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Interference of FZD2 suppresses proliferation,
vasculogenic mimicry and stemness in glioma cells via
blocking the Notch/NF-kB signaling pathway
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Abstract. Frizzled family protein 2 (FZD2) is widely asso-
ciated with tumor development and metastasis. The present
study aimed to gain an insight into the role and regulatory
mechanism of FZD2 in glioma. The expression level of FZD2
in normal astrocyte and glioma cells was determined by
reverse transcription-quantitative PCR and western blotting,
and cell transfection was conducted for FZD2 expression
knockdown. Malignant behaviors including cell proliferation,
migration and invasion, vasculogenic mimicry (VM) and
cell stemness were determined using Cell Counting Kit-8,
5-Ethynyl-2'-deoxyuridine (EdU) staining, colony formation,
wound healing, Transwell, 3D culturing and sphere formation
assays. The expression levels of proteins related to stemness,
epithelial-mesenchymal transition (EMT) and Notch/NF-kB
signaling were measured by western blotting. Then, the Notch
agonist, Jagged-1 (JAG), was adopted for rescue experiments.
The results demonstrated that FZD2 was highly expressed
in glioma cells. Interference of FZD2 expression suppressed
the proliferation of glioma cells, as evidenced by the reduced
cell viability and the number of EdU* cells and colonies.
Meanwhile, the reduced sphere formation ability and decreased
protein expression of Nanog, Sox2 and Oct4 following FZD2
knockdown confirmed that FZD2 repressed cell stemness in
glioma. Additionally, FZD2 knockdown suppressed the migra-
tion, invasion, EMT and VM formation capabilities of glioma
cells, and also blocked the Notch/NF-«kB signaling pathway.
Furthermore, activation of Notch by JAG treatment partially
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reversed the aforementioned FZD2 knockdown-mediated
changes in glioma cell malignant behaviors. In conclusion,
FZD2 may contribute to glioma progression through activating
the Notch/NF-kB signaling pathway, providing a plausible
therapeutic target for the treatment of glioma.

Introduction

Glioma is the most prevalent type of primary tumor in
the brain, accounting for 81% of central nervous system
malignancies, and is one of the leading causes of mortality
worldwide (1). Glioma is a highly heterogeneous group of
tumors, including astrocytomas [World Health Organization
(WHO) grade I-1V], ependymomas (WHO grade II-I1I) and
oligodendrogliomas (2). Despite major efforts to optimize
early diagnosis and treatment, conventional therapies including
surgical resection, radiotherapy and chemotherapy, possess
limited improvements in the prognosis of patients with glioma,
and the median overall survival time of patients with grade IV
glioma is ~15 months, along with a poor 5-year survival rate
of <10% (3). Hence, it is of great importance and urgency to
explore the molecular mechanisms underlying the progression
of glioma.

Vasculogenic mimicry (VM), initially described in uveal
melanomas by Maniotis ez al (4) in 1999, is considered a novel
form of blood supply independent of blood vessels, attributed
to its formation of microvascular channels composed of
tumor cells, distinguishing it from the traditional angiogenetic
process involving vascular endothelium (5). VM occurs in
numerous malignancies, including prostate cancer, breast
cancer, ovarian cancer and glioma (6-9). It has been reported
that VM formation promotes tumor cell proliferation and inva-
sion, and typically predicts a poor prognosis in patients with
glioma (10,11). Therefore, VM is regarded as a novel target for
glioma therapy.

The frizzled family proteins (FZDs, including FZD1-10)
are 10-transmembrane receptors for Wnt ligands, and are not
only involved in embryogenesis and development but also in
cancer progression (12). Of note, FZD2 is a highly conserved
signaling molecule that also belongs to the G protein-coupled
receptor family. Accumulating evidence has revealed the
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aberrant expression of FZD2 in various malignancies,
including tongue squamous cell carcinoma, breast cancer and
hepatocellular carcinoma, in which FZD2 acts as an onco-
gene (13-15). By contrast, FZD2 serves as a tumor-suppressor
gene in salivary adenoid cystic carcinoma (16), demonstrating
that FZD2 has a dual role in different types of tumors. A
recent report based on RNA-sequencing data from clinical
glioma samples revealed that FZD1/2/5/7/8 was significantly
highly expressed in tumor tissues. Furthermore, the FZD2
expression level increased as the progression of the glioma
increased from grade II to grade IV, and FZD2 was suggested
to be a novel independent predictor of unfavorable prognosis
in glioma (17). Notably, FZD2 has been discovered to promote
the VM phenotype in hepatocellular carcinoma, indicating a
potential association between FZD2 and VM formation (13).
Nevertheless, the specific role of FZD2 in glioma progression
has not been completely understood.

Therefore the present study aimed to explore the molecular
function of FZD2 in glioma progression, its regulatory effect
on VM formation during glioma progression and its poten-
tial regulatory mechanism. The present study may therefore
provide novel ideas for developing therapeutic strategies for
glioma treatment.

Materials and methods

Cell culture and treatment. Human astrocyte HEB cells
(4th passage) were obtained from Jennio Biotech Co., Ltd.
The human glioma cell lines, A172 (cat. no. iCell-h002),
T98G (cat. no. iCell-h210) and LN229 (cat. no. iCell-h124),
and the US7MG glioblastoma cell line of unknown origin
(cat. no. iCell-h224) were obtained from iCell Bioscience Inc.
and authenticated by STR analysis. All cells were cultured
in Dulbecco's Modified Eagle Medium (Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Inc.) and 1% penicillin/strep-
tomycin mixture (Invitrogen; Thermo Fisher Scientific, Inc.)
in a humidified incubator with 5% CO, at 37°C.

In addition, to explore the relevant mechanisms of action,
the Notch agonist Jagged-1 (JAG) peptide (50 ug/ml; R&D
Systems, Inc.) was used to treat US7MG glioblastoma cells at
37°C for 48 h.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from cells utilizing TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) in-line with the
manufacturer's guidelines, followed by RT to cDNA using
SuperScript Reverse Transcriptase (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocols.
Subsequently, gPCR was conducted using FastStart Universal
Probe Master (Roche Diagnostics) and a Bio-Rad CFX96
Real-Time PCR System (Bio-Rad Laboratories, Inc.). The
thermocycling conditions were as follows: Preheating at 90°C
for 10 min, followed by 30 cycles of 95°C for 30 sec, 55°C
for 30 sec and 72°C for 60 sec, with a final elongation step
at 72°C for 10 min and 4°C on hold. The primer sequences
used in the present study were as follows: FZD2 forward,
5-AGTTCTATCCGCTGGTGAAGGT-3' and reverse,
5'-GCCCAGAAACTTGTAGCTGAGA-3"; Nanog forward,
5-GTGATTTGTGGGCCTGAAGA-3' and reverse, 5-ACA

CAGCTGGGTGGAAGAGA-3'; Sox2 forward, 5'-ACACCA
ATCCCATCCACACT-3' and reverse, 5'-GCAAACTTCCTG
CAAAGCTC-3" Oct4 forward, 5'-AGCCCTCATTTCACC
AGGCC-3' and reverse, 5'-CCCCCACAGAACTCATAC
GG-3'; GAPDH forward, 5-CAGGAGGCATTGCTGATG
AT-3' and reverse, 5'-GAAGGCTGGGGCTCATTT-3". Target
gene expression was calculated using the 2-*4“4 method (18),
normalized to GAPDH.

Western blotting. Total proteins were extracted from
cells utilizing RIPA buffer (Beyotime Institute of
Biotechnology), followed by quantification using a BCA
Protein Assay Kit (Beyotime Institute of Biotechnology)
to determine the protein concentration. The proteins
(30 ug/lane) were fractionated by electrophoresis using a
10% SDS-polyacrylamide gel, transferred to polyvinylidene
difluoride membranes (MilliporeSigma), blocked with 5%
non-fat milk at room temperature for 1 h and probed using
primary antibodies against FZD2 (cat. no. 24272-1-AP;
1:500; Proteintech Group, Inc.), Nanog (cat. no. ab109250;
1:1,000; Abcam), Sox2 (cat. no. ab92494; 1:1,000;
Abcam), Oct4 (cat. no. ab200834; 1:10,000; Abcam),
E-cadherin (cat. no. ab40772; 1:1,000; Abcam),
N-cadherin (cat. no. ab76011; 1:5,000; Abcam), Vimentin
(cat. no. ab92547; 1:1,000; Abcam), Snail (cat. no. ab216347,
1:1,000; Abcam), N1ICD (cat. no. ab52301; 1:1,000; Abcam),
Hesl (cat. no. ab71559; 1:1,000; Abcam), phosphorylated
(p-)NF-«B p65 (cat. no. ab239882; 1:1,000; Abcam), NF-xB
p65 (cat. no. ab207297; 1:1,000; Abcam) and GAPDH
(cat. no. ab9485; 1:2,500; Abcam) at 4°C overnight. On
the following day, membranes were incubated with a
horseradish peroxidase-conjugated secondary antibody
(cat. no. ab6721; 1:3,000; Abcam) at room temperature
for 2 h. Immunoreactivity was developed using Western
Chemiluminescent HRP substrate (MilliporeSigma) and
semi-quantified using ImageJ software 1.52 (National
Institutes of Health).

Cell transfection. Short hairpin (sh)RNAs targeting FZD2,
including sh-FZD2-1 (5'-CATCCTATCTCAGCTACAA-3")
and sh-FZD2-2 (5'-CCGACTTCACGGTCTACAT-3'), were
synthesized by Shanghai GenePharma Co., Ltd., and the empty
shRNA plasmid (pGPU6/Neo) served as the negative control
(sh-NC; Shanghai GenePharma, Co., Ltd.). The shRNAs
(500 ng/ul) were transfected into US7MG glioblastoma cells
using Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) in-line with the manufacturer's guidelines. The
cells in the control group were those that did not receive trans-
fection. After 48 h, the transfection efficiency was determined
by RT-qPCR and western blotting.

Cell Counting Kit-8 (CCK-8) assay. A CCK-8 kit (Dojindo
Laboratories, Inc.) was utilized to determine the cell prolif-
eration ability. In brief, U87MG glioblastoma cells were
inoculated into 96-well plates and incubated at 37°C under
5% CO, for 24, 48 and 72 h. Then, 10 ul CCK-8 solution
was added to each well and the cells were incubated for
another 2 h. Finally, the absorbance of each well at 450 nm
was detected using a microplate reader (BioTek; Agilent
Technologies, Inc.).
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5-Ethynyl-2'-deoxyuridine (EdU) staining assay. USTMG
cells were cultured in 96-well plates and treated with 100 ul
EdU (50 uM; Abcam). After incubation at 37°C under 5%
CO, for 2 h, the cells were fixed in 4% paraformaldehyde for
15 min at room temperature and permeabilized with 0.5%
Triton X-100 for 15 min at room temperature. Subsequently,
cells were incubated with 100 ul EdU reaction cocktail
(cat. no. ab219801; Abcam) for 20 min at room temperature,
and 4,6-diamino-2-phenylindole (DAPI) was used to coun-
terstain the nuclei for 15 min at room temperature. Finally,
images were captured using a fluorescence microscope
(Olympus Corporation).

Colony formation assay. USTMG cells (1x10°) were inocu-
lated into 6-well plates and cultured at 37°C under 5% CO,
for 10 days. During this period, the culture medium was
refreshed every 2-3 days. Finally, the colonies consisting of
>50 cells were fixed with 4% paraformaldehyde for 20 min
at room temperature and then stained with 0.1% crystal violet
for 20 min at room temperature for visualization and counting
using ImagelJ software 1.52 (National Institutes of Health).

Wound healing assay. USTMG cells were seeded into 6-well
plates and incubated at 37°C under 5% CO,. Once 100%
confluency was reached, a straight scratch was generated using
a 200-ul pipette tip. The cells were then washed with PBS and
incubated in serum-free medium at 37°C under 5% CO, for
48 h. Images at 0 and 48 h were captured using a bright-field
microscope (Olympus Corporation). The migration rate was
determined according to the width of the wounds measured
using ImagelJ software 1.52 (National Institutes of Health).

Transwell assay. The cell invasion potential was assessed
using Matrigel-coated (37°C for 30 min) Transwell assay
inserts with a 8-um pore size (Corning, Inc.). 1x10° US7MG
cells were resuspended in serum-free medium and inoculated
into the upper chamber of a Transwell plate. Then, 500 ul
complete medium containing 10% FBS was added to the
lower chamber. After incubation for 48 h at 37°C, the invaded
cells were fixed with 4% paraformaldehyde for 20 min at room
temperature then stained with 0.1% crystal violet for 10 min at
room temperature. The invaded cells were observed under a
bright-field microscope (Olympus Corporation).

Sphere formation assay. USTMG cells (1x10°) were resus-
pended in cancer stemness medium (cat. no. 12400-024; Gibco;
Thermo Fisher Scientific, Inc.) containing B27, 20 ng/ml basic
fibroblast growth factor and 20 ng/ml epidermal growth factor,
then seeded into 24-well ultra-low attachment plates (Corning,
Inc.) and incubated at 37°C under 5% CO,. Following a 10-day
incubation, cell spheres with a diameter >75 ym were observed
using a bright-field microscope (Olympus Corporation).

3D culturing. The in vitro VM formation potential of
USTMG cells was evaluated by 3D culturing as previously
described (11). In brief, 96-well plates were pre-coated with
Matrigel (BD Biosciences) at 37°C for 30 min. U§7MG cells
(1x10°) were resuspended in serum-free medium and seeded
on the Matrigel. After incubation at 37°C under 5% CO, for
8 h, images were captured using a bright-field microscope
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(Olympus Corporation), and tube formation was assessed
manually.

Immunofluorescence assay. USTMG cells were fixed in
4% paraformaldehyde for 15 min at room temperature and
permeabilized with 0.5% Triton X-100 for 15 min at room
temperature. Then, after blocking with 10% normal goat
serum (Beijing Solarbio Science & Technology Co., Ltd.) at
37°C for 30 min, the cells were probed with anti-VE-cadherin
antibody (cat. no. ab313632; 1:50; Abcam) at 4°C overnight.
On the following day, the cells were incubated with Goat
Anti-Rabbit IgG (Alexa Fluor® 488) preadsorbed antibody
(cat. no. ab150081; 1:1,000; Abcam) at 37°C for 1 h in the dark.
DAPI was used to counterstain the nuclei for 15 min at room
temperature. Finally, images were captured using a fluores-
cence microscope (Olympus Corporation).

Bioinformatic and statistical analysis. Quantitative data are
presented as the mean =+ standard deviation. All statistical
analyses were conducted using GraphPad Prism 8§ (Dotmatics).
Comparisons were conducted using one-way ANOVA
followed by Tukey's post hoc test. To assess the role of FZD2
in glioma/glioblastoma, the expression of FZD2 in glio-
blastoma was explored using the Gene Expression Profiling
Interactive Analysis (GEPIA; http://gepia.cancer-pku.cn/) (19)
and UALCAN (https://ualcan.path.uab.edu/index.html)
databases (20). The unpaired Student's t-test was applied for
difference comparisons. In addition, the Chinese Glioma
Genome Atlas (CGGA; http://www.cgga.org.cn/) (21) was
applied to assess the survival probability in patients with
grade I-IIT glioma (cut-off value of 50% to determine high
and low FZD?2 status) P<0.05 was considered to indicate a
statistically significant difference.

Results

FZD2is upregulated in glioma tissues and cells. To uncover the
role of FZD2 in glioma/glioblastoma, the expression of FZD2
in glioma was first explored using the GAPIA and UALCAN
databases. According to these databases, the FZD2 expression
level in the tumor tissues of patients with glioma was higher
than that in the normal tissues (Fig. 1A and B). In addition,
based on data from the CGGA, it was found that high expression
of FZD2 was positively associated with poor survival prob-
ability in patients with grade I-III glioma (Fig. 1C). To confirm
the aberrant high level of FZD2 in glioma, the expression of
FZD2 was also detected in multiple glioma/glioblastoma cell
lines and astrocyte HEB cells. As shown in Fig. 1D and E,
both the mRNA and protein expression levels of FZD2 were
significantly higher in glioma/glioblastoma cell lines (A172,
U8TMG, T98G and LN229) compared with HEB cells, and the
highest levels were observed in U§7MG glioblastoma cells.

Interference of FZD?2 restricts the proliferation and stem-
ness of US7MG cells. To clarify the regulatory role of FZD2
in glioma, shRNA cell transfections were conducted using
USTMG cells. Compared with the sh-NC group, the expres-
sion level of FZD2 in the sh-FZD2-1 and sh-FZD2-2 groups
was significantly reduced (Fig. 2A and B). sh-FZD2-1 was
adopted in the subsequent experiments due to the more
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Figure 1. FZD2 is upregulated in glioma tissues and cells. Analysis of FZD2 expression in glioma using the (A) GEPIA and (B) UALCAN databases. (C) The
Chinese Glioma Genome Atlas database was used to predicted the impact of FZD2 expression on the survival probability of patients with different grades of
glioma. (D) mRNA and (E) protein expression levels of FZD2 were detected using reverse transcription-quantitative PCR and western blotting, respectively.
"P<0.05, “"P<0.001 vs. HEB. FZD2, frizzled family protein 2; WHO, World Health Organization; GBM, glioblastoma; TPM, transcripts per million; TCGA,
The Cancer Genome Atlas; T, tumor; N, normal.
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Figure 2. Interference of FZD?2 restricts the proliferation and stemness of U87MG cells. US7TMG cells were transfected with sh-NC and sh-FZD2-1/2, and
the (A) mRNA and (B) protein expression levels of FZD2 were detected by RT-qPCR and western blotting, respectively. (C) Cell Counting Kit-8, (D) EAU
staining (magnification, x200) and (E) colony formation assays were performed to assess cell proliferation. (F) Sphere formation assay was conducted to
assess cell stemness (magnification, x100). (G) mRNA and (H) protein expression levels of Nanog, Sox2 and Oct4 were detected by RT-qPCR and western
blot, respectively. “P<0.01, ““P<0.001 vs. control. EAU, 5-Ethynyl-2'-deoxyuridine; sh, short hairpin; NC, negative control; FZD2, frizzled family protein 2;

DAPI, 4,6-diamino-2-phenylindole.

optimized transfection efficacy. Thereafter, a series of
in vitro experiments were conducted to assess the impacts
of FZD2 on cellular biological activities. According to the
results from the CCK-8, EdU staining and colony formation
assays (Fig. 2C-E), the relative cell viability, the number of
EdU" cells and the number of colonies in the sh-FZD2 group
were significantly decreased compared with the sh-NC group,
indicating that interference with FZD2 expression greatly
restricted the proliferation ability of US7MG cells. In addi-
tion, it was observed that significantly smaller spheres were
formed by FZD2-knockdown US87MG cells compared with
the control cells (Fig. 2F), meaning that FZD2 knockdown

lowered the sphere formation ability, thereby alleviating cell
stemness in glioma. Furthermore, it was also discovered that
FZD2 knockdown significantly lowered both the mRNA and
protein expression levels of Nanog, Sox2 and Oct4 (Fig. 2G
and H), the critical factors of cell stemness. Taken together,
these results demonstrated that FZD2 knockdown may lower
glioma cell proliferation ability and stemness.

Interference of FZD2 represses the migration, invasion and
VM formation capabilities of US7MG cells. In addition, the
impacts of FZD2 on cell migration, invasion and VM forma-
tion in glioma was also investigated. As shown in Fig. 3A-C,
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Figure 3. Interference of FZD2 represses the migration, invasion and VM formation capabilities of U§7MG cells. (A) US7MG cells were transfected with
sh-NC and sh-FZD2, wound-healing and Transwell assays were conducted to assess cell migration and invasion, respectively (magnification, x100). (B) The
migration rate and (C) invasion rate were quantified. (D) Protein expression levels of E-cadherin, N-cadherin, Vimentin and Snail were examined by western
blotting. (E) In vitro 3D culturing model was constructed to assess VM formation ability (magnification, x100). (F) Cell immunofluorescence assay was

ok

performed to detect VE-cadherin expression (magnification, x200).
frizzled family protein 2; DAPI, 4,6-diamino-2-phenylindole.

compared with the sh-NC group, the wound closure and cell
invasion rates of the sh-FZD2 group were significantly lower,
suggesting that FZD2 knockdown inhibited the migration
and invasion abilities of U87MG cells. Meanwhile, FZD2
knockdown significantly increased the protein expression
level of E-cadherin but reduced the protein expression levels of
N-cadherin, Vimentin and Snail (Fig. 3D), reflecting an inhibi-
tory effect of FZD2 knockdown on epithelial-mesenchymal

P<0.001. VM, vasculogenic mimicry; sh, short hairpin; NC, negative control; FZD2,

transition (EMT) in glioma cells. In addition, U§7MG cells
formed typical channels and tube-like structures in the
in vitro 3D culturing model, while the number of formed
tubes were significantly reduced when FZD2 expression was
knocked down (Fig. 3E). Meanwhile, the significantly reduced
VE-cadherin level following FZD2 knockdown further
confirmed that interference of FZD2 expression restricted the
VM formation ability of glioma cells (Fig. 3F).
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Interference of FZD2 blocks the Notch/NF-xB signaling
pathway in US7MG cells. Next, an attempt was made to eluci-
date the underlying molecular basis behind the regulatory role
of FZD?2 in glioma. Since FZD2 can induce Notch signaling
and Notch signaling has a critical role in regulating the
malignant metastasis of glioma (22,23), the impact of FZD2
on Notch signaling in glioma was also explored. As shown in
Fig. 4A, FZD2 knockdown significantly inhibited the protein
expression levels of intracellular domain of NOTCHI receptor
(N1ICD), Hesl and p-NF-«B p65, revealing that FZD2 knock-
down restricted the activation of Notch/NF-kB signaling in
glioma cells. To confirm the importance of Notch signaling
underlying FZD2-mediated glioma progression, the Notch
agonist JAG peptide was used to treat sh-FZD2-transfected

“P<0.001 vs sh-NC; "P<0.01, ""P<0.001 vs sh-FZD2. sh, short hairpin; NC, negative control; FZD2, frizzled family protein 2; JAG, Jagged-1; p-,

USTMG cells. The western blotting results revealed that the
inhibitory effect of FZD2 knockdown on the N1ICD, Hesl and
p-NF-«kB p65 protein expression levels was partially weak-
ened by JAG treatment (Fig. 4B), further proving the FZD2
regulation of the Notch/NF-«xB signaling pathway in glioma.

Activation of Notch abolishes the FZD2 knockdown-medi-
ated antioncogenic effects in US7MG cells. Finally, to
highlight the importance of the Notch/NF-kB signaling
pathway underlying FZD2-mediated glioma, cellular
biological behaviors were again examined but in the pres-
ence of JAG. As shown in Fig. 5A-C, activation of Notch by
JAG significantly weakened the antiproliferation property
of FZD2 knockdown in glioma, as evidenced by the elevated
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(E) mRNA and (F) protein expression levels of Nanog, Sox2 and Oct4 were detected by reverse transcription- quantitative PCR and western blotting, respec-
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cell viability, the number of EAU* cells and the number of  sh-FZD2 group. Meanwhile, JAG treatment partially abol-
colonies in the JAG+sh-FZD2 group compared with the ished the suppressive effects of FZD2 knockdown on sphere
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Figure 6. Activation of Notch abolishes the inhibitory effects of FZD2 knockdown on cell migration, invasion and VM formation in U§7MG cells. (A) US7TMG
cells were transfected with sh-FZD2 with or without treatment with the Notch agonist, JAG. Wound healing and Transwell assays were conducted to assess
cell migration and invasion, respectively (magnification, x100). (B) The migration rate and (C) invasion rate were quantified. (D) Protein expression levels of
E-cadherin, N-cadherin, Vimentin and Snail were examined by western blotting. (E) In vitro 3D culturing model was constructed to assess VM formation
ability (magnification, x100). (F) Cell immunofluorescence assay was performed to detect VE-cadherin expression. (magnification, x200). ““P<0.001 vs
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Jagged-1; DAPI, 4,6-diamino-2-phenylindole.

formation ability and the expression of Nanog, Sox2 and
Oct4 (Fig. 5D-F), indicating that the FZD2 knockdown-asso-
ciated lowered cell stemness in glioma was hindered by
the activation of Notch. Additionally, JAG treatment also
significantly facilitated wound closure, elevated the rate of
cell invasion and upregulated N-cadherin, Vimentin and
Snail protein expression and downregulated E-cadherin
protein expression in sh-FZD2-transfeted U87MG cells

(Fig. 6A-D), reflecting that JAG partially hindered the
regulatory function of FZD2 knockdown on cell migration,
invasion and EMT in glioma cells. Furthermore, compared
with the sh-FZD2 group, the elevated number of tubes and
VE-cadherin expression level in the JAG + sh-FZD2 group
confirmed that JAG also abolished the inhibitory effect
of FZD2 knockdown on VM formation in glioma cells
(Fig. 6E and F).


https://www.spandidos-publications.com/10.3892/etm.2024.12662

10 RAN et al: INTERFERENCE OF FZD2 INHIBITS GLIOMA

Discussion

In the present study, FZD2 was shown to be highly expressed
in glioma cells. Functionally, interference of FZD2 expres-
sion led to inhibition of the malignant biological properties of
glioma cells including proliferation, migration, invasion, EMT,
VM formation and stemness. More notably, the importance of
the Notch/NF-kB signaling pathway in the oncogenic role of
FZD2 in glioma was confirmed.

Vascularization is crucial for the growth and metastasis of
tumors. Antiangiogenic therapy is a new treatment method for
glioma; however, the current antiangiogenic drugs, including
irinotecan and bevacizumab, are far from satisfactory due to the
existence of VM (24,25). Hence, investigating the drugs/targets
that restrict VM formation may be a new avenue in the treat-
ment of glioma, which has attracted attention in recent years.
For instance, Zhu et al (26) attributed the activity of celastrol,
a potential antitumor drug against glioma, to the inhibition of
VM formation and angiogenesis in glioma. Pan et al (27) indi-
cated a potential role for migration-inducing gene-7 (Mig-7) as
a target in the treatment of glioma as silencing Mig-7 inhibited
cell invasion and VM formation in glioma cells. In terms of
FZD2, a study reported by Ou et al (13) revealed that FZD2
could promote the clinically relevant VM phenotype while
FZD2 knockdown suppressed the VM phenotype in hepato-
cellular carcinoma, which was partially responsible for the
oncogenic action of FZD?2 in hepatocellular carcinoma cells,
preliminarily demonstrating the impact of FZD2 on VM.
Accordingly, in the present study, the results also revealed that
FZD2 knockdown significantly repressed the VM formation of
glioma cells. Meanwhile, FZD2 knockdown also significantly
restricted the malignant activities of glioma cells by inhibiting
the proliferation, migration and invasion capabilities of glioma
cells. Therefore, the oncogenic role of FZD2 in glioma may be
associated with VM. Additionally, a small number of cancer
cells possessing stem cell-like properties are the strongest
angiogenic cells in tumors, accounting for the development
and recurrence of tumors (28). In particular, it has been
observed that glioma stem-like cells may act as progenitors
for VM formation, highlighting the association between
VM and stemness in glioma (29). Furthermore, a previous
study reported that FZD2-mediated malignant behaviors in
hepatocellular carcinoma were associated with VM and stem-
ness (13). In addition, FZD2 knockdown disturbed migration,
invasion and the mesenchymal-like phenotype of breast cancer
cells, confirming the oncogenic role of FZD?2 in breast cancer
via the promotion of cell mesenchymal-like stemness (15). In
agreement with these existing findings, the present study also
demonstrated the inhibitory effects of FZD2 knockdown on
the stemness phenotype of glioma cells. Taken together, the
oncogenic role of FZD2 in glioma may be associated with
VM and stemness phenotypes, and the inhibitory effects of
FZD2 knockdown on the malignant behaviors of glioma cells,
including proliferation, migration, invasion and EMT, may
be partially associated with the restriction of these VM and
stemness phenotypes.

Notch signaling is a highly conserved pathway which
has a critical role in maintaining embryonic development
and adult tissue homeostasis and is involved in regulating
multiple cellular processes, including cell proliferation and

differentiation, stem cell maintenance and cell fate deci-
sions (30,31). Disrupted Notch signaling has been implicated
in various pathological diseases, including cancer. It has been
proposed that Notch is activated in the classical and proneural
subtypes of glioma, and that Notch signaling cross-talk
with NF-kB p65 contributes to glioma growth (32,33). The
Notch signaling pathway can promote migration, invasion,
growth and the self-renewal of glioma cells, and inhibition
of Notch is suggested to be a promising target for restricting
tumor growth during glioma development (32-34). For
instance, NFIX circular RNA can promote glioma progres-
sion through upregulating Notch signaling (35). Notably, it
has also been demonstrated that Notch signaling can exert
a dual role in glioma, serving as an oncogene or a tumor
suppressor depending on the intratumoral (stem) cell hetero-
geneity, disease stage and crosstalk with other signaling
pathways (36). In the present study, it was found that FZD?2
knockdown, which exerted antioncogenic activity in glioma
cells, significantly inhibited activation of the Notch signaling
pathway. Furthermore, JAG treatment partially inhibited
the antioncogenic activity of FZD2 knockdown in glioma
cells, confirming that inactivation of Notch signaling may
be beneficial to inhibit glioma development, and that Notch
might be partially responsible for the regulatory functions of
FZD?2 in the malignant behaviors of glioma.

However, there were some limitations in the present study.
First, this study was only conducted using in vitro cellular
experiments to demonstrate the regulatory role of FZD2 in
glioma, and clinical validation and in vivo verification will be
beneficial to prove the significance of FZD2 in glioma. Secondly,
this study only demonstrated that the regulatory role of FZD2
was dependent on the Notch/NF-«xB signaling pathway, while
there might be multiple factors and pathways responsible for
this oncogenic role in glioma. Thus, more potential regulatory
mechanisms should be explored in further research. Finally,
how FZD2 affected the Notch/NF-kB pathway remains
unclear. According to the String (https://cn.string-db.org/)
and GENEMANTIA (http:/genemania.org/) websites, multiple
proteins were found to interact with FZD2, and of note, FZD2
was closely related to Wnt pathway-related factors, such as
Wnt5a. The Wnt pathway is one of the important pathways
affecting Notch signaling output and the regulatory role of
Whnt-Notch signaling in cancer progression has been widely
reported (37-39). The Wnt pathway might act as a mediator
between FZD2 and the Notch/NF-kB pathway, but this
hypothesis requires future exploration.

In conclusion, taken together, the findings of the present
study may deepen the understanding of FZD2 in glioma. An
oncogenic role of FZD2 in glioma was identified and FZD2
knockdown suppressed the proliferation, migration, invasion,
VM formation and stemness of glioma cells. In addition,
FZD2 may contribute to the malignant biological behaviors
of glioma cells through activating the Notch/NF-kB signaling
pathway. The present study therefore may provide novel ideas
for developing therapeutic strategies for the treatment of
glioma.
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