 5F–I). To further validate our findings,
mCherry-labeledMDA-MB-231 cells were injected into the perivitelline
space of zebrafish embryos. Interestingly, we observed that
SB218078 significantly inhibited vascular formation surrounding the
injected tumor cells (Figures 5J, K), confirming that
SB218078 effectively suppresses tumor-related angiogenesis in vivo.

3.5 ZEB1-independent effects of
SB218078 on angiogenesis

To investigate the mechanism through which
SB218078 inhibits angiogenesis in breast cancer, RNA

sequencing was conducted on breast cancer cells treated with
SB218078 (Figure 6A). The findings indicated that the well-
known epithelial-mesenchymal transition (EMT) marker
ZEB1 is influenced by SB218078 (Figure 6B). Gene
enrichment analysis further revealed that SB218078 regulates
various biological processes, including the cell cycle, nuclear
transcription factors, and tumor-associated pathways (Figures
6C–F). Previous studies have identified Chk1, a target of
SB218078, as a downstream protein of the EMT transcription
factor ZEB1. Consistent with this, our results demonstrated that
treatment with SB218078 significantly inhibited the EMT
process in MDA-MB-231 cells (Figure 7A). Additionally, we
observed a marked reduction in the expression of vimentin, a
mesenchymal marker, in MDA-MB-231 cells treated with
1–2 μM of SB218078 (Figure 7B). In the in vivo assays, we
employed the CRISPR/Cas9 system to silence the expression of
ZEB1, Snail, and Twist in zebrafish (Figures 7C, D). The results
revealed that specific targeting of ZEB1, as opposed to Snail or
Twist, significantly inhibited the development of intersegmental
blood vessels (ISV) and subintestinal vessels (SIV) in zebrafish
(Figures 7E–G). This demonstrates the EMT-independent effect
of SB218078 on tumor angiogenesis in vivo.

4 Discussion

Anti-angiogenesis therapy has emerged as a promising
strategy for treating malignant solid tumors (Tang et al.,
2021). In this study, we identified SB218078, a small molecule

FIGURE 1
SB218078 Inhibits Vascular Development in Zebrafish Embryos. (A, B) Representative images of intersegmental vessels (ISVs) in zebrafish embryos at
12 h post-fertilization (hpf) treated with vehicle control and various concentrations of SB218078 (1.25 μM, 2.5 μM, 5 μM, 10 μM). (C, D) Regeneration of
amputated zebrafish fins was monitored over a 7-day period. *P < 0.05, **P < 0.005, ***P < 0.001. Scale bar in (A and C) 50 μm.
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originally developed as a Chk1 inhibitor, which acts as an
angiogenesis inhibitor. This compound was designed to
mitigate G2 phase arrest caused by topoisomerase I-induced
DNA damage, thereby enhancing tumor cell apoptosis and
overcoming drug resistance synergistically (Jin et al., 2005;
Wang et al., 2008). Our findings build on previous research by
demonstrating that SB218078 significantly inhibits the
proliferation, migration, invasion, and angiogenesis of vascular
endothelial cells, as well as the VEGF-induced activation of
VEGFR2. Notably, SB218078 also exhibits strong inhibitory
effects on the growth, migration, invasion, and angiogenesis of
breast cancer cells both in vivo and in vitro. Therefore, our data
suggest that SB218078 has considerable potential as a treatment
for breast cancer due to its anti-tumor and anti-angiogenesis
properties.

The developmental patterns of intersegmental vessels (ISVs)
and dorsal longitudinal anterior vessels (DLAVs) in zebrafish
align with those observed in tumor-related angiogenesis (Buglak
et al., 2020; Wilkinson and van Eeden, 2014). Consequently, we
employed the zebrafish embryonic vascular development model
to assess the anti-angiogenic effects of SB218078. Our results
demonstrated that treatment with 1–2 μM

SB218078 significantly inhibited the development of
subintestinal vessels (SIVs) and DLAVs. Additionally, we
found that SB218078 effectively suppressed the proliferation,
migration, invasion, and angiogenesis of vascular endothelial
cells in vitro. However, the regulatory mechanisms underlying
tumor angiogenesis are complex. VEGFR2, as a key regulator of
vascular endothelial cell function, mediates cell proliferation
through the MAPK/ERK signaling cascade (Lu et al., 2021a;
Walker et al., 2021; Hultgren et al., 2020). Similar to these
studies, our study showed that SB218078 could significantly
inhibit the activation of VEGFR2.

In addition to inhibiting angiogenesis in vascular endothelial
cells, SB218078 also reduced cell growth, migration, and
invasion, while promoting apoptosis in breast cancer cells. As
a Chk1 inhibitor, SB218078 induces apoptosis through
mechanisms involving DNA damage and S-phase arrest, and it
may enhance the efficacy of chemotherapeutic agents by acting as
a sensitizer. Supporting this notion, our flow cytometry analysis
indicated that SB218078 promoted apoptosis in breast cancer
cells. Notably, our results also confirmed that SB218078 can
inhibit the migration and invasion of tumor cells. While
Chk1 primarily plays a role in DNA damage repair and

FIGURE 2
SB218078 inhibits angiogenesis in vitro. (A, B) SB218078 (1 μM and 2 μM)) inhibits VEGF-induced tube formation in human umbilical vein endothelial
cells (HUVECs). (C) Treatment with SB218078 (1 μM and 2 μM) for 72 h significantly reduces HUVEC proliferation. (D, F) SB218078 (1 μM and 2 μM) inhibits
the formation of HUVEC colonies. (E, G–I) SB218078 also inhibits HUVEC migration and invasion. Scale bar in (A, F, and H): 50 μm.
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homologous recombination, the upstream factor ZEB1 is a
critical transcription factor that promotes EMT (Drapela et al.,
2020). EMT is a significant biological mechanism underlying
tumor invasion and metastasis (Zheng et al., 2015). Our findings

demonstrated that SB218078 inhibited the activation of EMT-
related transcription factors such as ZEB1, Snail, and Twist. To
evaluate the relationship between EMT and angiogenesis, we
silenced these transcription factors and discovered that
ZEB1 specifically inhibited angiogenesis in zebrafish, whereas
Snail and Twist did not. Consistently, a recent study showed that
deletion of endothelial ZEB1 in tumor-bearing mice reduced
tumor angiogenesis and led to sustained normalization of
tumor vasculature by epigenetically repressing TGF-β
signaling (Fu et al., 2020). Our previous research also
elucidated the role of ZEB1 in tumor angiogenesis (Liu et al.,
2016; Jiang et al., 2020). Therefore, in studying the effects of
SB218078 on tumor angiogenesis, we also examined its impact on
ZEB1, yielding promising results. Additionally, targeting
ZEB1 has been shown to reduce bevacizumab-resistant glioma
phenotypes (Chandra et al., 2020). Our RNA sequencing results
showed that the RNA expression of ZEB1 was regulated by
SB218078. Based on the fact that SB218078 is designed as a

FIGURE 3
SB218078 inhibits angiogenesis in vivo. (A) Representative images showing the sprouting of vascular endothelial cells in different groups treatedwith
vehicle control and SB218078 (1 μM and 2 μM) in the rat arterial ring assay. (B) Quantification of the relative overall length of endothelial cell sprouting
induced by SB218078 in each treatment group. (C) Representative images of the Matrigel plug assay in mice treated with vehicle control (DMSO) and
SB218078 (2 μM). (D, E) Immunofluorescence staining for CD31, along with statistical analysis of microvessel density. (F, G) Kinase assays conducted
to identify potential targets of SB218078 for its anti-angiogenic effects. Scale bar in (A, D): 50 μm.

TABLE 2 The IC50 of SB218078 on angiogenesis-related signaling pathway
proteins.

Kinase IC50 (nM)

KDR 6.1

ERK1 >10,000

ERK2 >10,000

PKCα >10,000

AKT >10,000

FAK 49
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competitive binding inhibitor against chk1, we inferred that
SB218078 could inhibit tumor angiogenesis by regulating the
transcription of ZEB1 and thereby inhibiting the expression of
VEGFR2. Given these insights, it is reasonable to propose that
SB218078 may have multiple targets, including VEGFR2 and

ZEB1, in addition to Chk1. Importantly, SB218078 has
demonstrated the ability to inhibit tumor growth and
angiogenesis in vivo in breast cancer models. Collectively,
these findings suggest that SB218078 has significant potential
as a novel anti-tumor angiogenesis drug.

FIGURE 4
SB218078 inhibits the growth of breast cancer cells in vitro. (A–C) SB218078 (1 μM and 2 μM) significantly inhibits colony formation in T47D and
MDA-MB-231 cells. (D, E) Treatment with SB218078 (1 μM and 2 μM) for 72 h reduces the proliferation of T47D and MDA-MB-231 cells. (F, G) Treatment
with SB218078 (1 μM and 2 μM) for 72 h promotes the cell apoptosis of T47D and MDA-MB-231 cells. (H–N) SB218078 (1 μM and 2 μM) also inhibits the
migration and invasion of both T47D and MDA-MB-231 cells. Scale bar in (H, J, and L): 50 μm.
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FIGURE 5
SB218078 inhibits the growth and angiogenesis of breast cancer in vivo. (A) Representative images of MDA-MB-231 cell xenografts treated with
either vehicle control (DMSO) or SB218078. (B) Growth curve showing the progression of the xenografts, and (C) the corresponding weights of the
xenografts. (D, E) Immunohistochemical (IHC) staining for Ki67 in xenograft tissues. (F, G) IHC analysis of microvessel density (CD31/mm²) between the
two treatment groups in xenograft tissues. (H, I) Immunofluorescence assessment of microvessel density (CD31/mm2) in xenograft tissues for both
groups. (J) Representative images depicting eGFP-expressing blood vessels (green) andmCherry-labeledMDA-MB-231 cells (red) following treatment of
zebrafish embryos with vehicle control (DMSO) or SB218078 (2.5 μM) for 3 days. Scale bars: 200 μm. (K) Quantification of relative vascular density in each
group. Scale bar in (D, F, H, and J) 50 μm.
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The limitations of our research are as follows. Firstly, the
anti-angiogenic effects of SB218078 have yet to be validated in a
diverse range of tumor models. Secondly, pharmacokinetic
assessments could be enhanced to better evaluate the
metabolic characteristics of SB218078 in vivo. Lastly, the
specific targeting mechanism of SB218078 on ZEB1 and
VEGFR2 is still not clear enough. We will design experiments
to clarify it in detail in the future.

5 Conclusion

In summary, our research demonstrated that, in addition to its
role as a classic Chk1 inhibitor, SB218078 significantly inhibits
angiogenesis, as well as the growth, migration, and invasion of
breast cancer cells. Mechanistically, we found that
SB218078 suppresses tumor angiogenesis by blocking the
activation of VEGFR2 and ZEB1. Therefore, SB218078 holds

FIGURE 6
SB218078 Inhibits the EMT in Breast Cancer Cells. (A) RNA sequencing analysis of MDA-MB-231 cells treated with SB218078. (B) Volcano plot
displaying the differentially expressed genes between the vehicle control and SB218078 treatment groups. (C–F) Gene enrichment analysis indicating
that SB218078 regulates various biological processes, including the cell cycle, nuclear transcription factors, and tumor-related pathways, among others.
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promise as a novel therapeutic strategy for targeting tumor
angiogenesis in breast cancer.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/supplementary material.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
All animal experiments were approved by the Institutional Ethics

Committees of the First Affiliated Hospital of Chongqing Medical
University. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

QW: Funding acquisition, Project administration, Supervision,
Validation, Visualization, Writing–original draft. JX:
Conceptualization, Data curation, Methodology, Validation,
Writing–original draft. XT: Investigation, Methodology, Validation,
Visualization, Writing–original draft. JY: Data curation, Formal
Analysis, Methodology, Resources, Writing–original draft. BL:
Formal Analysis, Methodology, Software, Writing–original draft. JY:
Data curation, Formal Analysis, Investigation, Writing–review and
editing. XZ: Conceptualization, Funding acquisition, Project
administration, Supervision, Validation, Writing–review and editing.

FIGURE 7
ZEB1-Independent Effects of SB218078 on Angiogenesis. (A) SB218078 inhibits EMT-related morphological changes in MDA-MB-231 cells. (B)
Immunofluorescence analysis of protein levels of Vimentin and E-cadherin in MDA-MB-231 cells treated with either vehicle control (DMSO) or SB218078
(1 μM and 2 μM). (C) Schematic representation of the designed gRNA sequences for zeb1a, snail1a, twist1a, and GFP. (D) RNA expression levels of each
target in zebrafish across different treatment groups. (E–G) Knockout of ZEB1 using the CRISPR system inhibits the vascular development of
intersegmental vessels (ISVs) and subintestinal vessels (SIVs) in zebrafish.

Frontiers in Pharmacology frontiersin.org12

Wu et al. 10.3389/fphar.2025.1552707

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1552707


Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was funded by the Sponsored by The Natural Science Foundation of
Chongqing, China (CSTB2024NSCQ-MSX0036), and Doctoral
Innovation Project of the First Affiliated Hospital of Chongqing
Medical University (CYYY-BSYJSCXXM-202302).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ash, D., Sudhahar, V., Youn, S. W., Okur, M. N., Das, A., O’Bryan, J. P., et al.
(2021). The P-type ATPase transporter ATP7A promotes angiogenesis by limiting
autophagic degradation of VEGFR2. Nat. Commun. 12 (1), 3091. doi:10.1038/
s41467-021-23408-1

Ayoub, N. M., Jaradat, S. K., Al-Shami, K. M., and Alkhalifa, A. E. (2022).
Targeting angiogenesis in breast cancer: current evidence and future perspectives
of novel anti-angiogenic approaches. Front. Pharmacol. 13, 838133. doi:10.3389/
fphar.2022.838133

Buglak, D. B., Kushner, E. J., Marvin, A. P., Davis, K. L., and Bautch, V. L.
(2020). Excess centrosomes disrupt vascular lumenization and endothelial cell
adherens junctions. Angiogenesis 23 (4), 567–575. doi:10.1007/s10456-020-
09737-7

Chandra, A., Jahangiri, A., Chen, W., Nguyen, A. T., Yagnik, G., Pereira, M. P., et al.
(2020). Clonal ZEB1-driven mesenchymal transition promotes targetable oncologic
antiangiogenic therapy resistance. Cancer Res. 80 (7), 1498–1511. doi:10.1158/0008-
5472.CAN-19-1305

Drapela, S., Bouchal, J., Jolly, M. K., Culig, Z., and Soucek, K. (2020). ZEB1: a critical
regulator of cell plasticity, DNA damage response, and therapy resistance. Front. Mol.
Biosci. 7, 36. doi:10.3389/fmolb.2020.00036

Fang, J. H., Xu, L., Shang, L. R., Pan, C. Z., Ding, J., Tang, Y. Q., et al. (2019). Vessels
that encapsulate tumor clusters (VETC) pattern is a predictor of sorafenib benefit in
patients with hepatocellular carcinoma. Hepatology 70 (3), 824–839. doi:10.1002/hep.
30366

Fu, R., Li, Y., Jiang, N., Ren, B. X., Zang, C. Z., Liu, L. J., et al. (2020). Inactivation of
endothelial ZEB1 impedes tumor progression and sensitizes tumors to conventional
therapies. J. Clin. Investig. 130 (3), 1252–1270. doi:10.1172/JCI131507

Grunwald, V., Karch, A., Schuler, M., Schoffski, P., Kopp, H. G., Bauer, S., et al.
(2020). Randomized comparison of pazopanib and doxorubicin as first-line treatment
in patients with metastatic soft tissue sarcoma age 60 Years or older: results of a German
intergroup study. J. Clin. Oncol. official J. Am. Soc. Clin. Oncol. 38 (30), 3555–3564.
doi:10.1200/JCO.20.00714

Hoshijima, K., Jurynec, M. J., Klatt Shaw, D., Jacobi, A. M., Behlke, M. A., and
Grunwald, D. J. (2019). Highly efficient CRISPR-cas9-based methods for generating
deletion mutations and F0 embryos that lack gene function in zebrafish. Dev. Cell. 51
(5), 645–657. doi:10.1016/j.devcel.2019.10.004

Hultgren, N. W., Fang, J. S., Ziegler, M. E., Ramirez, R. N., Phan, D. T. T., Hatch, M.
M. S., et al. (2020). Slug regulates the Dll4-Notch-VEGFR2 axis to control endothelial
cell activation and angiogenesis. Nat. Commun. 11 (1), 5400. doi:10.1038/s41467-020-
18633-z

Jiang, H., Zhou, C., Zhang, Z., Wang, Q., Wei, H., Shi, W., et al. (2020). Jagged1-
Notch1-deployed tumor perivascular niche promotes breast cancer stem cell
phenotype through Zeb1. Nat. Commun. 11 (1), 5129. doi:10.1038/s41467-020-
18860-4

Jin, Z. H., Kurosu, T., Yamaguchi, M., Arai, A., and Miura, O. (2005). Hematopoietic
cytokines enhance Chk1-dependent G2/M checkpoint activation by etoposide through
the Akt/GSK3 pathway to inhibit apoptosis. Oncogene 24 (12), 1973–1981. doi:10.1038/
sj.onc.1208408

Ledermann, J. A., Embleton, A. C., Raja, F., Perren, T. J., Jayson, G. C., Rustin, G. J. S.,
et al. (2016). Cediranib in patients with relapsed platinum-sensitive ovarian cancer
(ICON6): a randomised, double-blind, placebo-controlled phase 3 trial. Lancet 387
(10023), 1066–1074. doi:10.1016/S0140-6736(15)01167-8

Li, Y., Yang, M., Zhao, Y., Li, L., and Xu, W. (2021). Preparation and in vitro
evaluation of amphiphilic paclitaxel small molecule prodrugs and enhancement of
oral absorption. Eur. J. Med. Chem. 215, 113276. doi:10.1016/j.ejmech.2021.
113276

Liang, P., Ballou, B., Lv, X., Si, W., Bruchez, M. P., Huang, W., et al. (2021).
Monotherapy and combination therapy using anti-angiogenic nanoagents to fight
cancer. Adv. Mater 33 (15), e2005155. doi:10.1002/adma.202005155

Liu, L., Tong, Q., Liu, S., Cui, J., Zhang, Q., Sun, W., et al. (2016). ZEB1 upregulates
VEGF expression and stimulates angiogenesis in breast cancer. PLoS One 11 (2),
e0148774. doi:10.1371/journal.pone.0148774

Lu, Y., Yang, Y., Zhang, J., Zhang, H., Ma, C., Tang, X., et al. (2021a). Anti-
angiogenic efficacy of PSORI-CM02 and the associated mechanism in psoriasis
in vitro and in vivo. Front. Immunol. 12, 649591. doi:10.3389/fimmu.2021.
649591

Ma, J., Evrard, S., Badiola, I., Siegfried, G., and Khatib, A. M. (2017). Regulation of the
proprotein convertases expression and activity during regenerative angiogenesis: role of
hypoxia-inducible factor (HIF). Eur. J. Cell. Biol. 96 (5), 457–468. doi:10.1016/j.ejcb.
2017.06.001

Ma, J., Ren, J., Thorikay, M., van Dinther, M., Sanchez-Duffhues, G., Caradec, J., et al.
(2021). Inhibiting endothelial cell function in normal and tumor angiogenesis using
BMP type I receptor macrocyclic kinase inhibitors. Cancers (Basel) 13 (12), 2951. doi:10.
3390/cancers13122951

Malone, T., Schafer, L., Simon, N., Heavey, S., Cuffe, S., Finn, S., et al. (2020). Current
perspectives on targeting PIM kinases to overcome mechanisms of drug resistance and
immune evasion in cancer. Pharmacol. Ther. 207, 107454. doi:10.1016/j.pharmthera.
2019.107454

Middleton, G., Palmer, D. H., Greenhalf, W., Ghaneh, P., Jackson, R., Cox, T., et al.
(2017). Vandetanib plus gemcitabine versus placebo plus gemcitabine in locally
advanced or metastatic pancreatic carcinoma (ViP): a prospective, randomised,
double-blind, multicentre phase 2 trial. Lancet Oncol. 18 (4), 486–499. doi:10.1016/
S1470-2045(17)30084-0

O’Donnell, P. H., Karovic, S., Karrison, T. G., Janisch, L., Levine, M. R., Harris, P.
J., et al. (2015). Serum C-telopeptide collagen crosslinks and plasma soluble
VEGFR2 as pharmacodynamic biomarkers in a trial of sequentially
administered sunitinib and cilengitide. Clin. Cancer Res. 21 (22), 5092–5099.
doi:10.1158/1078-0432.CCR-15-0427

Qin, S., Li, A., Yi, M., Yu, S., Zhang, M., and Wu, K. (2019). Recent advances on anti-
angiogenesis receptor tyrosine kinase inhibitors in cancer therapy. J. Hematol. Oncol. 12
(1), 27. doi:10.1186/s13045-019-0718-5

Shashni, B., Nishikawa, Y., and Nagasaki, Y. (2021). Management of tumor
growth and angiogenesis in triple-negative breast cancer by using redox
nanoparticles. Biomaterials 269, 120645. doi:10.1016/j.biomaterials.2020.
120645

Tang, F., Tie, Y., Wei, Y. Q., Tu, C. Q., and Wei, X. W. (2021). Targeted and
immuno-based therapies in sarcoma: mechanisms and advances in clinical trials.
Biochim. Biophys. Acta Rev. Cancer 1876 (2), 188606. doi:10.1016/j.bbcan.2021.
188606

Torok, S., Rezeli, M., Kelemen, O., Vegvari, A., Watanabe, K., Sugihara, Y., et al.
(2017). Limited tumor tissue drug penetration contributes to primary resistance
against angiogenesis inhibitors. Theranostics 7 (2), 400–412. doi:10.7150/thno.
16767

Frontiers in Pharmacology frontiersin.org13

Wu et al. 10.3389/fphar.2025.1552707

https://doi.org/10.1038/s41467-021-23408-1
https://doi.org/10.1038/s41467-021-23408-1
https://doi.org/10.3389/fphar.2022.838133
https://doi.org/10.3389/fphar.2022.838133
https://doi.org/10.1007/s10456-020-09737-7
https://doi.org/10.1007/s10456-020-09737-7
https://doi.org/10.1158/0008-5472.CAN-19-1305
https://doi.org/10.1158/0008-5472.CAN-19-1305
https://doi.org/10.3389/fmolb.2020.00036
https://doi.org/10.1002/hep.30366
https://doi.org/10.1002/hep.30366
https://doi.org/10.1172/JCI131507
https://doi.org/10.1200/JCO.20.00714
https://doi.org/10.1016/j.devcel.2019.10.004
https://doi.org/10.1038/s41467-020-18633-z
https://doi.org/10.1038/s41467-020-18633-z
https://doi.org/10.1038/s41467-020-18860-4
https://doi.org/10.1038/s41467-020-18860-4
https://doi.org/10.1038/sj.onc.1208408
https://doi.org/10.1038/sj.onc.1208408
https://doi.org/10.1016/S0140-6736(15)01167-8
https://doi.org/10.1016/j.ejmech.2021.113276
https://doi.org/10.1016/j.ejmech.2021.113276
https://doi.org/10.1002/adma.202005155
https://doi.org/10.1371/journal.pone.0148774
https://doi.org/10.3389/fimmu.2021.649591
https://doi.org/10.3389/fimmu.2021.649591
https://doi.org/10.1016/j.ejcb.2017.06.001
https://doi.org/10.1016/j.ejcb.2017.06.001
https://doi.org/10.3390/cancers13122951
https://doi.org/10.3390/cancers13122951
https://doi.org/10.1016/j.pharmthera.2019.107454
https://doi.org/10.1016/j.pharmthera.2019.107454
https://doi.org/10.1016/S1470-2045(17)30084-0
https://doi.org/10.1016/S1470-2045(17)30084-0
https://doi.org/10.1158/1078-0432.CCR-15-0427
https://doi.org/10.1186/s13045-019-0718-5
https://doi.org/10.1016/j.biomaterials.2020.120645
https://doi.org/10.1016/j.biomaterials.2020.120645
https://doi.org/10.1016/j.bbcan.2021.188606
https://doi.org/10.1016/j.bbcan.2021.188606
https://doi.org/10.7150/thno.16767
https://doi.org/10.7150/thno.16767
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1552707


Versmissen, J., Mirabito Colafella, K. M., Koolen, S. L. W., and Danser, A. H. J. (2019).
Vascular cardio-oncology: vascular endothelial growth factor inhibitors and
hypertension. Cardiovasc Res. 115 (5), 904–914. doi:10.1093/cvr/cvz022

Walker, A. M. N., Warmke, N., Mercer, B., Watt, N. T., Mughal, R., Smith, J.,
et al. (2021). Endothelial insulin receptors promote VEGF-A signaling via ERK1/
2 and sprouting angiogenesis. Endocrinology 162 (8), bqab104. doi:10.1210/
endocr/bqab104

Wang, C., Chen, Y.,Wang, Y., Liu, X., Liu, Y., Li, Y., et al. (2019). Inhibition of COX-2,
mPGES-1 and CYP4A by isoliquiritigenin blocks the angiogenic Akt signaling in glioma
through ceRNA effect of miR-194-5p and lncRNA NEAT1. J. Exp. Clin. Cancer Res. 38
(1), 371. doi:10.1186/s13046-019-1361-2

Wang, X. M., Li, J., Feng, X. C., Wang, Q., Guan, D. Y., and Shen, Z. H. (2008).
Involvement of the role of Chk1 in lithium-induced G2/M phase cell cycle arrest in
hepatocellular carcinoma cells. J. Cell. Biochem. 104 (4), 1181–1191. doi:10.1002/jcb.
21693

Wilkinson, R. N., and van Eeden, F. J. (2014). The zebrafish as a model of vascular
development and disease. Prog. Mol. Biol. Transl. Sci. 124, 93–122. doi:10.1016/B978-0-
12-386930-2.00005-7

Wu, Q., Li, Q., Zhu, W., Zhang, X., and Li, H. (2022). Epsin 3 potentiates the NF‑κB
signaling pathway to regulate apoptosis in breast cancer. Mol. Med. Rep. 25 (1), 15.
doi:10.3892/mmr.2021.12531

Wu, Q., Tang, X., Zhu, W., Li, Q., Zhang, X., and Li, H. (2021). The potential
prognostic role of oligosaccharide-binding fold-containing protein 2A (OBFC2A) in
triple-negative breast cancer. Front. Oncol. 11, 751430. doi:10.3389/fonc.2021.751430

Zhang, G. L., Gutter-Kapon, L., Ilan, N., Batool, T., Singh, K., Digre, A., et al. (2020).
Significance of host heparanase in promoting tumor growth andmetastasis.Matrix Biol.
93, 25–42. doi:10.1016/j.matbio.2020.06.001

Zheng, X., Carstens, J. L., Kim, J., Scheible, M., Kaye, J., Sugimoto, H., et al. (2015).
Epithelial-to-mesenchymal transition is dispensable for metastasis but induces
chemoresistance in pancreatic cancer. Nature 527 (7579), 525–530. doi:10.1038/nature16064

Frontiers in Pharmacology frontiersin.org14

Wu et al. 10.3389/fphar.2025.1552707

https://doi.org/10.1093/cvr/cvz022
https://doi.org/10.1210/endocr/bqab104
https://doi.org/10.1210/endocr/bqab104
https://doi.org/10.1186/s13046-019-1361-2
https://doi.org/10.1002/jcb.21693
https://doi.org/10.1002/jcb.21693
https://doi.org/10.1016/B978-0-12-386930-2.00005-7
https://doi.org/10.1016/B978-0-12-386930-2.00005-7
https://doi.org/10.3892/mmr.2021.12531
https://doi.org/10.3389/fonc.2021.751430
https://doi.org/10.1016/j.matbio.2020.06.001
https://doi.org/10.1038/nature16064
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1552707

	SB218078 inhibits angiogenesis and epithelial-mesenchymal transition in breast cancer
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Cell culture
	2.3 Rat arterial ring
	2.4 Migration assay
	2.5 Transwell assay
	2.6 Tube formation
	2.7 Clone formation
	2.8 Kinase assay
	2.9 Lentiviral transfection
	2.10 Immunohistochemistry (IHC)
	2.11 Cell viability assay
	2.12 Apoptosis assay
	2.13 Western blotting
	2.14 Immunofluorescence imaging
	2.15 Generation of isogenic zebrafish with individual gene knockouts
	2.16 RNA-seq analysis
	2.17 Statistical analyses

	3 Results
	3.1 Inhibitory effects of SB218078 on vascular development in zebrafish embryos
	3.2 Inhibitory effects of SB218078 on angiogenesis in HUVECs
	3.3 Molecular mechanisms underlying the angiogenesis inhibition effects of SB218078
	3.4 SB218078 suppresses breast cancer cell growth and tumor angiogenesis in vitro and in vivo
	3.5 ZEB1-independent effects of SB218078 on angiogenesis

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


