
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Tian et al. BMC Cancer         (2024) 24:1040 
https://doi.org/10.1186/s12885-024-12803-8

BMC Cancer

*Correspondence:
Xuechao Yang
yangxc406@163.com

Full list of author information is available at the end of the article

Abstract
Background  Glioblastoma (GBM) is a malignant astrocytic tumor and its progression involves the regulation of 
vascular endothelial growth factor-A (VEGFA). However, the mechanism of VEGFA in regulating GBM progression 
remains unclear.

Methods  VEGFA mRNA expression was analyzed by quantitative real-time polymerase chain reaction. Protein 
expression of VEGFA, cluster of differentiation 9 (CD9), CD81, and transforming growth factor-β1 (TGF-β1) was 
detected by western blotting assay. Flow cytometry assay was conducted to assess cell proliferation, cell apoptosis 
and myeloid-derived suppressor cell (MDSC) differentiation. TUNEL cell apoptosis detection kit was utilized to analyze 
cell apoptosis of tumors. Angiogenic capacity was investigated by tube formation assay. Transwell assay was used to 
assess cell migration and invasion. The effect of VEGFA on tumor formation was determined by a xenograft mouse 
model assay. Immunohistochemistry assay was used to analyze positive expression rate of VEGFA in tumor tissues. 
TGF-β1 level was detected by enzyme-linked immunosorbent assay.

Results  VEGFA expression was upregulated in GBM tissues, GBM cells, and exosomes from GBM patients and GBM 
cells. VEGFA silencing led to decreased cell proliferation, tube formation, migration and invasion and increased cell 
apoptosis. Moreover, VEGFA knockdown also delayed tumor formation. VEGFA promoted MDSC differentiation and 
TGF-β1 secretion by MDSCs by being packaged into exosomes. In addition, TGF-β1 knockdown displayed similar 
effects with VEGFA silencing on GBM cell phenotypes, and MDSCs attenuated VEGFA knockdown-induced effects by 
secreting TGF-β1 in A172 and U251 cells.

Conclusion  VEGFA contributed to tumor property of GBM cells by promoting MDSC differentiation and TGF-β1 
secretion by MDSCs, providing potential targets for GBM treatment.
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Introduction
Glioblastoma, also known as glioblastoma multiforme 
(GBM), is an aggressive type of brain tumor that origi-
nates from the brain’s glial cells [1]. It tends to occur 
more frequently in older individuals, with a median age 
of diagnosis around 64 years [2]. The exact cause of glio-
blastoma is not yet fully understood. Some risk factors 
that have been identified include exposure to ionizing 
radiation and certain hereditary conditions such as neu-
rofibromatosis type 1 and Li-Fraumeni syndrome [3, 4]. 
However, it is important to note that most cases of GBM 
occur sporadically without any known risk factors. The 
symptoms of glioblastoma can vary depending on the 
location and size of the tumor. Common signs and symp-
toms may include headaches, seizures, cognitive changes, 
papilledema, personality changes, and motor deficits [5]. 
Due to its aggressive nature, GBM tends to progress rap-
idly and can infiltrate surrounding brain tissue, making 
complete surgical removal challenging. Treatment for 
GBM often involves a combination of surgery, radiation 
therapy, and chemotherapy, and research into potential 
new treatments and therapies for GBM is ongoing [6, 
7]. Although treatment options are available, it remains 
a complex disease with a poor prognosis. Continued 
research and advancements in medical knowledge are 
crucial in improving outcomes for patients with GBM.

Peripheral blood mononuclear cells (PBMCs) are a 
type of immune cells in blood, which can participate in 
immune reactions and produce various immune factors. 
In certain diseases such as cancer, infection, and inflam-
mation, PBMCs may exhibit functional abnormalities, 
leading to inflammation and the release of inflamma-
tory factors and chemokines [8, 9]. These factors can 
further promote the differentiation, proliferation, and 
functional activation of myeloid-derived suppressor cells 
(MDSCs), resulting in enhanced immunosuppressive 
effects [10]. MDSCs are a type of immune cells that play a 
crucial role in tumor development and progression [11]. 
These cells are characterized by their ability to suppress 
the immune response against tumors, thereby promot-
ing tumor growth and survival. MDSCs are composed 
of two major subsets, granulocytic MDSCs (gMDSCs) 
and monocytic MDSCs (mMDSCs) [12]. In particular, 
MDSCs have been found to cause reversible T cell dys-
function [13], enabling the tumors to grow and spread. 
Furthermore, the interaction between MDSCs and tumor 
cells can enhance the tumor’s resistance to chemotherapy 

and radiation therapy [14]. Exosomes are small vesicles 
released by cells that contain a variety of biological mol-
ecules, including proteins, RNA, and DNA [15, 16]. They 
have been increasingly recognized as important play-
ers in the development and progression of GBM. These 
exosomes can be detected in the blood of GBM patients 
[17], making them potential biomarkers for diagnosis 
and prognosis. Additionally, exosomes can transfer can-
cer effectors to GBM cells, promoting tumorigenesis and 
metastasis [18].

Vascular endothelial growth factor-A (VEGFA) is a 
highly specific factor that regulates vascular growth and 
vascular permeability, playing a crucial role in angiogen-
esis, the process of forming new blood vessels [19]. The 
VEGFA gene is located on the short arm of chromosome 
6 in humans, and the protein is expressed in various cells 
including endothelial cells. It is widely recognized as a 
potent pro-angiogenic factor that is highly expressed in 
various human tumor tissues and has significant impli-
cations in tumor metastasis and disease progression [20, 
21]. Bevacizumab antagonizes VEGFA, and Food and 
Drug Administration has approved bevacizumab for 
recurrent GBM [22]. Previous studies have revealed that 
VEGFA contributes to GBM progression [23, 24], how-
ever, how VEGFA regulates GBM remains unclear. Fur-
ther research and clinical trials regarding the mechanism 
of GBM progression will continue to refine our under-
standing of the role of VEGFA in GBM and potentially 
lead to more effective treatments for this devastating 
disease.

Based on the above evidence, we hypothesized that 
VEGFA contributed to GBM development by inducing 
MDSC differentiation by being packaged into exosomes, 
and the hypothesis was verified by a series of experiments 
with the hope of seeking attractive targets for novel ther-
apeutic interventions.

Materials and methods
Patient samples
Consented patients who underwent surgical treatment 
at No. 215 Hospital of Shaanxi Nuclear Industry pro-
vided a total of 64 brain tissues, including GBM tissues 
and normal brain tissues, as well as serum. GBM patients 
not underwent chemotherapy or radiotherapy and diag-
nosed blindly by senior pathologists. Control patients 
had no any congenital diseases and hospitalized owing 
to car accidents-caused craniocerebral trauma. Tissue 
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collection was approved from the Ethics Committee of 
No. 215 Hospital of Shaanxi Nuclear Industry. The col-
lected tissues were kept at -80℃, while serum was stored 
at 4℃. Participants signed the written informed consent.

Exosome isolation, identification and treatment
Total exosome isolation kits (#4478360 and #4478359; 
Invitrogen) were used to isolate exosomes from human 
serum and cells according to supplier’s instructions. 
Serum and cell supernatant were centrifuged at 2000 
× g, and obtained supernatant was re-suspended in 
Reagent. Samples were centrifuged after incubation at 
4 °C. Then, supernatant was removed, and 1 × phosphate 
buffered saline (PBS; Yuanye Bio-technology, Shang-
hai, China) was added to dissolve the pellet (exosomes). 
Subsequently, exosomes were observed under a JEM-
1010 transmission electron microscope (TEM; JEOL, 
Tokyo, Japan) to analyze their morphology as previously 
reported [25]. Nanoparticle tracking analysis (NTA) was 
performed to measure the distribution of exosome size. 
Additionally, protein markers of exosomes, CD9 and 
CD81, were detected via western blotting assay.

Cell culture and treatment
GBM cells including A172 and U251, human astro-
cytes (NHA) and human umbilical vein endothelial cells 
(HUVECs) were provided by Sbjbio@ life Science (Nan-
jing, China) and cultured in DMEM. Jining Shiye Bio-
tech (Shanghai, China) provided human peripheral blood 
mononuclear cells (PBMCs), which were isolated from 
peripheral blood and maintained in complete culture 
medium of PBMCs. During cell culture at 37℃with 5% 
CO2, medium was supplemented with 10% fetal bovine 
serum (Sbjbio@ life Science). PBMCs were also incubated 
with PBS (Yuanye Bio-technology) or exosomes isolated 
from A172 and U251 cell supernatants expressing si-
VEGFA or si-NC.

In addition, exosomes were treated with PKH67 linker 
(Umibio, Shanghai, China) for green fluorescent cell 
labeling and then mixed using a vortex oscillator, fol-
lowed by incubation with PBS. Exosomes were isolated 
according to the method described above. PBMCs were 
incubated with the isolated exosomes and observed 
under an IX71 fluorescence microscope (Olympus, 

Tokyo, Japan) to analyze whether the exosomes were 
taken up by PBMCs.

Cell transfection
Small interfering RNA (siRNA) and small hairpin RNA 
(shRNA) of VEGFA (Accession: NM_001025366.3) as 
well as siRNA of TGF-β1 (Accession: NM_000660.7) 
were designed through the online designer https://rnaid-
esigner.thermofisher.com/rnaiexpress/. Transfection of 
siRNA and shRNA was conducted using InvitroRNA™ 
reagent (#IVG1101-10; Yingweiwo Biotechnology, 
Shanghai, China).

Quantitative real-time polymerase chain reaction (qRT-
PCR)
Brain tissues were grinded using pestle and mortar and 
diluted PBS (Yuanye Bio-technology). Then, these tis-
sues, cells and exosomes were placed into tubes and 
mixed with Trizol reagent (TaKaRa, Dalian, China). The 
tubes were centrifuged after 30  s of oscillating on the 
vortex shaker. The supernatants were collected and then 
RNA was isolated using chloroform (Sigma, St. Louis, 
MO, USA), isopropyl (Sigma), and ethyl alcohol (Sigma). 
cDNA synthesis is performed on an ice box using High 
Fidelity PCR Master Mix (Sangon Biotech, Shanghai, 
China). Subsequently, cDNA was used for quantifica-
tion analysis according to the guidebook of TaqMan Fast 
qPCR mixture (Sangon Biotech). IQ5 thermocycler (Bio-
Rad, Hercules, CA, USA) was used for quantification 
reaction. Primer sequences are listed in Table 1.

Western blotting assay
Part of the brain tissues were removed and cut into small 
pieces. After grinding, these tissues were treated with 
an appropriate amount of PBS (Yuanye Bio-technol-
ogy). The supernatant, cells and isolated exosomes were 
transferred to a clean tube and then treated with 1 mL 
of lysis buffer and 10 µL of phenylmethylsulfonyl fluo-
rid (Sigma). The sample was placed on ice prepared in 
advance and centrifuged at 12,000 r/min for 10  min to 
collect the supernatant. The required sample volume was 
calculated and protein bands were separated using sepa-
rating gels and stacking gels (Thermo Fisher, Waltham, 
MA, USA). The target band region was found according 
to the protein Marker, and the gels were cut. The mem-
branes were transferred with the prepared transfer buf-
fer and incubated with 5% skimmed milk solution at 
room temperature on an incubation shaker for 2  h, fol-
lowed by incubation with primary antibodies, includ-
ing VEGFA (#AF5131; 1:1000; Affinity, Nanjing, China), 
CD9 (#AF5139; 1:1000; Affinity), CD81 (#AF5131; 
1:1000; Affinity), TGF-β1 (#AF1027; 1:1000; Affinity), 
and β-actin (#AF7018; 1:1000; Affinity), and secondary 
antibody (1:5000; Affinity). An appropriate amount of 

Table 1  Primer sequences used for RT-PCR.
Name Primers for RT-PCR (5’-3’)
VEGFA Forward ​A​A​G​G​G​G​C​A​A​A​A​A​C​G​A​A​A​G​C​G

Reverse ​G​C​T​C​C​A​G​G​G​C​A​T​T​A​G​A​C​A​G​C
TGFβ1 Forward ​T​G​A​T​G​T​C​A​C​C​G​G​A​G​T​T​G​T​G​C

Reverse ​G​T​G​A​A​C​C​C​G​T​T​G​A​T​G​T​C​C​A​C​T
GAPDH Forward ​A​T​C​A​C​T​G​C​C​A​C​C​C​A​G​A​A​G​A​C

Reverse ​C​C​G​T​T​C​A​G​C​T​C​A​G​G​G​A​T​G​A​C

https://rnaidesigner.thermofisher.com/rnaiexpress/
https://rnaidesigner.thermofisher.com/rnaiexpress/
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BeyoECL Plus working solution was added to the mem-
brane according to the size of the membrane and protein 
bands (Beyotime, Shanghai, China) were visualized with 
a chemical luminescence imaging instrument (Gel Doc™ 
XR+, Bio-Rad).

Flow cytometry analysis
The assay used to analyze cell cycle distribution was con-
ducted on A172 and U251 cells in the logarithmic growth 
phase. GBM cells with various treatments were har-
vested and fixed using ethanol, followed by incubation 
with RNase A and propidium iodide (PI) in accordance 
with the guidebook of the DNA content quantitation kit 
(Solarbio, Beijing, China). At last, an AttuneTM NxT 
flow cytometer (Thermo Fisher) was used to analyze the 
stained cells.

Tube formation assay
The tube formation assay is a widely used technique to 
study angiogenesis, the process by which new blood ves-
sels are formed. Growth factor-reduced Matrigel (Abw-
bio, Shanghai, China) was prepared according to the 
manufacturer’s instructions in advance. A suitable vol-
ume of HUVEC suspension was added to culture plates, 
ensuring an even distribution of cells. After cell culture 
at 37℃ with 5% CO2, cell treatments were performed 
and cell medium was replaced using GBM-conditioned 
medium. Cells were cultured for 16  h, and the forma-
tion of tube-like structures (tubule length and number 
of branching points) was assessed using an IX71 micro-
scope (Olympus) and Image J software (NIH, Bethesda, 
MD, USA).

Transwell assays
The Transwell inserts were rinsed using PBS (Yuanye 
Bio-technology) to wet the membrane surface. GBM 
cells were counted using an automated cell counter and 
their concentration was adjusted to the desired density in 
culture medium. The upper chambers were used to cul-
ture cells. The lower chambers were filled with culture 
medium added with 10% fetal bovine serum (Sbjbio@ life 
Science). The cells were allowed to attach to the mem-
brane for 24  h, and the inserts were carefully removed 
from the plate at the end of the incubation period. The 
cells were fixed using 4% paraformaldehyde and stained 
using 0.1% crystal violet. Finally, migrated cells were 
analyzed under an IX71 microscope (Olympus). The cell 
invasion was performed according to the above method 
with the transwell inserts coated with Matrigel (Abwbio).

Xenograft mouse model assay
Hunan Slyke Jingda Experimental Animal Co., LTD 
(Changsha, China) provided male BALB/c nude mice 
(N = 12, 5 weeks of age), which were housed under 

pathogen-free conditions. A172 cells stably expressing 
sh-VEGFA or sh-NC were adjusted to 5 × 106 cells/0.2 
mL PBS and then subcutaneously injected into nude 
mouse flanks. The mice were monitored regularly for 
tumor growth. All mice were sacrificed using pentobar-
bital sodium (40 mg/kg) when the tumor reaches a cer-
tain size. The formed tumors were harvested for further 
analysis. The Animal Care and Use Committee of No. 215 
Hospital of Shaanxi Nuclear Industry approved the study.

Immunohistochemistry (IHC) assay
The formed tumors were fixed using appropriate fixa-
tives, such as formalin, and then processed into paraffin 
blocks by dehydration, clearing, and embedding. The tis-
sue sections were cut from the paraffin blocks at appro-
priate thicknesses using a microtome and deparaffinized 
in xylene, followed by rehydration through a graded series 
of alcohol. Antigens were retried by subjecting the tissue 
sections to appropriate antigen retrieval methods, and 
non-specific binding sites were blocked using a blocking 
solution. The tissue sections were incubated with pri-
mary antibody against VEGFA (#AF5131; 1:100; Affinity), 
and the immunohistochemical staining was developed. 
The tissue sections were counterstained to visualize the 
tissue morphology and mounted using coverslips. The 
stained sections were analyzed using a TCS SP8 confocal 
microscopy (Leica Microsystems, Mannheim, Germany).

TUNEL assay
Cell apoptosis of tumor tissues was analyzed using the 
TUNEL Apoptosis Detection Kit (Yeasen Biotech, Shang-
hai, China). The tumor tissues were cut into small tumor 
sections and immersed into xylene and ethyl alcohol. The 
tumor tissues were treated with Proteinase K for 20 min 
and Equilibration Buffer for 30 min, followed by incuba-
tion with TdT buffer. The slide was immersed in a dye-
ing tank containing PI solution for 5 min. Samples were 
immediately analyzed under an IX71 fluorescence micro-
scope (Olympus).

Statistical analysis
Statistical analysis was performed using GraphPad Prism, 
and results were shown as means ± standard deviations 
(SD). Significant differences were compared using Wil-
coxon signed-rank test, Student’s t-tests or analysis of 
variance. P < 0.05 indicated statistical significance.

Results
VEGFA expression was upregulated in GBM tissues and 
cells
The Gene Expression Profiling Interactive Analysis 
(GEPIA) online dataset was used to analyze VEGFA 
expression in GBM tissues and normal brain tissues. The 
results showed that VEGFA expression was upregulated 



Page 5 of 13Tian et al. BMC Cancer         (2024) 24:1040 

in GBM tissues compared with normal tissues (Fig. 1A). 
Subsequently, the data revealed that VEGFA protein 
expression was upregulated in clinical GBM tissues when 
compared with healthy brain tissues (Fig. 1B). Moreover, 
GBM cell lines (A172 and U251) showed high VEGFA 
protein expression in comparison with human astrocytes 
(NHA), as shown in Fig. 1C. The study then isolated exo-
somes from serum of GBM patients, and the isolated ves-
icles were identified through TEM and NTA. As shown in 
Fig. 1D, the isolated vesicles were approximately 100 nm 
in diameter and had similar morphology with exosomes. 
NTA assay showed that the diameter of the most parti-
cles was approximately 110 nm (Fig. 1E). The study also 
found that exosomes marker proteins CD9 and CD81 

were expressed in the isolated vesicles (Fig. 1F). qRT-PCR 
analysis showed that VEGFA expression was upregulated 
in the isolated exosomes from GBM patients when com-
pared with the isolated exosomes from healthy volun-
teers (Fig. 1G). Comparatively, VEGFA mRNA expression 
was significantly increased in the exosomes from A172 
and U251 cell supernatants in comparison with exosomes 
from NHA cell supernatant (Fig. 1H). These data demon-
strated that VEGFA expression was upregulated in GBM 
tissues and cells.

Fig. 1  VEGFA expression was upregulated in GBM tissues and cells. (A) The GEPIA online dataset was used to analyze VEGFA expression in GBM tissues 
and normal brain tissues. (B) VEGFA protein expression was analyzed by western blotting assay in GBM tissues (N = 64) and normal brain tissues (N = 64). 
(C) Western blotting assay was used to determine VEGFA protein expression in NHA, A172 and U251 cells. (D-F) TEM, NTA and western blotting assay 
were used to identify the isolated vesicles. (G and H) qRT-PCR was used to detect VEGFA mRNA expression in the isolated exosomes from serum of GBM 
patients and normal volunteers and supernatant of NHA, A172 and U251 cells. *P < 0.05, **P < 0.01 and ***P < 0.001
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VEGFA knockdown inhibited proliferation, tube formation, 
migration and invasion and induced apoptosis of A172 and 
U251 cells
The study then analyzed the effects of VEGFA silencing 
on A172 and U251 cell phenotypes, including cell prolif-
eration, tube formation, migration, invasion and apopto-
sis. The data first showed low VEGFA protein expression 
after transfection with siRNA of VEGFA (Fig. 2A), indi-
cating the successful knockdown of VEGFA in A172 and 
U251 cells. Subsequently, the results showed that VEGFA 
silencing increased the proportion of G0/G1 phase cells 
and decreased the proportion of S phase cells (Fig.  2B 
and C), suggesting the inhibitory effect of VEGFA silenc-
ing on cell proliferation. As shown in Fig.  2D and E, 
VEGFA absence induced cell apoptosis and repressed 

tube formation. Comparatively, the migration and inva-
sion were inhibited after VEGFA knockdown (Fig. 2F and 
G). The above data demonstrated that VEGFA knock-
down inhibited tumor property of GBM cells.

VEGFA silencing delayed tumor formation in vivo
The study continued to analyze the effect of VEGFA 
silencing on tumor formation in vivo. The results showed 
that the tumors formed from VEGFA-deficient A172 
cells grew more slowly and had lower weight than those 
derived from A172 cells transfected with sh-NC (Fig. 3A-
C). Subsequently, the data revealed that the positive 
expression rate of Ki67 and the protein expression of 
VEGFA was lower in the formed tumors from the sh-
VEGFA group than those from the sh-NC group (Fig. 3D 

Fig. 2  VEGFA knockdown inhibited proliferation, tube formation, migration and invasion and induced apoptosis of A172 and U251 cells. A172 and U251 
cells were divided into si-NC group and si-VEGFA group. (A) VEGFA protein expression was analyzed by western blotting assay in A172 and U251 cells. 
(B-D) Flow cytometry assay was used to assess cell cycle and apoptosis of A172 and U251 cells. (E) Tube formation assay was performed to assess the 
effect of A172 and U251 cells on angiogenic capacity of HUVECs. (F and G) Transwell assays were used to assess the migration and invasion of A172 and 
U251 cells. **P < 0.01 and ***P < 0.001
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and E). Comparatively, cell apoptosis of the formed 
tumors from the sh-VEGFA group was induced when 
compared with those from the sh-NC group (Fig.  3F). 
Further, the results showed that TGF-β1 protein expres-
sion was downregulated in the formed tumors from 
the sh-VEGFA group than those from the sh-NC group 
(Fig.  3G). These data demonstrated that VEGFA knock-
down inhibited tumor property of A172 cells.

VEGFA promoted MDSC differentiation and TGF-β1 
secretion by MDSCs by being packaged into exosomes
The study then incubated PBMCs with exosomes iso-
lated from A172 and U251 cell supernatants expressing 
si-VEGFA or si-NC and then investigated the consequent 
effects on MDSC differentiation and TGF-β1 secre-
tion. As shown in Fig.  4A, the exosomes were taken up 
by PBMCs, as the green fluorescent dye was observed in 
the PBMCs. Moreover, the result showed that VEGFA 

protein expression was lower in the PBMCs incubated 
with exosomes isolated from A172 and U251 cell super-
natants expressing si-VEGFA than in those isolated 
from A172 and U251 cell supernatants expressing si-NC 
(Fig.  4B). These data demonstrated that VEGFA con-
tained in the exosomes was taken up by PBMCs. Subse-
quently, exosomes from A172 and U251 cell supernatants 
significantly promoted differentiation of PBMCs into 
CD14+HLA-DR−-MDSCs compared to control group, 
but the incubation with exosomes from A172 and U251 
cell supernatants expressing si-VEGFA inhibited the dif-
ferentiation (Fig.  4C and D). Further, the data showed 
that exosomes from A172 and U251 cells promoted TGF-
β1 secretion by MDSCs, but the incubation with exo-
somes from A172 and U251 cell supernatants expressing 
si-VEGFA inhibited TGF-β1 production, as revealed by 
ELISAs and western blotting assay (Fig. 4E-H). The above 
results suggested that VEGFA contributed to MDSC 

Fig. 3  VEGFA silencing delayed tumor formation in vivo. A172 cells stably expressing sh-VEGFA or sh-NC were injected into the left flank of the mice, and 
the formed tumors were harvested after 4 weeks. (A) The volume of the formed tumors was measured every 7 days for 4 cycles. (B) The effect of VEGFA 
knockdown on tumor weight. (C) The tumor images in the sh-VEGFA group and sh-NC group. (D) IHC assay was used to analyze Ki67 protein expression 
in the formed tumors in the sh-VEGFA group and sh-NC group. (E) Western blotting assay was used to detect VEGFA protein expression in the formed 
tumors from the sh-VEGFA group and sh-NC group. (F) TUNEL cell apoptosis detection kit was used to analyze cell apoptosis in the formed tumors from 
the sh-VEGFA group and sh-NC group. (G) TGF-β1 protein expression was detected by western blotting assay in the resulting tumors from A172 cells 
transfected with sh-NC or sh-VEGFA. ***P < 0.001
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differentiation and TGF-β1 secretion by MDSCs by being 
packaged into exosomes.

TGF-β1 knockdown inhibited proliferation, tube formation, 
migration and invasion and induced apoptosis of A172 and 
U251 cells
The results showed that TGF-β1 protein expression was 
upregulated and was positively correlated with VEGFA 

expression in GBM tissues (Fig. 5A and B). Moreover, its 
protein expression was higher in both A172 and U251 
cells than in NHA cells (Fig. 5C). The study also analyzed 
the effects of TGF-β1 silencing on tumor property of 
A172 and U251 cells. The data showed low TGF-β1 pro-
tein expression after transfection with siRNA of TGF-β1 
(Fig. 5D). Subsequently, the results showed that TGF-β1 
silencing increased the proportion of G0/G1 phase cells 

Fig. 4  VEGFA contributed to MDSC differentiation and TGF-β1 secretion by MDSCs by being packaged into exosomes. (A) Exosomes were treated with 
PKH67 linker for green fluorescent cell labeling and then mixed. Exosomes were isolated, and PBMCs were incubated with the isolated exosomes and 
observed under a fluorescence microscope. (B) VEGFA protein expression was analyzed by western blotting assay in PBMCs incubated with exosomes 
isolated from A172 and U251 cells expressing si-VEGFA or si-NC. (C and D) Flow cytometry was used to analyze CD14+HLA-DR−MDSCs. (E-H) The exosomes 
isolated from both A172 cells and U251 cells expressing si-VEGFA or si-NC were incubated with MDSCs, and TGF-β1 level was assessed by ELISAs and 
Western blotting assay in the exosomes from MDSCs. *P < 0.05, **P < 0.01 and ***P < 0.001
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and decreased the proportion of S phase cells (Fig.  5E), 
suggesting the inhibitory effect of TGF-β1 silencing on 
cell proliferation. As shown in Fig.  5F and G, TGF-β1 
knockdown induced cell apoptosis and repressed tube 
formation. Comparatively, the migration and invasion 
were inhibited after TGF-β1 knockdown (Fig. 5H and I). 
The above data demonstrated that TGF-β1 knockdown 
inhibited tumor property of GBM cells.

MDSCs attenuated the effects of VEGFA knockdown in 
A172 and U251 cells by producing TGF-β1
The study further analyzed the effects of MDSCs with 
low TGF-β1 expression on A172 and U251 cell pheno-
types. To achieve this, both U251 and A172 cells were 
transfected with si-NC, si-VEGFA, and/or cocultured 
with MDSCs transfected with si-TGF-β1 or si-NC. The 
data first showed that MDSCs attenuated the inhibitory 
effect of VEGFA knockdown on TGF-β1 protein expres-
sion, whereas the effect was rescued by TGF-β1-deficient 
MDSCs (Fig. 6A). Subsequently, the results showed that 
VEGFA silencing-induced inhibitory effect on cell pro-
liferation and promoting effect on cell apoptosis were 
relieved by MDSCs, however, these effects were rescued 

by TGF-β1-deficient MDSCs (Fig. 6B-D). Comparatively, 
MDSCs treatment also relieved VEGFA absence-induced 
effects on tube formation and cell migration and inva-
sion, but these effects were counteracted by MDSCs 
lowly expressing TGF-β1 (Fig. 6E-H). These data revealed 
that MDSCs rescued VEGFA knockdown-induced effects 
by increasing TGF-β1 expression in A172 and U251 cells.

Discussion
Vascular endothelial growth factor (VEGF) plays a cru-
cial role in promoting angiogenesis, the formation of 
new blood vessels, which is essential for tumor growth 
and metastasis. VEGF is a key molecule involved in the 
development and progression of GBM, a highly aggres-
sive type of brain cancer, primarily through its effects 
on angiogenesis, invasion, and tumorigenesis. Target-
ing VEGF signaling pathways has become an important 
strategy in the treatment and management of GBM, as 
it aims to inhibit tumor growth and reduce the risk of 
recurrence [26]. The further investigation related to the 
role of VEGFA in the development of GBM can provide a 
basis for the development of new therapies that can help 
improve treatment outcomes and survival in patients 

Fig. 5  TGF-β1 knockdown inhibited proliferation, tube formation, migration and invasion and induced apoptosis of A172 and U251 cells. (A) TGF-β1 
protein expression was analyzed by western blotting assay in GBM tissues (N = 64) and normal brain tissues (N = 64). (B) Spearman correlation analysis was 
performed for correlation identification of TGF-β1 protein expression and VEGFA protein expression in GBM tissues. (C) TGF-β1 protein expression was 
detected by western blotting assay in NHA cells, A172 cells and U251 cells. (D-I) A172 and U251 cells were divided into si-NC group and si-TGF-β1 group. 
(D) TGF-β1 protein expression was analyzed by western blotting assay in A172 and U251 cells. (E and F) Flow cytometry assay was used to assess cell cycle 
and apoptosis of A172 and U251 cells. (G) Tube formation assay was performed to assess the effect of A172 and U251 cells on angiogenic capacity of 
HUVECs. (H and I) Transwell assays were used to assess the migration and invasion of A172 and U251 cells. **P < 0.01 and ***P < 0.001
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Fig. 6  MDSCs attenuated VEGFA knockdown-induced effects by producing TGF-β1 in A172 and U251 cells. A172 and U251 cells were divided into si-NC 
group, si-VEGFA group, si-VEGFA + PBS group, si-VEGFA + MDSC-si-NC group and si-VEGFA + MDSC-TGF-β1 group. (A) TGF-β1 protein expression was ana-
lyzed by western blotting assay in A172 and U251 cells. (B-D) Flow cytometry assay was used to assess cell cycle and apoptosis of A172 and U251 cells. 
(E and F) Tube formation assay was performed to assess the effect of A172 and U251 cells on angiogenic capacity of HUVECs. (G and H) Transwell assays 
were used to assess the migration and invasion of A172 and U251 cells. *P < 0.05, **P < 0.01 and ***P < 0.001
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with GBM. The present work analyzed the role of VEGFA 
in tumor property of GBM cells and its working mecha-
nism. The results showed that VEGFA promoted GBM 
cell malignancy by promoting MDSC differentiation and 
TGF-β1 secretion by MDSCs.

VEGFA exhibited a high expression in various can-
cers and promoted angiogenesis, proliferation and inva-
sion of tumor cells [27]. In GBM, single nucleotide 
polymorphism rs2010963 of VEGFA increased risk of 
vascular events [28]. VEGFA induced angiogenesis and 
contributed to lower grade glioma to progress into GBM 
[29]. Another paper revealed that macrophage-derived 
VEGFA participated in the regulation of α-lactose to 
glioma angiogenesis [30]. Moreover, VEGFA expression 
in serum was associated with response to bevacizumab 
treatment, and GBM patients with high VEGFA expres-
sion had positive response to anti-angiogenic therapy 
[31]. Our data showed that VEGFA was highly expressed 
in GBM tissues. In addition, GBM cells had a high 
VEGFA expression. VEGFA silencing inhibited GBM 
cell proliferation, tube formation and tumor formation. 
Meanwhile, loss-of-function assays revealed that VEGFA 
knockdown induced cell apoptosis and repressed cell 
motility. Exosomes are small membrane-bound struc-
tures that are released by cells into the extracellular space. 
These vesicles contain various biomolecules, including 
proteins, nucleic acids (such as DNA and RNA), lipids, 
and metabolites. They can transfer their cargo to neigh-
boring or distant cells, thereby influencing cell behavior 
and function [15]. This transfer of information can occur 
in both healthy and diseased states. Our results showed 
that VEGFA expression was upregulated in exosomes 
isolated from GBM patients and GBM cells, and VEGFA 
promoted the differentiation of PBMCs to MDSCs. Fur-
ther, the exosomes with low VEGFA expression was taken 
up by PBMCs. These results demonstrated that VEGFA 
might function by promoting MDSCs differentiation.

TGF-β1 is a cytokine that plays a crucial role in tumor 
development and progression. It is a multifunctional 
molecule involved in various cellular processes, including 
cell growth, apoptosis, differentiation, and immune regu-
lation [32]. In cancer, TGF-β1 has been found to have a 
dual role. Initially, it acts as a tumor suppressor by inhib-
iting cell proliferation and inducing apoptosis in early 
stages of tumor development [33]. However, as the tumor 
progresses, TGF-β1 can switch its function and promote 
tumor growth and metastasis [34]. Our data showed that 
PBMCs incubated with exosomes from GBM cells could 
produce more TGF-β1, while PBMCs incubated with 
exosomes from GBM cells with low VEGFA expression 
could produce less TGF-β1. Functional assays revealed 
the inhibitory effect of TGF-β1 silencing on tumor prop-
erty of GBM cells. Further, MDSCs attenuated VEGFA 
knockdown-induced effects by increasing TGF-β1 

expression in A172 and U251 cells. One way by which 
TGF-β1 promotes tumor development is through its abil-
ity to induce immune evasion or immune escape. The 
immune system has mechanisms to recognize and elimi-
nate cancer cells, but tumors can develop strategies to 
evade immune detection and destruction. TGF-β1 plays 
a key role in this process by suppressing the immune 
response against the tumor [35]. It stimulates the pro-
duction of growth factors that promote cell proliferation, 
leading to uncontrolled cell growth [36]. Additionally, 
TGF-β1 promotes the epithelial-to-mesenchymal transi-
tion (EMT), a process that allows cancer cells to acquire 
migratory and invasive properties, further enhancing 
tumor progression [37]. These data suggest that VEGFA 
regulates GBM cell malignancy by regulating TGF-β1 in 
MDSCs.

Taken together, VEGFA was secreted in the form of 
exosomes outside the GBM cells, which was subse-
quently taken up by PBMCs to induce differentiation of 
MDSCs and TGF-β1 secretion by MDSCs, thereby regu-
lating the tumor properties of GBM cells. However, both 
in vivo and in vitro assays do not fully replicate the tumor 
microenvironment necessary for tumor growth, and an 
orthotopic murine model, which involves the intracranial 
injection of GBM cells, should be established to validate 
these results more effectively. Our results suggest that the 
tumor properties of GBM cells may be inhibited by inter-
fering with the expression of VEGFA or its receptor, or 
by adjusting exosomes secretion and uptake, which may 
provide a new strategy for the treatment of GBM.
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