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Black phosphorus nanosheet (BPNS) has recently demonstrated intrinsic anti-tumor bioactivity, but its under-
lying molecular mechanism remains unclear, limiting its potential applications in biomedicine. In this study, we
investigated the impact of BPNS on glioblastoma cells and observed a significant dose-dependent inhibition of
invasion and migration. RNA sequencing analysis revealed downregulation of genes associated with the WNT/
p-catenin and NOTCH signaling pathways, both linked to invasion and migration. Mechanistically, BPNS directly
binds to CSNK2A2, reducing its kinase activity, which indirectly enhances GSK-3p kinase activity. As a result,

GSK-3p increases the phosphorylation level of f-catenin, leading to its degradation and subsequent inhibition of
downstream molecules in the WNT/p-catenin signaling pathway. Our study uncovers the inherent biological
activity of BPNS in hindering glioblastoma invasion and migration and sheds light on the molecular mechanisms,
offering new directions for the nanomaterial’s biomedical applications.

1. Introduction

Black phosphorus nanosheet (BPNS) has gained significant attention
in recent years due to its unique properties, such as a large specific
surface area, excellent biocompatibility, and promising photothermal
characteristics [1-3]. These attributes have enabled its application in
various fields, including photodynamic and photoacoustic therapy
[4-7], drug delivery [8], bioimaging [9], and multimodal cancer
theranostics [10-12]. Moreover, researchers have discovered inherent
biological activities of BPNS, such as promoting inflammatory response
[13], causing cell cycle arrest and blocking autophagy [14]. These dis-
coveries have opened new avenues for potential biomedical and cancer
therapy applications [15]. A previous study performed by Yu et al.
demonstrated that BPNS selectively inhibits tumor cell proliferation
through cell cycle arrest by binding with PLK1 kinase and destabilizing
the mitotic centrosome [16]. These findings collectively suggest that
BPNS may hold promise as a novel approach for cancer therapy based on
its intrinsic antitumor capabilities.

* Corresponding authors.

Glioblastoma (GBM) represents the most malignant and aggressive
form of glioma, accounting for 46.1 % of primary brain malignant tu-
mors [17]. The high rates of migration and invasion in malignant GBM
make it challenging to treat effectively[18,19]. Presently, the limited
drugs available for GBM treatment, like temozolomide, face several
obstacles, including the natural blockade of the blood-brain barrier
(BBB), invasiveness of glioblastoma cells, tumor heterogeneity, and drug
resistance[20]. BPNS-based agents have shown potential in treating
neurodegenerative diseases due to their negative surface charge,
modifiability, and photothermal properties, which enhance BBB
permeability and enable successful drug delivery[21-27]. Given BPNS’s
ability to counteract tumors and its capability to cross the BBB under
near-infrared (NIR) light, we hypothesize that BPNS could be a prom-
ising therapeutic candidate against GBM.

In this study, we investigated how BPNS inhibits the invasion and
migration of GBM cells both in vitro and in vivo by suppressing the WNT/
p-catenin signaling pathway (Scheme 1). Our results demonstrate that
BPNS directly binds to CSNK2A2, reducing its kinase activity, which, in
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turn, increases GSK-3f activity. Consequently, GSK-3f promotes f-cat-
enin degradation, leading to the inhibition of the WNT/p-catenin
signaling pathway and downregulation of key downstream genes like
Axin2, CD44, and Notchl. The reduced Notchl levels inhibit the NOTCH
pathway, further downregulating Jagl, HesI, and Aktl. Overall, this
study uncovers BPNS’s inhibitory effect on invasion and migration in
GBM cells and reveals the underlying molecular mechanism, offering
potential avenues for future GBM treatments.

2. Materials and methods

2.1. Materials

The bulk BP crystals were purchased from Mukenano. N-methyl-
pyrrolidone (NMP) was purchased from Aladdin. Fetal bovine serum
was purchased from Cellcook. Penicillin-streptomycin, trypsin-EDTA,
Dulbecco’s Modified Eagle Medium (DMEM), Phosphate buffered saline
(PBS), Triethanolamine buffered saline solution (TBS) were purchased
from Gibco. The antibodies information of primary and secondary are
fully listed in Table. S1. The relative primers of various genes in this
article were purchased from TsingkeBiotechnology which were listed in
Table. S2. Cell Counting Kit-8 was purchased from APExBIO. PMSF, 4%
paraformaldehyde and DAPI were purchased from SolarBio (Beijing
Solarbio Science & Technology Co., Ltd.). Coumarin 6 and RIPA lysis
buffer were purchased from MCE. Western transfer fluid was purchased
from Beyotime Biotechnology. Omni-Easy ™ One-Step PAGE Gel Fast
Preparation Kit (10%) and 5 x Protein Loading Buffer were purchased
from Shanghai EpiZyme Biomedical Technology Co., Ltd. Lipofectamine
2000 was purchased from Invitrogen. TRIzol and 2 x Laemmli sample
buffer was purchased from Sigma. D-luciferin was purchased from
Glpbio Technology. Matrigel was purchased from BioCoat. SiCSNK2A2
was purchased from RIBOBIO. CHIR 99021 and XAV939 were pur-
chased from STEM CELL. IR780 was purchased from ALORICH. LiCl was

purchased from MACKLIN.

2.2. The preparation of BPNS

Black phosphorus nanosheets (BPNSs) were prepared through liquid
exfoliation of bulk black phosphorus crystals. Initially, 30 mg of lump
black phosphorus was ground in a mortar with the solvent NMP. The
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resulting suspension was transferred to a 100 mL blue-neck bottle and
topped up with NMP to a total volume of 60 mL. The liquid phase
exfoliation was carried out in an ice-water bath using an amplifier
(Amplifier: 25 %, On/Off cycle: 5 s/5 s) for 12 h. Afterward, the peeling
system was placed in an ultrasonic machine and subjected to constant
low-temperature water bath for 8 h using an ultrasonic processor
(EMERSON, Mexico). Following this process, the suspension was
centrifuged at 7000 rpm and 4°C for 10 min to discard the precipitate
(unpeeled black phosphorus) and retain the supernatant. The superna-
tant was then centrifuged at 10,000 rpm and 4°C for 10 min to collect
the precipitate (BPNS), which was dispersed in NMP and stored at 4°C

for future use.

2.3. Characterization of BPNS

The morphology of BPNS was characterized using Transmission
Electron Microscope (TEM) (JEOL JEM-2010HR, Japan) and Atomic
Force Microscope (AFM) (Bruker Dimension ICON, Massachusetts,
USA). TEM was operated at an accelerating voltage of 200 kV, while
AFM was performed using tapping mode in the air. Dynamic light
scattering (DLS) was used to measure the size and electrical properties of
BPNS. To prepare the sample, 10 pg of BPNSs were washed three times
with double distilled (dd) water, dispersed in 2 mL of dd water, and then
analyzed using a NanoBrook 90PlusPALS (Brookhaven Instruments,

USA).

2.4. Growth inhibition assays

In order to determine an appropriate administration window, we
conducted growth inhibition experiments on tumor cells and healthy
brain cells. The growth inhibition effects of BPNS on U87-MG, GL261,
neuron progenitor cells (NPC), and BV2 cells were evaluated using the
Cell Counting Kit-8 assays (CCK-8). Briefly, the cells were seeded on 96-
well plates (5 x 10° cells per well) with 100 pL of the DMEM culture
medium supplemented with 10 % FBS and cultured overnight. The
culture medium was replaced by 100 pL of the fresh medium containing
different concentrations of BPNS (0, 1, 2, 4, 8, 16, 32 pug/mL) and
cultured for 24 h. The corresponding concentrations of BPNS dispersed
in the complete medium was used as the blank group. For the GL261
cells requiring NIR radiation, after being treated with BPNS for 1 h, NIR
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Scheme 1. The schematic diagram illustrates the underlying biological mechanisms through which BPNS inhibits the migration and invasion of glioblastoma
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irradiation (1 W/cm?) was applied for 10 min, and then the samples
were placed in the incubator for further cultivation. Afterward, 10 pL
CCK-8 working solution was added to each well and incubated for 1 h in
an incubator. The absorbance was measured at 450 nm to examine the
relative number of viable cells, and the absorbance of the untreated cells
cultured under the same conditions was used as a reference representing
100 % cellular viability by a multi-function plate reader (PerkinElmer,
Finland). The percentage of cell viability was calculated using the
following formula: Cell viability (%) = (OD ppNs treated — OD BPNS blank)/
(OD control — OD plani) % 100 %.

2.5. Cell migration and invasion assays

The unique feature of glioblastoma cells compared to other cells is
their intrinsic invasiveness. To explore whether BPNS affects the char-
acteristics of GBM, we conducted the following experiments. U87-MG
and U251-MG cells were separately seeded in 12-well plates. When
the cell density reached 90 %, a wounding line was created by scratching
the cells with a 200 pL pipet tip. The cell debris was washed away with
PBS and basic culture medium with different concentrations of BPNS (0,
1, 2, 4, 8 pg/mL) was added. After incubation for 48 h, cell migration
results were monitored with an Olympus inverted microscope and
analyzed with ImageJ. The cell migration ability of GL261 cells was also
explored using the same method as the U87-MG cells, except BPNS was
dispersed in complete medium instead of serum-free medium. The data
were obtained from three independent experiments.

U87-MG and U251-MG cells were respectively seeded in an ultra-low
adsorption 96-well plate at the density of 4000 cells per well. After
incubating overnight, the formed 3D tumor sphere was transferred to
96-well plates that were coated with Matrigel, added BPNS, and pho-
tographed at different time points (0 h, 24 h, 48 h).

Trans-well filters (6.5 mm diameter, 8.0 uM pore size, Corning) were
pre-coated with Matrigel for 1 h. Cells were harvested and seeded into
the upper chamber at a density of 1 x 10° cells per well with serum-free
medium. The lower chamber was added with 800 pL of fresh medium
containing 30 % fetal bovine serum. After 48 h of incubation, the me-
dium was collected, and the cells on the lower surface of the upper
chamber were digested with 0.25 % trypsin. The digestion was stopped
with the collected medium, and the cells were centrifuged at 1000 rpm
for 5 min, resuspended in 100 pL of fresh medium, and counted with a
cell counter. The number of living cells was then calculated, and the data
were statistically analyzed with GraphPad Prism 5. For the experiments
investigating the effects of XAV 939 and CHIR99021 on the invasion and
migration in WNT/f-catenin signaling pathway of glioblastoma cells, the
procedures were carried out similarly to the above-mentioned
experiments.

2.6. In vivo BBB transportation and biosafety of BPNS

In order to verify whether BPNS can penetrate the blood-brain
barrier (BBB) with the assistance of NIR, we conducted experiments
using nude mice with intact BBB integrity. We used two methods to
validate whether BPNS crossed the BBB. First, we reacted IR780 and
BPNS in a 5:1 mass ratio in NMP, incubated at room temperature for 48
h, washed 3 times with NMP, and then washed with sterile water to
remove unbound IR780. BPNS-IR780 was dispersed in saline for later
use. Healthy mice were divided into three groups: Ctrl group, BPNS-
IR780 group, and BPNS-IR780 + NIR group. They were respectively
injected with 100 pL saline, 100 pL BPNS-IR780, and 100 pL BPNS-
IR780 via the tail vein. Subsequently, the mice were anesthetized with
1 % pentobarbital sodium, exposed to NIR (1 W/crnz) in the BPNS-
IR780 + NIR group, and the temperature was monitored using a thermal
imaging camera. After 3 h, the brains of the mice in each group were
taken, and the experimental results were detected using in vivo imaging
(PE IVIS Luminna III, USA).

Second, healthy mice were divided into two groups: the Ctrl group
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and the BPNS + NIR group. The Ctrl group of mice received a tail vein
injection of 100 pL of saline and was subjected to NIR (1 W/cm?) irra-
diation for 5 min. The experimental group of mice received a tail vein
injection of BPNS and was subjected to the same NIR (1 W/cm?) irra-
diation for 5 min. During the NIR irradiation, a near-infrared thermal
imaging device was used to detect the temperature changes and keep the
temperature around 42°C. After 30 min, the mice’s brains were
removed, and NIR irradiation (1 W/cm?) was used to assess the tem-
perature increase in different brain regions, indicating whether BPNS
had crossed the BBB.

To evaluate whether the thermal effect produced by BPNS under NIR
would cause damage to the brain, healthy nude mice were divided into
four groups: Ctrl group, NIR group, BPNS group, and BPNS + NIR group.
The Ctrl group received a tail vein injection of 100 pL of saline. The NIR
group received a tail vein injection of saline followed by 5 min of NIR
irradiation (1 W/cm?). The BPNS group received a tail vein injection of
BPNS dispersed in 100 pL saline at a dose of 0.56 mg/kg. The BPNS +
NIR group received a tail vein injection of BPNS followed by 5 min of
NIR irradiation (1 W/cm?). The administration was performed once
every other day, and after five administrations, the brains of the mice
were collected for H&E staining.

2.7. Subcutaneous and orthotopic xenografts implantation

All animal experiments were performed in accordance with the
specifications of the Laboratory Animal Center, Sun Yat-sen University,
and were approved by the Institutional Animal Care and Use Committee
(IACUC), Sun Yat-sen University. The approved number was No. SYSU-
IACUC-2021-000581. Balb/c nude mice (4-6 weeks, 18-20 g, male)
were used for the subcutaneous tumor model. U87-MG cells were
cultured and harvested, and the cells were resuspended in PBS to a
concentration of 1 x 10 cells/mL. Subsequently, 100 pL of the U87-MG
cell suspension was subcutaneously inoculated on the right inguinal
region of each mouse. When the tumor volume of the mice reached 100
mm?, BPNS was dispersed in physiological saline and administered to
each mouse via intravenous injection at a dose of 0.56 mg/kg. The
experimental group received BPNS administration every other day, for a
total of 7 doses before stopping the treatment. The control group
received an equivalent volume of physiological saline via intravenous
injection at the same time intervals. After removing the subcutaneous
tumor, a part of the frozen tissue was used to extract protein and mRNA,
while the other part was used for immunohistochemistry. The main
organs were removed and stored in 4 % paraformaldehyde for H&E
staining and Masson staining to evaluate the biological safety of BPNS.
The formula of tumor volume growth rate = (V-V()/Vj.

Balb/c nude mice (4-6 weeks, 18-20 g, male) were used for the
orthotropic glioma model. Male nude mice were anesthetized with 1 %
sodium pentobarbital, and 5 x 10> of GL261-Luc cells were implanted
into the right brain, 1.8 mm lateral and 0.6 mm anterior to the bregma,
at a depth of 2.5 mm, using a brain stereotaxic device. On day 10, the
mice were randomly divided into four groups: Control group, NIR group,
BPNS group, and BPNS + NIR group. D-luciferin was intraperitoneally
injected at a dose of 3 mg/20 g for in vivo imaging to observe the tumor
progression every 4 days. The BPNS + NIR group received an intrave-
nous injection of BPNS with a dosage of 0.56 mg/kg every 2 days, was
anesthetized with 1 % sodium pentobarbital, and illuminated for 5 min
under NIR (1 W/cm?). The BPNS group received an intravenous injec-
tion of BPNS with a dosage of 0.56 mg/kg every 2 days, and was anes-
thetized with 1 % sodium pentobarbital. The NIR group received an
intravenous injection of physiological saline every 2 days, was anes-
thetized with 1 % sodium pentobarbital, and was illuminated for 5 min
under NIR (1 W/cm?). The Control group (Ctrl group) received an
intravenous injection of physiological saline every 2 days and was
anesthetized with 1 % sodium pentobarbital. After another 10 days, two
mice from each group were randomly selected, overdosed with anes-
thesia, and had their brains removed for H&E staining. The survival time
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of the remaining mice was observed and recorded. The formula of body
weight change rate = (M—Mg)/M.

2.8. RNA-sequencing assay

U87-MG cells were seeded on 6-well plates at a density of 1 x 10°
cells and incubated overnight. After the density reached 60 %-70 %,
BPNS was dispersed in fresh medium and added to the experimental
group. The cells were digested with 0.25 % trypsin, washed with pre-
cooled PBS, collected the cells and added with 0.5 mL of TRIzol to
each sample. The samples were then subjected to Illumina high-
throughput sequencing. RNA-sequencing data were obtained from four
independent samples.

2.9. Quantitative real-time PCR (qRT-PCR)

qRT-PCR was used to detect the mRNA expression of U87-MG, tumor
tissue under the influence of BPNS. Cells were seeded in 6-well plates
and incubated when the density reached about 70 %, added 4 pg/mL of
BPNS, and incubated for 24 h, while the untreated well was used as a
control group. Total RNA extracted from the cultured cells by RNA
Quick Purification Kit (EZBioscience). cDNA was reverse transcribed
from 1.0 pg RNA with EasyScript® All-in-One First-Strand cDNA Syn-
thesis SuperMix for qPCR (One-Step gDNA Removal) (TransGen). The
mRNA levels of relative gene were detected by quantitative real-time
PCR which performed with PerfectStart Green qPCR SuperMix (Trans-
Gen). The result was detected at LightCycler 96 Real-Time PCR Detec-
tion System (Roche LightCycler96, Switzerland). Fold changes in
relative gene expression were calculated by comparative Ct method
(fold change = 2722 GRT-PCR analysis of the relative mRNA
expression was detected and statistically analyzed by LightCycler
software.

2.10. Western blotting assay

Western blotting (WB) was used to detect the protein expression of
U87-MG, GL261 cells, U251-MG, and tumor tissue after the treatment of
BPNS. The cells were seeded in 6-well plates and incubated until the
density reached about 70 %. Then, 4 pg/mL of BPNS was added, and the
cells were incubated for 24 h. The untreated wells were used as the
control group. To obtain whole-cell protein, the cells were digested with
0.25 % trypsin, washed with phosphate-buffered saline (PBS), and lysed
with PMSF-containing RIPA buffer to prevent protein degradation. The
cells were cleaved on ice for 30 min, centrifuged at 12000 rpm for 10
min, and the supernatant was collected. After quantifying the whole
proteins with a Bradford kit, the proteins were denatured in loading
buffer by boiling at 100°C for 10 min. Next, equal amounts of proteins
were separated by 10 % SDS polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene difluoride (PVDF) membrane (0.2
pm). The membrane was blocked in 5 % milk for 2 h, washed 3 times
with 1 x TBST for 10 min each, and then incubated with the primary
antibody. Specific antibodies against p-GSK-3p, p-catenin, GSK-3p, p-
B-catenin, cyclin D1, c-Myc, cyclin D3, Sox 2, CD44, cyclin D1, Notchl,
Jagl, CSNK2A2, Hesl, and GAPDH (1:1000) were used to detect the
corresponding protein expression. After the PVDF membrane was
washed by 1 x TBST for 3 times, the corresponding secondary antibodies
were added to incubate for 2 h, and then washed 3 times with 1 x TBST
for 10 min each time. Immunoblots were detected through Western-
Bright™ Peroxide (Advansta) and exposed by BG-gds AUTO Image
System (BG-GDAAUTOO0730, Beijing, China). The ImageJ was used to
analyze the relative expression level of protein.

2.11. Immunofluorescence experiment

Immunofluorescence was used to detect the expression of f-catenin,
CD44, Notch1, and CSNK2A2. U87-MG cells were seeded in a 12-well
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plate with glass slides inside at the density of 5 x 10* cells/mL. After
the cells adhered to the slide, treated with 4 pg/mL BPNS for 24 h. Then
the cells on coverslips were fixed with 4 % paraformaldehyde, blocked
with 5 % milk, incubated with primary antibodies (p-catenin 1:200;
CD44 1:200; Notchl 1:200; CSNK2A2 1:200) and corresponding
fluorescence-labeled secondary antibodies. The nucleus was stained
with DAPI and examined with Zeiss LSM 780 Meta confocal microscope
(Germany). The images were processed by ZEN software.

2.12. BPNS binding intracellular proteins assay

For LC-MS/MS identification, 100 pug of BPNS was incubated with
U87-MG cell lysates (5 mg) in the binding buffer containing 50 mM Tris-
HCl pH 7.4, 150 mM NaCl and 1 mM EDTA in a total volume of 1 mL at
4°C overnight. Then, BPNS was washed 5 times with the binding buffer,
collected by centrifugation, and the obtained solution was concentrated.
The proteins that were bound with BPNS were enzymatically cleaved.
Subsequently, LC-MS/MS (Thermo QE-HF/QE- HF-X, Germany) analysis
was performed to obtain highly reliable protein peptide sequences.
These sequences were then compared against a protein database to
obtain protein identification (ID).

For pull down assay, 10 pg of BPNS was incubated with U87-MG cell
lysates (500 pg) in the binding buffer in a total volume of 1 mL at 4°C
overnight. Then, BPNS was washed 5 times with the binding buffer,
collected by centrifugation, and boiled with 1 x Laemmli sample buffer.
The samples were analyzed by immunoblotting.

For the BPNS binding intracellular proteins assay, we cultured U87-
MG cells in a 10 cm dish. After the cell density reached approximately
70 %, the medium was replaced with fresh medium containing 4 pg/mL
of BPNS, and the cells were cultured continuously for 24 h. The cells
were collected and lysed using RIPA buffer containing a phosphatase
inhibitor, followed by centrifugation at 12,000 rpm for 10 min to collect
the precipitate. Subsequently, the obtained BPNS precipitate was
washed with 1 x binding buffer, and then processed as a protein sample
and used for Western blot experiments.

2.13. Colocalization experiment

BPNS and coumarin 6 (C6) were dispersed in NMP at a mass ratio of
1:3. The dispersion was stirred at room temperature for at least 24 h. The
complex (BPNS-C6) was centrifuged at 12,000 rpm for 10 min and
washed twice with NMP, followed by one wash with anhydrous ethanol
and one wash with sterile water. Subsequently, BPNS-C6 was dispersed
in complete culture medium. Pre-coated slides were seeded with U87-
MG cells in a 12-well plate, and the BPNS-C6 was added to the experi-
mental group. The wells without any treatment, only replaced with fresh
complete culture medium, were used as the control group. The 12-well
plate was then placed in a cell culture incubator and further incubated
for 12 h. This was followed by the immunofluorescence staining step.
After staining with the secondary antibody and mounting the slides, the
results could be detected by confocal microscopy.

2.14. Gene knockout experiment

U87-MG cells were seeded in a 6-well plate and cultured in
antibiotic-free complete medium. Once the cells reached 40-50 % con-
fluency, they were ready for transfection experiments. 5 nmol of st-h-
CSNK2A2 was dissolved in RNase-free water to prepare a 20 uM stock
solution. A solution was prepared by dispersing 5 pL of lipofectamine
2000 transfection reagent in 200 pL of DMEM, thoroughly mixing, and
letting it stand at room temperature for 5 min. B solution was prepared
by combining 5 pL of siCSNK2A2 stock solution with 200 pL of DMEM,
mixing well. A and B solutions were mixed together thoroughly and
allowed to stand at room temperature for 20 min to obtain the trans-
fection mixture. The culture medium in the 6-well plate was removed,
and the cells were washed once with PBS. Then, 1.6 mL of DMEM was
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added followed by adding 400 pL the transfection mixture. The plate
was gently shaken to ensure proper mixing. Corresponding control
group were set up as needed for the experiment. The 6-well plate was
placed in a CO3 incubator at 37°C. After 5-6 h incubation, the culture
medium was replaced with complete medium, and the cells were
cultured for an additional 48 h. Subsequently, cellular proteins were
extracted for next experiments.

2.15. Statistical analysis

All data were expressed as the mean + SD. Statistical analysis was
done using paired t-test with GraphPad Prism 5 software, except
described otherwise. Differences were considered significant when P
values were < 0.05. The P values of < 0.05, < 0.01 and < 0.001 were
indicated as *, **, and ***, respectively.
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3. Results

3.1. BPNS could effectively inhibit the invasion and migration of
glioblastoma cells in vitro

In our study, we employed liquid-phase exfoliation to prepare BPNS
from bulk black phosphorus, followed by gradient centrifugation to
obtain BPNS centrifuged at 7000 rpm-10000 rpm. The morphology of
BPNS was characterized by Transmission Electron Microscope (TEM),
Atomic Force Electron Microscope (AFM) and DLS (Dynamic Light
Scattering). As shown in Fig. S1A-B, BPNS presented a sheet structure
with an average lateral size of 200 nm and an average thickness of 12 nm
from TEM and AFM results. These results were consistent with the DLS
measurement in Fig. S1C-D, reporting that the particle size of BPNS was
around 200 nm and the surface charge was around —27 mV. Further,
BPNS was dispersed in different dispersant systems and observed at
different time points. The dispersion experiment results showed that in
PBS, BPNS exhibited significant sedimentation, while in HoO and com-
plete culture medium, BPNS showed good dispersion, as shown in
Fig. S1E.
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Fig. 1. BPNS inhibited the invasion and migration of glioblastoma cells. (A) A wound-healing assay results of U87-MG cells which treated with BPNS (0, 1, 2, 4, 8 g/
mL) for 24 h. (B) The quantitative statistical results of the U87-MG cell wound-healing assay (n = 3). (C) GL261 cells were treated with BPNS for 48 h to evaluate cell
migration ability by wound-healing assay. (D) The quantitative statistical results of the GL261 cell wound-healing assay. (n = 3). (E) The trans-well results of U87-MG
cells after being treated with different concentrations of BPNS (n = 3). (F) The trans-well results of GL261 cells after being treated with different concentrations of
BPNS (n = 3). (G) 3D cell spheroid invasion assay results of U87-MG cells after being treated with BPNS for 24 h and 48 h. Scale bar: 100 pm. Error bar, mean =+ SD,

*P < 0.05, **P < 0.01, ***P < 0.001.
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To investigate the impact of BPNS on the viability of normal brain
cells and glioblastoma cells and determine the range of administration.
Glioblastoma cells (U87-MG, GL261) and normal brain cells (BV2, NPC)
were used as experimental subjects. The CCK-8 results showed that
BPNS inhibited the proliferation of tumor cells in a concentration-
dependent manner and exhibited significant toxic effect on normal
brain cells at concentrations greater than 8 pg/mL, so we adopted lower
concentrations (1 to 8 pg/mL) for subsequent experiments (Fig. S1F).

Migration and invasion of glioblastoma cells are well-known domi-
nating factors, causing treatment failure of glioblastoma patients. Then,
we detected whether BPNS could inhibit the migration and invasion of
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glioblastoma cells by the wound-healing assay, trans-well assay, and
three-dimensional (3D) tumor spheroid assay[28]. As shown in Fig. 1A-
D and Fig. S2A-B, the percentage of wound area in U87-MG, GL261 and
U251-MG cells was significantly raised after being treated with BPNS in
a concentration-dependent manner. We obtained BPNS of different sizes
(around 650 nm, around 260 nm, around 180 nm) through gradient
centrifugation (1000 rpm-4000 rpm, 4000 rpm-7000 rpm, 10000 rpm-
14000 rpm) to preliminarily verify whether the size of BPNS affects its
migration ability. The results of scratch experiments on U87-MG cells
indicated that BPNS of different sizes exhibited a similar inhibitory ef-
fect on the migration ability of glioblastoma cells (Fig. S3). Then, trans-
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Fig. 2. In vivo experiments were conducted to verify the bioactivity of BPNS. (A) Representative image of tumor tissue size after treated with PBS and BPNS. (B) The
tumor growth curve of tumor-bearing mice treated by PBS or BPNS (n = 3). (C) The fluorescent imaging of the brains after BPNS labeled with IR780 to verify whether
BPNS could cross BBB in different group: Ctrl group, BPNS-IR780 group, BPNS-IR780 + NIR group. (D) The illustration of the orthotopic glioblastoma experimental
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nescence intensity at different time points in each group. (G) Survival curves were created for each group of mice (n = 7). (H) The body weight change rate of mice in
each group during the whole treatment. (I) H&E staining of the coronal section in the part of the striatum. (J) H&E staining of the horizontal section, and the blue
arrows indicate the location of tumor metastasis. Error bar, mean + SD, *P < 0.05. Scale bar: 100 um. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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well assay and three-dimensional (3D) tumor spheroid invasion assay
was conducted to evaluate the cell invasion ability of glioblastoma cells
after being treated with BPNS. As shown in Fig. 1E-F and Fig. S4A-B,
tumor cells transferred to the bottom wells were significantly decreased
in the presence of BPNS. Consistently, the observation of the distance of
cell invasion outward on 3D tumor spheroids also indicated that BPNS
inhibited the invasion of glioblastoma cells (Fig. 1G and Fig. S5). Results
above collectively revealed that BPNS could effectively inhibit the in-
vasion and migration of glioblastoma cells in vitro.

3.2. BPNS inhibited the growth, invasion, and migration of GBM in vivo

To determine whether BPNS has an intuitively inhibitory effect on
glioblastoma in vivo, a xenograft tumor model was established by sub-
cutaneously injecting U87-MG cells into the right flank of nude mice.
The growth of subcutaneously transplanted tumors derived from U87-
MG cells was significantly suppressed after treatment with BPNS
compared to the blank control group. As shown in Fig. 2A-B, the tumor
volume in the BPNS group was significantly smaller than that in the PBS
group. Meanwhile, the body weight change rate of the mice (Fig. S6A),
the H&E staining results (Fig. S6B), and the MASSON staining results
(Fig. S6C) in both the control and BPNS groups did not show a signifi-
cant difference, indicating that the dosage of BPNS has a therapeutic
effect on glioblastoma without sever toxic side effects.

There are studies indicating that under the assistance of NIR, the
permeability of BBB can be improved by BPNS[21-23]. According to the
methods described in the literature, we adopted the following method to
verify this point. As shown in Fig. S7A, the brain temperature of the
experimental group mice was higher compared to the control group, and
it remained around 42°C. The temperature difference of nearly 3°C was
also be observed from the extracted brain samples from the BPNS group
and the control group which inferred that BPNS crossed the BBB under
the influence of NIR and accumulated in the brain tissue. NIR fluores-
cence imaging was also performed with IR780 labeled BPNS (BPNS-
IR780). For the mice treated with BPNS-IR780 under NIR laser irradi-
ation, the brain fluorescence intensity was significantly higher than that
of other groups (Fig. 2C and Fig. S7B). These results showed that under
NIR irradiation, BPNS exhibited photothermal effects and was capable of
crossing the BBB. Furthermore, the results of brain H&E staining ex-
periments conducted on healthy mice in different treatment groups also
indicated that NIR irradiation did not cause damage to the brain
(Fig. S70).

Then we established an orthotopic glioblastoma model to verify
whether BPNS could inhibit the migration and invasion of glioblastoma
in vivo[29]. According to our previous proliferation activity assay, BPNS
at a concentration of 4 pg/mL exhibited a slight inhibitory effect on
GL261 cells. As shown in the Fig. S1F, the average proliferation activity
of GL261 cells was approximately 95 %. Furthermore, CCK-8 experi-
ments confirmed that the combination of BPNS and NIR irradiation had
no significant impact on the viability of GL261 cells. As shown in the
Fig. S7D, the average cell viability of GL261 cells, after treatment with
BPNS and combined NIR irradiation, remained above 92 %. These col-
lective observations suggested that the tumor proliferation inhibitory
effect induced by BPNS can be disregarded in the tumor model based on
GL261 cells, which indicated that GL261 cells were a suitable choice for
establishing an orthotopic glioblastoma model, and suggested that the
administered concentration primarily manifested its biological activity
in inhibiting the invasion and migration of glioblastoma cells. The ani-
mal experiment workflow was summarized in Fig. 2D. In vivo imaging
results demonstrated a substantial decrease in the total fluorescence
intensity of the BPNS + NIR group compared to other three groups on
Day 26, providing clear evidence of the tumor inhibition effect exerted
by BPNS (Fig. 2E-F). The survival time statistics also showed that the
treatment of BPNS + NIR could prolong the survival time of tumor-
bearing mice without effect on body weight (Fig. 2G-H). Further, H&E
staining of brain slices were performed to morphologically observe the
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metastasis of GBM. The coronal slice staining images showed that tumor
cells were invading normal tissue in the control group (Fig. 2I), while
tumor margins in the BPNS + NIR group were smoother which indicated
a decrease in trace of the invasion. In the horizontal slices of H&E
staining (Fig. 2J), it could be also observed that tumors had migrated
from the lesion and spread to various parts of the brain in the untreated
group, while the BPNS + NIR treated tumors remained in the lesion,
indicating that the invasion and migration of glioblastoma cells were
effectively inhibited by BPNS. These all suggested BPNS showed an
inhibitory effect on the invasion and migration of glioblastoma cells in
vivo.

Finally, to further evaluate the dosage administration safety of BPNS
in vivo, we stained the major organ tissues from orthotopic glioma mice
with H&E and MASSON. The staining results showed no significant
tissue damage in either the control or BPNS-treated groups (Fig. S8-S9).
Collectively, our results showed BPNS inhibited the growth, migration,
and invasion of GBM without a high system toxicity.

3.3. RNA sequencing revealed WNT/f-catenin signaling pathway may
participate in the BPNS mediated inhibition of migration and invasion of
glioblastoma cells

Next, we performed RNA sequencing to uncover the underlying
molecular mechanisms. The pathway enrichment analysis of RNA
sequencing revealed that the differentially expressed genes (DEG) were
mainly enriched in extracellular matrix (ECM)-related pathways
(Fig. 3A). These ECM-related pathways collectively participate in the
complex process of regulating cell behavior, such as proliferation,
migration, and other processes, which further suggest that BPNS has
biological activity that can affect the invasion and migration of glio-
blastoma. Moreover, heatmap of extracellular matrix-related DEG
showed that BPNS mainly down-regulated the extracellular matrix-
related genes, and qRT-PCR further confirmed this result (Fig. 3B-C).
Additionally, Gene Set Enrichment Analysis (GSEA) software was also
adopted to interpret the RNA sequencing data. Among the top 20
enriched gene sets (Nom p-val < 0.05, FDR p-val < 0.25) in HALLMARK,
WNT/f-catenin signaling, which is closely related to most tumor cell
invasion and migration[30,31], were included (Fig. 3D). The enrich-
ment plot and DEG volcano-map both showed BPNS significantly
downregulated WNT/p-catenin signaling-related genes, of which 160
genes were down-regulated and 55 genes were up-regulated under the
influence of BPNS (Fig. 3E-F). A cross-analysis between the differential
genes of the WNT/f-catenin signaling pathway and the genes related to
invasion and migration showed that 47 genes were down-regulated, and
10 genes were up-regulated (Fig. 3G). These RNA sequencing analysis
data suggested that BPNS inhibited the invasion and migration of glio-
blastoma cells probably through inactivating the WNT/p-catenin
signaling pathway.

3.4. BPNS suppressed the migration and invasion of glioblastoma cells by
blocking the WNT/p-catenin signaling pathways

Firstly, we verified whether WNT/f-catenin signaling pathway
participated in invasion and migration of glioblastoma cells. We
employed XAV 939, a WNT/f-catenin signaling inhibitor, to inactivate
the WNT/f-catenin signaling pathway. As depicted in Fig. 4A-B, the
wound-healing of U87-MG cell was significantly inhibited by XAV 939.
Furthermore, the trans-well assay demonstrated a notable suppression of
invasion by XAV 939 (Fig. 4C). Conversely, we employed CHIR 99021 to
activate the WNT/p-catenin signaling pathway and found the migration
and invasion of U87- MG cells were significantly promoted (Fig. 4D-F).
These all indicated that the activation of WNT/f-catenin signaling
pathway contributed to the migration and invasion of GBM and BPNS
might exert its action through inactivating WNT/f-catenin signaling
pathway.

Subsequently, we detected genes expression involved in WNT/
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Fig. 3. The RNA sequencing analysis results and corresponding pathway enrichment analysis. (A) The statistic of pathway enrichment analysis results of U87-MG
cells after treatment with BPNS for 24 h. (B) The heat map of extracellular matrix-related differentially expressed genes. (C) Genes expression of extracellular matrix-
related detected by qRT-PCR. (D) The top 20 enrichment sets of GSEA analysis of U87-MG treated by BPNS versus untreated group. (E) Enrichment gene analysis of
the WNT/$-catenin signaling pathway. (F) The volcano map of the genes in the WNT/$-catenin signaling pathway. (G) A cross-analysis between the differential genes

of WNT/p-catenin signaling pathway and invasion and migration-related genes.

p-catenin signaling pathway after treated by BPNS. As shown in Fig. 4G,
the downstream target genes of WNT/$-catenin signaling pathway were
all significantly down-regulated after BPNS treatment, such as c-Myc,
Sox2, cyc D1, Notchl, etc., and their corresponding proteins were down-
regulated accordingly (Fig. 4H and Fig. S10A-B). p-catenin is a hub-
biomarker used to judge whether the WNT/p-catenin signaling
pathway is state-on. After BPNS treatment, the expression level of
p-catenin in U87-MG was negatively correlated with the concentration
of BPNS (Fig. 41-J). For transcriptional activation of downstream genes
of WNT/f-catenin pathway, p-catenin needs to enter the nucleus.
Therefore, cellular localization of p-catenin was performed after cells
were treated with BPNS. After treated with BPNS for 24 h, the fluores-
cence intensity of B-catenin in the nucleus area was indeed decreased
compared to the control group (Fig. 4K-L). In normal circumstances,
stabilized B-catenin can enter the cell nucleus and bind with TCF/LEF,
enhancing its transcriptional activity. When the entry of f-catenin into
the cell nucleus decreases, TCF/LEF may not fully exert its transcrip-
tional activation function, resulting in a decrease in the expression level
of target genes. TCF4 is an important member of the TCF/LEF tran-
scription family and a crucial transcription factor in the WNT/p-catenin
signaling pathway[32,33]. We detected the protein expression level of
TCF4 using the immunoblotting method and found a significant down-
regulation of TCF4 protein expression after BPNS treatment (Fig. S10C-
D). The downregulation of downstream gene expression levels also
indicated that BPNS inhibited the activity of this signaling pathway

(Fig. 4G-H). We further studied the downstream targeting protein of the
WNT/p-catenin signaling pathway to comprehensively understand the
function of BPNS in glioblastoma cells. CD44, one of the downstream
proteins of the WNT/p-catenin signaling pathway, is an important
monitoring indicator that affects the invasion and migration ability of
glioblastoma cells[34-37]. As shown in Fig. 4M-N, the expression of
CD44 was significantly down-regulated in U87-MG after treated with
BPNS for 24 h. Immunofluorescence results also showed the fluores-
cence intensity of CD44 in BPNS group was weaker than that of control
group (Fig. 40-P). BPNS has the same inhibitory effect on the WNT/
p-catenin signaling pathway in two other glioblastoma cell lines
(Fig. S11). These results revealed that BPNS inhibited the WNT/p-cat-
enin signaling pathway by decreasing the protein level of p-catenin and
preventing f-catenin from entering the nucleus to suppress the tran-
scription of downstream genes.

3.5. The inactivation of WNT/p-catenin signaling pathway induced by
BPNS blocked the Notchl-mediated NOTCH signaling pathway

In addition to the WNT/f-catenin signaling pathway, we also
observed the NOTCH signaling pathway was also enriched in the top 20
enriched gene sets (Fig. 3D, blue font). The NOTCH signaling pathway
was reported to regulate the transcription of cell migration and invasion,
as well as the maintenance of glioblastoma stem cells[38-40]. The
enrichment plot and DEG volcano-map both showed BPNS significantly
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20 pm. Error bar, mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001.

downregulated the NOTCH signaling pathway-related genes, of which
67 genes were down-regulated and 23 genes were up-regulated (Fig. 5A-
B). A cross-analysis between the differential genes of the NOTCH
signaling pathway and the related genes of invasion and migration
showed that 22 genes were down-regulated, and 3 genes were up-
regulated under the influence of BPNS (Fig. 5C). As previous study
proposed that the WNT/pS-catenin regulates the Notch activity by
modulating the expression of Notch ligand genes[41,42], we speculated
that the inhibition of WNT/p-catenin signaling induced by BPNS may
lead to Notchl downregulation and further suppress the activation of
the NOTCH signaling pathway. Interestingly, protein-protein

interaction network showed Notchl was the hub gene between WNT/
p-catenin and NOTCH signaling pathway (Fig. 5D).

To verify this conjecture, we tested the transcription and translation
of key genes in the NOTCH signaling pathway, such as Notchl, Jagl,
Hes1, Cyc D3, and Aktl. As shown in Fig. 5E-F, the related mRNA and
corresponding proteins’ expression of NOTCH signaling pathway in
BPNS group were down-regulated. Consistently, the immunofluores-
cence results showed that Notchl was significantly downregulated in
the BPNS group compared to the blank control group (Fig. 5G-H). These
results indicated that BPNS could inhibit the activation of Notchl-
mediated NOTCH signaling pathway.
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Further, we detected the expression of WNT/p-catenin and NOTCH
signaling pathway-related molecules in tissues dissected from subcu-
taneous tumor. The qRT-PCR and Western blotting results showed BPNS
downregulated the expression of p-catenin, Notchl, Jagl, and Hesl in
vivo (Fig. 5I-L). The results of immunofluorescence staining of ortho-
topic tumors showed that the expression of p-catenin was also signifi-
cantly down-regulated after the treatment of BPNS (Fig. S5M-N).
Immunohistochemical staining of CD31 in orthotopic tumor tissues
showed that the BPNS treated group had clearer tumor boundaries and
less angiogenesis when compared with control group (Fig. S12). These
in vivo data further verified that BPNS inhibits the invasion and migra-
tion through the WNT/f-catenin and Notch1l-mediated NOTCH signaling
pathway activation, which was consistent with those of in vitro
experiments.

10

3.6. BPNS directly bound to CSNK2A2, increasing GSK-3f activity, and
inhibiting the WNT/-catenin signaling pathway

Currently, we only know that BPNS inhibits the WNT/p-catenin
signaling pathway, but how it works still needs further study. After
analyzing the gene expression of GSK-3p and p-catenin, we found that the
transcription of these two genes was not significantly affected by BPNS
through RNA sequencing and qRT-PCR (Fig. 6A and Fig. S13). Addi-
tionally, we observed the protein expression of GSK-3p were not
impacted by BPNS (Fig. 6A-B), but the protein level of p-catenin
significantly decreased (Fig. 4I). GSK-3p is a multifunctional serine/
threonine kinase playing a crucial role in protein phosphorylation,
specifically increasing the phosphorylation level of f-catenin at the Ser
33 site[43]. This, in turn, promotes the degradation of f-catenin in the
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Fig. 6. The underlying mechanism by which BPNS inhibits the invasion and migration of glioblastoma cells was investigated. (A) The mRNA level of GSK-3p and
B-catenin between control and BPNS group of U87-MG cells by qRT-PCR assay. (B) The Western blotting results of p-B-catenin Ser33, p-GSK-3p Ser9, GSK-3p, and
GAPDH. (C) The Western blotting results of p-catenin expression after different treatments (the untreated group was used as the control group, BPNS group, 20 mM
LiCl group, the BPNS combinate LiCl group) of the U87-MG cells. (D) The quantified Western blot experiment results of the relative p-catenin expression after
different treatments (n = 3). (E) The wound healing results of U87-MG cells after different treatment for 48 h, scale bar: 200 pm. (F-G) The quantified wound area
statistic assay and trans-well statistic assay results of U87-MG cells after different treatments for 48 h (n = 3). (H) The process diagram of protein identification, which
is bound to the surface of BPNS, by LC-MS/MS. (I) The Western blot experiment confirmed that after co-incubation of BPNS with U87-MG cell proteins, BPNS can
bind with the CSNK2A2 kinase. (J) The Western blot experiment results confirmed that BPNS which reacquired from the U87-MG cell lysates after BPNS treatment for
24 h, was bound with CSNK2A2 kinase. (K) The co-localization results of BPNS-C6 and CSNK2A2, scale bar: 50 pm. (L) The immunofluorescence image of CSNK2A2
after the treatment of BPNS for 24 h, scale bar: 50 pm. (M) The Western blotting results of f-catenin, p-GSK-3p Ser9, GSK-3p, and CSNK2A2 after knockdown of
CSNK2A2 using siCSNK2A2. (N) The Western blotting results of p-catenin, p-GSK-3f Ser9, and CSNK2A2 after BPNS treatment for 24 h. (O) The mechanism diagram
of BPNS inhibiting invasion and migration via WNT/f-catenin signaling pathway and Notch1-mediated NOTCH signaling pathway in the glioblastoma cell. Error bar,
mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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cytoplasm. Consequently, the Western blot experiment results showed
that after BPNS treatment, the phosphorylation level of GSK-3p at Ser9
was decreased, and the phosphorylation level of f-catenin at Ser33 was
increased (Fig. 6B). This indicated that BPNS was likely to inhibit the
WNT/p-catenin signaling pathway by increasing the activity of GSK-3p.
To confirm this point, a GSK-3p active inhibitor LiCl was used to inhibit
the activity of GSK-3p[44-46]. As shown in Fig. 6C-D, LiCl significantly
upregulated the expression of B-catenin, whereas BPNS downregulated
fB-catenin level in the presence of LiCl. This suggested that the GSK-3f
activity inhibited by LiCl was reactivated under the action of BPNS.
Consistently, the wound-healing and trans-well experiments further
confirmed BPNS suppressed the pro-migration and invasion effects of
LiCl (Fig. 6E-G). Additionally, we investigated the impact of WNT/
p-catenin signaling pathway activation on the NOTCH signaling pathway
by adding LiCl. From the Western blot experiment results, we observed
that the activation of the WNT/f-catenin pathway resulted in increased
expression of Notchl and its downstream protein HES1 whereas the
addition of BPNS reversed this effect. These findings provided further
evidence that BPNS inhibits the invasion and migration of malignant
glioblastoma by targeting both the WNT/fS-catenin signaling pathway
and the Notchl-mediated NOTCH signaling pathway (Fig. S14).

The mechanism by which BPNS enhances the activity of GSK-3p re-
mains unclear. To address this issue, we co-incubated BPNS with the
whole-cell protein of U87-MG cells. After washing away proteins that
did not bind to BPNS with washing buffer, the obtained BPNS-bound
proteins were prepared into a protein solution, and protein mass spec-
trometry analysis was conducted using LC-MS/MS (Fig. 6H). From the
protein identification data, we discovered that one of the proteins bound
to BPNS is CSNK2A2 (CK2a), which has been reported to have phos-
phorylated and regulated the activity of GSK-3p [47,48]. Specifically,
CSNK2A2 can phosphorylate GSK-3f at Ser9 and lead to the inhibition of
GSK-3p activity[49]. Therefore, we speculated that CSNK2A2 may be
the key target that BPNS regulates the activity of GSK-3p. Next, we
generated protein complexes by co-incubating BPNS with the whole-cell
protein and verified the interaction between BPNS and the protein ki-
nase CSNK2A2 using immunoblotting (Fig. 6I). In a separate experi-
ment, we treated U87-MG cells with BPNS for 24 h and collected the
whole cell lysate to isolate the intracellular BPNS complexes. Similarly,
we confirmed the intracellular binding of BPNS and CSNK2A2 using
immunoblotting (Fig. 6J). Additionally, co-localization experiments of
CSNK2A2 and BPNS further supported their interaction (Fig. 6K). In the
results of the colocalization analysis in Fig. S15, we could observe the
binding of BPNS to CSNK2A2 from the locations marked with arrows.
Next, we detected the expression of CSNK2A2 after BPNS treatment. As
shown in Fig. S16, the gene transcription level of CSNK2A2 was not
decreased by BPNS. The immunofluorescence results also showed that
BPNS did not affected the expression of CSNK2A2 (Fig. 6L). The
decreased CSNK2A2 protein detected in U87-MG cells were likely due to
the binding of BPNS to intracellular CSNK2A2, which was subsequently
removed during the cell lysis process through centrifugation. Based on
the above results, we speculated that the binding of BPNS to CSNK2A2
protein would not degrade it but reduce its kinase activity, leading to a
decrease in the phosphorylation level of GSK-3f and an increase in its
activity. To validate this, we detected the phosphorylation level of GSK-
3B at ser9 and it was significantly decreased after treated by BPNS
(Fig. 6N). Additionally, we transfected siCSNK2A2 to inhibit the trans-
lation of CSNK2A2. From the Western blot experiment results, it can be
observed that we successfully suppressed the expression of CSNK2A2
kinase (Fig. 6M). Subsequent Western blot data also confirmed that the
silencing of CSNK2A2 reduced the phosphorylation level of GSK-3f and
increased the kinase activity of GSK-3p, resulting in a decrease in the
protein level of p-catenin (Fig. 6M). The protein expression levels of
U87-MG cells after CSNK2A2 gene silencing were similar to the protein
expression inhibition observed after BPNS treatment (Fig. 6N). This
similarity indicated that the binding of BPNS to CSNK2A2 led to a
decrease in its kinase activity, thereby reducing the phosphorylation of
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GSK-3p at the Ser9, resulting in increased activity of GSK-3p and then
enhanced degradation of p-catenin. In summary, our study demon-
strated that BPNS can activate the activity of GSK-3f by binding to
CSKN2A2, leading to the degradation of f-catenin, thereby inactivating
the WNT/f-catenin and NOTCH pathways, and finally inhibiting the
invasion and development of glioblastoma cells (Fig. 60).

4. Discussion

The present study provides new insights into the potential of BPNS in
inhibiting the invasion and migration of glioblastoma cells. The findings
demonstrate that BPNS acts by inhibiting the WNT/p-catenin and
NOTCH signaling pathways, which are crucial in regulating tumor
progression. This inhibition results from the interaction of BPNS with
CSNK2A2, leading to reduced phosphorylation of GSK-3p at Ser9. As a
result of this inhibition, GSK-3p promotes the degradation of p-catenin at
Ser 33, preventing its transportation into the nucleus. Consequently,
downstream genes of the WNT/$-catenin pathway, such as Axin2, CD44,
and Notchl, are inhibited. Furthermore, the reduction of Notchl leads
to the downregulation of Jagl, Hesl, and Akt1, effectively inhibiting the
NOTCH pathway. The combined suppression of both WNT/j-catenin and
NOTCH pathways results in the inhibition of glioblastoma cell migration
and invasion. Based on its role in inhibiting these two signaling path-
ways, BPNS may also provide new therapeutic approaches for other
highly invasive and migratory tumors in future research.

It is important to note that glioblastoma patients often face chal-
lenges in therapy due to the high rates of migration and invasion of
tumor cells. While BPNS-based nanomedicines may not entirely elimi-
nate tumor cells, they demonstrate significant efficacy in inhibiting their
proliferation, migration, and invasion. This suggests that BPNS could be
a promising candidate for combination therapy for GBM.

Based on the unique anti-tumor capabilities of BPNS, subsequent
research can progress towards the development of nano drugs based on
BPNS. The physicochemical properties of BPNS allow for targeted
modifications on its surface, incorporating targeted peptides or mole-
cules with the ability to penetrate the blood-brain barrier (BBB) or
further target tumor tissues, enhancing its capacity to cross the BBB.
Furthermore, after targeted modifications, we can leverage BPNS to load
chemotherapy drugs or gene therapy drugs, achieving a combined
treatment for gliomas or other tumors. Additionally, BPNS can be pre-
pared as a drug-loaded sustained-release formulation, placed at the
lesion site for postoperative treatment of gliomas, preventing the inva-
sion of glioma cells and the recurrence of tumors near the resected area.

While the study provides significant insights into the cellular
mechanisms of BPNS on tumor cells, it acknowledges that further
research is needed to fully understand BPNS’s effects in treating glio-
blastoma. We can also broaden our perspective, starting from the
mechanism of BPNS binding to intracellular proteins CSNK2A2 and
inhibiting the invasion and migration of glioblastoma cells. We can
explore whether BPNS can bind to other intracellular proteins and delve
into the profound investigation of the impact of such protein binding on
the biological activity of tumor cells.

Overall, the key findings and implications of this study emphasize
the potential of BPNS-based nanomedicine as a promising therapeutic
option for glioblastoma treatment. It also highlights avenues for future
research to unlock the full potential of BPNS in combatting this
aggressive form of brain cancer.
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