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Abstract: Objective: To investigate the expression level of IgG Fc-binding protein (FCGBP) in glioma cells, elucidate
its role in malignant tumor phenotypes, and explore its relationship with the transforming growth factor-g (TGF-B)
signaling pathway. Methods: The expression of FCGBP was compared between primary human astrocytes (HA) and
glioma cell lines (U87, U251, LN229, and T98G). FCGBP was then silenced in U87 cells. Cell proliferation, migration,
and invasion were assessed using Cell Counting Kit-8, 5-ethynyl-2’-deoxyuridine (EdU) incorporation, colony forma-
tion, wound healing, and Matrigel-coated Transwell assays. Apoptosis and cell-cycle distribution in U87 cells were
analyzed by flow cytometry. Co-immunoprecipitation (Co-IP) was performed to validate the endogenous association
between FCGBP and TGF-B1-containing protein complexes. Rescue experiments were conducted using recombinant
TGF-B1 protein. Additionally, the in vitro findings were further validated in nude mouse xenograft models. Results:
FCGBP was highly expressed in various glioma cell lines, and its knockdown reduced TGF-B levels in the culture
supernatant. Knockdown of FCGBP in U87 cells significantly suppressed malignant behaviors, including prolifera-
tion, migration, and invasion, while inducing apoptosis and cell-cycle arrest. Co-IP assays suggested an endogenous
association between FCGBP and TGF-B1-containing protein complexes, and treatment with recombinant TGF-B1
effectively reversed the inhibitory effects of FCGBP knockdown. In vivo experiments confirmed that silencing FCGBP
markedly inhibited tumor growth in nude mice and significantly reduced systemic inflammation and TGF-B levels.
Conclusion: FCGBP promotes malignant phenotypes in glioma cells (U87) and accelerates tumor growth in vivo,
potentially through activation of the TGF-B/Smad signaling pathway.
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Introduction IgG Fc-binding protein (FCGBP) is a mucin

secreted by mucosal epithelial cells. Studies

Among malignant intracranial tumors, gliomas
are particularly aggressive [1], with glioblasto-
ma (GBM) representing the highest grade of
malignancy. Glioma cells proliferate rapidly and
evade normal growth control, continuously
dividing and infiltrating surrounding brain tis-
sue [2]. Despite recent advancements in surgi-
cal resection, radiotherapy, and chemotherapy,
recurrence remains frequent, and patient prog-
nosis is poor, with a low median survival and
approximately 80% of patients experiencing
recurrence [3]. Therefore, further elucidation of
the mechanisms underlying glioma progression
is essential. Identifying molecules with poten-
tial therapeutic value has become a major
focus of current research.

have confirmed that FCGBP plays a crucial role
in mucosal immune responses and helps main-
tain the mucus barrier [4, 5]. However, growing
evidence suggests that FCGBP is abnormally
expressed in various tumors and may contrib-
ute to malignant tumor behavior. For instance,
integration of single-cell RNA sequencing and
transcriptomic data demonstrated that tumor-
associated macrophages co-expressing FCGBP
and SPP1 promote the progression and sub-
type differentiation of primary liver cancer [6].
Importantly, elevated FCGBP levels are com-
monly detected in gliomas, with this expression
pattern positively associated with poor patient
prognosis [7]. Additionally, a recent study indi-
cates that FCGBP enhances glioma cell prolif-

https://doi.org/10.62347/NVYV1514


http://www.ajtr.org
https://doi.org/10.62347/NVYV1514

FCGBP in glioblastoma malignancy

eration via activation of the JAK2/STAT3/c-Myc
signaling axis, thereby accelerating tumor
growth [8]. Nevertheless, it remains unclear
whether the role of FCGBP in glioma involves
crosstalk with other core signaling pathways.

Transforming growth factor- (TGF-B) is a multi-
functional cytokine, and its dysregulation is
linked to the development of various diseases
[9, 10]. TGF-B binds to the TGF-B type Il recep-
tor (TBRII) on the cell membrane, which recruits
the type | receptor (TBRI), leading to phosphory-
lation and formation of an active receptor com-
plex [11]. Activated TBRI directly phosphory-
lates receptor-regulated Smads (i.e., Smad2/3),
forming a complex that translocates from the
cytoplasm into the nucleus to regulate gene
expression. This process influences fundamen-
tal cellular activities such as proliferation, dif-
ferentiation, and apoptosis. The TGF-3 pathway
also plays a crucial role in the malignant pro-
gression of glioma. Prior research has shown
that TGF-B activation promotes epithelial-mes-
enchymal transition (EMT), enhances glioma
cell aggressiveness, and inhibits apoptosis
[12]. Complementary studies suggest that the
TGF-B/Smad pathway influences glioma pro-
gression, potentially through modulation of
autophagy [13]. Given the strong association
between FCGBP and tumor development, along
with TGF-B’s critical role in regulating the tumor-
igenic features of transformed cells, we hypoth-
esize that FCGBP may promote the oncogenic
behavior of glioma cells by altering TGF-f sig-
naling activity.

To our knowledge, only a few studies have ex-
amined the role of FCGBP in gliomas, and direct
evidence regarding its role in promoting the
malignant phenotype of glioma cells via the
TGF-B pathway is lacking. Therefore, this study
investigates how FCGBP influences prolifera-
tion, migration, invasion, and apoptosis of glio-
ma cells through in vitro cell experiments and
in vivo xenograft models in immunocompro-
mised mice. Additionally, the relationship bet-
ween FCGBP and Smad-dependent TGF-f sig-
naling is explored.

Materials and methods
Cell culture

Primary human neural astrocytes (HA; catalog
number: SNP-H239) were obtained from SUN-
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NCELL (Wuhan, China) and served as the non-
tumor control cells. According to the supplier,
HA cells are primary human astrocytes derived
from human brain tissue, prepared through
enzymatic digestion combined with differential
adhesion. They were identified by GFAP immu-
nofluorescence, demonstrating a purity greater
than 90%. Cells at passages 2-3 were utilized
in this study. Additionally, human glioblastoma
cell lines, including U251 (SNL-095), LN229
(SNL-355), and T98G (SNL-457), were obtained
from SUNNCELL. Human glioblastoma cells
(U87, iCell-0143a) were obtained from iCell
Bioscience Inc. U87 cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) using
standard procedures, with medium changes
every 2-3 days. We maintained all cultures at
37°C, 5% CO,, and 95% relative humidity. The
cell density used for experiments was 1x10°
cells/mL.

Cell transfection and grouping

In the first experiment, U87 cells in the logarith-
mic growth phase were stratified into control
knockdown (sh-NC) and FCGBP-silenced (sh-
FCGBP) arms. To each group in an EP tube, 125
puL of Opti-MEM (Servicebio, G4568-500ML)
was added, followed by transfection using 5 pL
of Lipofectamine™ 3000 reagent (Beyotime,
C0526-1.5 ml) with sh-FCGBP and shRNA-Con-
trol (GENERAL BIOL). The sh-FCGBP sequence
was 5-GGGCTGTGTGGCAACTATAAT-3'. The neg-
ative control shRNA was a non-targeting scram-
bled sequence provided by GENERAL BIOL, and
its sequence was 5-UUCUCCGAACGUGUCAC-
GUGGC-3'. Complete medium was added 4-6
hours after transfection, and subsequent ex-
periments were conducted 48 hours later.

In a subsequent experiment, four groups of
U87 cells were generated: sh-NC, sh-NC + TGF-
B4, sh-FCGBP, and sh-FCGBP + TGF-B1. For the
transfected cells, 10 ng/mL of recombinant
TGF-B1 protein was added. TGF-B1 (HY-P7118)
was purchased from MedChemExpress. Sub-
sequent experiments were conducted 24 hours
after treatment with the recombinant TGF-f1
protein.

Animal experiments

A total of 12 SPF-grade BALB/c nude mice were
used in this study (n=6 per group). The animals
were provided by Hangzhou Ziyuan Laboratory
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Table 1. Primer sequences

GAPDH-F 5-GTGGACCTGACCTGCCGTCTAG-3’
GAPDH-R 5'-GAGTGGGTGTCGCTGTTGAAGTC-3’
FCGBP-F 5-GCCAAGGCTGAGATGATAGGC-3’
FCGBP-R 5’-CCTGCACAGAGATGGCATAGT-3’

Animal Science and Technology Co., Ltd. The
production license number and the animal
quality certificate number were SCXK (Zhejiang)
2024-0004 and 20260301Abzz010500000-
04, respectively. A suspension of U87 cells was
prepared at a concentration of 1x107 cells, and
each mouse received a subcutaneous injection
of 100 pL of the cell suspension into the right
axillary region. The mice were monitored daily,
and body weight and tumor size were measured
regularly. At the experimental endpoint, mice
were deeply anesthetized via intraperitoneal
injection of 2% sodium pentobarbital at a dos-
age of 60 mg/kg. Once the absence of the
pedal reflex was confirmed, terminal blood
samples were collected for serum preparation
and subsequent ELISA analysis. The mice were
then euthanized by exsanguination under deep
anesthesia. Death was confirmed by the
absence of respiration, heartbeat, and reflex
activity. Tumor tissues were excised and pre-
served for further analyses.

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR) experiment

Total RNA was extracted from samples collect-
ed after different treatments using TRIzon
reagent (CWBIO, CW3166M). Complementary
DNA (cDNA) was synthesized using NovoScri-
pt®Plus All-in-one 1%t Strand cDNA Synthesis
SuperMix (gDNA Purge) (novoprotein, Cat. No.
EO47-01B) according to the manufacturer’s
instructions. Quantitative real-time PCR system
was performed using a real-time PCR system
(FQD-96A, Hangzhou Borui Technology Co.,
Ltd.). Oligonucleotide primers were custom-syn-
thesized by Sangon Biotech (Shanghai, China),
and the primer sequences are listed in Table 1.

Western blot assay

Total protein was extracted using RIPA lysis buf-
fer (Servicebio, G2002-30ML), and quantified
using a BCA protein assay kit (Solarbio, PCO-
040). Protein samples were separated by SDS-
PAGE using precast gels (Epizyme Biotech,
PG222) and then transferred onto PVDF mem-
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branes (Servicebio, G6050-0.45). After block-
ing, the membranes were incubated overni-
ght at 4°C with primary antibodies against
TGF-B1 (1:1,000, Affinity, AF1027), Smad2
(1:5,000, Proteintech, 12570-1-AP), phospho-
Smad2 (1:1,000, Affinity, AF3449), Smad3
(1:3,000, Proteintech, 30130-1-AP), phospho-
Smad3 (1:1,000, Affinity, AF3362), FCGBP
(1:2,000, BIOSS, bs-13168R), and GAPDH
(1:5,000, Proteintech, 60004-1-Ig). After incu-
bation with the corresponding secondary anti-
body (1:1,000, proteintech, RGAR0OO1) for 2 h
at room temperature, immunoreactive bands
were visualized using a highly sensitive ECL
substrate (MAO186, MeilunBio). Images were
captured using a chemiluminescence imag-
ing system (SCG-W2000, Servicebio). Quanti-
fication of band intensity was carried out with
Imagel-based semi-quantitative densitometry
(version 1.53t; Bethesda, MD, USA).

Co-immunoprecipitation (Co-IP) assay

Endogenous total protein lysates were pre-
pared from U87 cells for Co-IP assays. Briefly,
cells were lysed on ice in immunoprecipitation
lysis buffer supplemented with protease and
phosphatase inhibitors. Following centrifuga-
tion at 13,000 x g for 10 minutes at 4°C, the
supernatants were collected and quantified
using a BCA assay. Equal amounts of protein
were incubated overnight at 4°C with Protein
A/G magnetic beads conjugated with either
anti-FCGBP antibody, anti-TGF-B1 antibody, or
normal IgG. The beads were then washed, and
bound protein complexes were eluted accord-
ing to the manufacturer’s protocol. Eluted pro-
teins were separated by SDS-PAGE and ana-
lyzed by Western blotting, with normal 1gG
serving as a negative control. The antibodies
used were as follows: anti-FCGBP antibody
(Amerigo Scientific, C-16F11), anti-TGF-B1 anti-
body (Santa Cruz Biotechnology, sc-52892),
and normal 1gG control antibody (Beyotime,
A7001). The assay was conducted using an
immunoprecipitation kit (Shanghai Lingyin Bio-
technology Co., Ltd., IK-1004).

Enzyme-linked immunosorbent assay (ELISA)
assay

Supernatants from U87 cells and mouse serum
were collected for ELISA. Sample processing,
assay procedures, and calculations were con-
ducted in accordance with the manufacturer’s
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instructions. The ELISA kits used included in-
terleukin-6 (IL-6) (MM-0163M2), interleukin-1
beta (IL-18) (MM-0040M2), transforming gr-
owth factor-beta (TGF-B) (MM-0689M2), tumor
necrosis factor-alpha (TNF-&) (MM-0132M2),
and TGF-B (MM-0090H2), all purchased from
Enzyme Immunoassay Co. A BIOBASE-EL10A
microplate reader was employed to record the
optical density (OD) at a wavelength of 450 nm.

Cell counting kit-8 (CCK-8) assay

U8T7 cells were seeded into 96-well plates at a
density of 4,000 cells per well and treated
according to the experimental groupings. After
the designated treatment period, 10 pL of
CCK-8 working solution (GLPBIO, GK10001)
was added to each well and incubated for 2 h at
37°C. Absorbance at 450 nm was then mea-
sured using a microplate reader (BK-EL10A,
Shandong Boguan Biotechnology Co., Ltd.).

EdU staining assay

Cell proliferation was assessed using a 5-ethy-
nyl-2’-deoxyuridine (EdU) assay kit (AF594-
labeled, Beyotime, COO71S). After fixation (Ser-
vicebio, G1011-50ML), U87 cells were stained
with the EdU working solution. Nuclei were
counterstained with DAPI (blue), and proliferat-
ing (EdU-positive) cells were labeled red. Red
fluorescent cells were observed and counted
under an inverted fluorescence microscope
(DMI4000B, LEICA), and the proliferation rate
was calculated.

Colony formation assay

U87 cells were seeded into six-well plates at
600 cells per well. After cell attachment, treat-
ments were applied according to the experi-
mental groups. Cells were cultured for 2 weeks,
with medium replaced every other day. Once
visible colonies formed, the cells were fixed and
stained with crystal violet (Servicebio, G1014-
50ML). Under microscopic observation, colo-
nies containing more than 50 cells were count-
ed, and images were recorded.

Wound healing assay

Cells from each group were seeded in culture
plates. When cell confluence exceeded 90%, a
scratch was made across the monolayer using
a 10 pL pipette tip. Images were captured im-
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mediately after scratching (O h) and again at 24
h, ensuring consistent positioning.

Transwell invasion assay

Transwell invasion assays were conducted us-
ing Matrigel-coated Transwell chambers. First,
the upper chambers were pre-coated with dilut-
ed Matrigel and allowed to solidify before cell
seeding. U87 cells from each group were sus-
pended in 300 uL of serum-free medium and
seeded into the upper chamber. A total of 500
pL of complete medium containing serum was
added to the lower chamber to serve as a che-
moattractant. After 48 hours of incubation,
non-invading cells that remained on the upper
surface of the membrane were gently removed
with a cotton swab. The invading cells on the
lower surface of the membrane were fixed,
stained with crystal violet, photographed under
a microscope (DMI4000B, LEICA), and quan-
tified.

Cell apoptosis assay

After treatment, cells from each group were col-
lected, and apoptosis was measured using an
Annexin V-FITC apoptosis detection kit (Beyo-
time, C1062L). Cells were incubated in the dark
with Annexin V-FITC and PI (50 yg/mL), and the
percentage of apoptotic cells was determined
using a NovoCyte™ flow cytometer (RaiseCyte
2L6C, Raisecare).

Hematoxylin and eosin (H&E) staining

Tumor tissues were carefully excised and imme-
diately fixed in paraformaldehyde (Servicebio,
G1011-50ML) at room temperature for at least
24 hours. The fixed tissues were then dehydrat-
ed and embedded in paraffin. Paraffin blocks
were sectioned and subjected to H&E staining,
where hematoxylin stains the cell nuclei and
eosin stains the cytoplasm. The sections were
mounted using neutral resin and imaged using
a light microscope.

Immunohistochemistry (IHC)

Paraffin sections were deparaffinized, rehydrat-
ed, and incubated in hydrogen peroxide solu-
tion to quench endogenous peroxidase activity.
Sections were blocked and incubated overnight
with primary antibodies against Ki-67 (1:1,000,
Proteintech, 28074-1-AP) and PCNA (1:500,
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Proteintech, 10205-2-AP). After washing with
PBS, sections were incubated with secondary
antibody solution according to the manufactur-
er’'s instructions. After mounting, positive cells
were observed under a microscope.

Terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) staining

Sections underwent routine deparaffinization,
rehydration, and antigen retrieval, followed by
staining with TUNEL reagents (Beyotime, C10-
86). After washing away the staining solution,
the nuclei were counterstained with DAPI. The
sections were then coverslipped with antifade
mounting medium and examined under a fluo-
rescence microscope (DMI4000B, LEICA).

Statistical considerations

All statistical analyses were performed using
GraphPad Prism 8.0. Data were presented as
mean + SD. Normality and homogeneity of vari-
ance were assessed prior to parametric analy-
ses. For comparisons between two groups, an
unpaired Student’s t-test was used. For com-
parisons among multiple groups at a single
time point, one-way ANOVA followed by Tukey’s
HSD post-hoc test was conducted. For repeat-
ed measurements or time-course data, includ-
ing CCK-8 cell viability curves, tumor volume
curves, and body weight curves, two-way ANO-
VA or two-way repeated-measures ANOVA was
employed, as appropriate, followed by Bonfer-
roni’s post-hoc test for pair-wise comparisons.
A two-sided P value of < 0.05 was considered
statistically significant.

Results

FCGBP was highly expressed in glioma cells,
and FCGBP knockdown reduced TGF-3 secre-
tion

To evaluate FCGBP expression in glioblastoma,
we examined FCGBP expression in primary
human astrocytes (HA) and four human glioma
cell lines (U87, U251, LN229, and T98G). As
shown in Figure 1A, 1B, FCGBP expression was
significantly elevated in all glioma cell lines
compared to normal HA cells. Based on these
results, U87 cells were selected for subsequent
functional experiments.

FCGBP knockdown in U87 cells was achieved
using three shRNA constructs. All three sh-FCG-
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BP sequences effectively reduced FCGBP ex-
pression, with sh-FCGBP-2 achieving the high-
est knockdown efficiency (Figure 1C, 1D). This
sequence was therefore selected for down-
stream experiments and designated as the sh-
FCGBP group. Additionally, ELISA results dem-
onstrated that TGF-B level in the U87 cell
culture supernatant was significantly decreased
after FCGBP knockdown (Figure 1E), suggest-
ing that FCGBP may regulate TGF- secretion in
glioma cells.

FCGBP knockdown significantly suppressed
malignant phenotypes of glioma cells

To investigate the biological function of FCGBP
in U87 cells, multiple phenotypic assays were
conducted. CCK-8 demonstrated that cell via-
bility in the sh-FCGBP group significantly de-
creased at 48, 72, and 96 h compared to the
sh-NC group (Figure 2A), indicating that FCGBP
knockdown inhibits U87 cell viability. EdU stain-
ing and colony formation assays further dem-
onstrated that FCGBP knockdown decreased
the percentage of EdU-positive cells and the
number of colonies (Figure 2B, 2C), confirming
that FCGBP knockdown suppresses cell viabili-
ty and proliferation.

Cell motility was assessed using wound healing
assay and Transwell assay. The wound closure
rate at 24 hours was significantly reduced in
the sh-FCGBP group (Figure 2D). Consistently,
Transwell invasion assays confirmed a marked
decrease in the number of invading U87 cells
(Figure 2E). Flow cytometry further demon-
strated that FCGBP knockdown significantly
induced apoptosis, asindicated by anincreased
apoptotic rate in the sh-FCGBP group com-
pared to the sh-NC group (Figure 2F, 2G). Cell
cycle analysis showed that FCGBP knockdown
led to GO/G1 phase arrest and a concomitant
decrease in S phase cells (Figure 2H). Collec-
tively, these results demonstrate that FCGBP
knockdown effectively suppresses malignant
phenotypes in glioma cells.

FCGBP regulates the TGF-B/smad signaling
pathway in glioma cells

Given the reduction in extracellular TGF-3 lev-
els following FCGBP knockdown (Figure 1E), we
further investigated whether FCGBP regulates
TGF-B-induced Smad phosphorylation. Western
blot analysis revealed that FCGBP knockdown
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Figure 1. FCGBP is highly expressed in glioma cells, and FCGBP knockdown reduces TGF-$ secretion. (A) RT-gPCR analysis of FCGBP mRNA expression in primary
human astrocytes (HA) and glioma cell lines U87, U251, LN229, and T98G. (B) Western blot analysis of FCGBP protein expression in the primary human astrocytes
and glioma cell lines. (C) RT-gPCR analysis of FCGBP knockdown efficiency in U87 cells. (D) Western blot analysis of FCGBP knockdown efficiency in U87 cells. (E)
ELISA analysis of TGF-B levels in cell culture supernatants from the sh-NC and sh-FCGBP groups. Data are presented as mean + SD from three independent experi-
ments. (A-D) were analyzed by one-way ANOVA followed by Tukey’s HSD. (E) was analyzed by an unpaired two-tailed Student’s t-test. Compared with HA, ***P <
0.001; compared with sh-NC, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. FCGBP knockdown significantly suppressed the malignant phenotype of glioma cells. A. CCK-8 assay assessing U87 cell proliferation at 0, 24, 48, 72, and
96 hours. B. EdU staining evaluating cell proliferation, magnification: x200. C. Colony formation assay measuring cell clonogenic capacity, magnification: x100. D.
Scratch assay examining cell migration, magnification: x100. E. Transwell assay assessing cell invasion, magnification: x200. F, G. Flow cytometry analysis of cell
apoptosis. H. Flow cytometry analysis of cell cycle distribution. Data are presented as mean + SD from three independent experiments. CCK-8 time-course data were
analyzed using two-way ANOVA followed by Bonferroni’s post-hoc test. Other comparisons were analyzed using an unpaired Student’s t-test. Comparisons with the
sh-NC group show **P < 0.01 and ***P < 0.001.
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Figure 3. FCGBP regulates the TGF-B signaling pathway in glioma cells. (A) Protein levels of TGF-B1, Smad2, p-
Smad2, Smad3, and p-Smad3 analyzed by Western blot. (B-D) Densitometric quantification of TGF-B1, p-Smad2/
Smad2, and p-Smad3/Smad3 protein expression levels. (E) Endogenous Co-IP assay using total cell lysates from
U8T7 cells, showing the association between FCGBP and TGF-B1. IgG served as a negative control. Data are present-
ed as mean + SD from three independent experiments. (B-D) were analyzed using an unpaired two-tailed Student’s
t-test. Comparisons with the sh-NC group show *P < 0.05 and **P < 0.01.

significantly reduced intracellular TGF-B1 pro-
tein levels in U87 cells (Figure 3A, 3B). Addi-
tionally, phosphorylation of Smad2/3, the key
downstream mediator of TGF-B signaling, was
also markedly reduced (Figure 3A, 3C, 3D).

To further explore the potential interaction
between these proteins, endogenous Co-IP as-
says were performed using total protein lysates
from U87 cells. The results indicated that
FCGBP and TGF-B1 were detected in the same
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immunoprecipitated protein complex, while no
specific signal was observed in the 1gG control
group (Figure 3E). These findings suggest an
endogenous association between FCGBP and
TGF-B1 in U87 cells. However, since total cell
lysates were used, this assay does not clarify
whether the association occurs during intracel-
lular protein processing or after secretion.
Together with the observed decrease in extra-
cellular TGF-B, these findings imply that FCGBP
may contribute to maintaining TGF-B1 protein
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availability and secretion, thereby contributing
to Smad2/3 phosphorylation. However, wheth-
er this regulation occurs through altered TGFB1
transcription, TGF-B1 protein stability, secre-
tion, or extracellular retention requires further
investigation.

Activation of the TGF-3 pathway reversed the
suppression of malignant phenotypes caused
by FCGBP knockdown

To verify the role of TGF-$ signaling in FCGBP-
mediated glioma progression, recombinant
TGF-B1 was added to FCGBP-knockdown U87
cells. EdU and colony formation assays revealed
that the addition of recombinant TGF-f31, follow-
ing FCGBP knockdown, led to an increase in
both EdU-positive cells and the number of cell
colonies (Figure 4A, 4B), indicating enhanced
proliferative capacity of U87 cells. Wound heal-
ing and Transwell invasion assays demonstrat-
ed that TGF-B1 treatment restored cell migra-
tion and invasion in sh-FCGBP cells (Figure 4C,
4D). Flow cytometry results further demon-
strated that TGF-B1 reduced the elevated apop-
tosis rate induced by FCGBP knockdown (Figure
4E). Western blot analysis further confirmed
that TGF-B1 supplementation restored intracel-
lular TGF-B1 protein levels and Smad2/3 phos-
phorylation in sh-FCGBP cells (Figure 5A-D).
Moreover, ELISA analysis showed increased
TGF-B secretion into the culture supernatant
following exogenous TGF-B1 treatment (Figure
5E).

FCGBP knockdown inhibited the growth of sub-
cutaneous U87 xenograft tumors in nude mice

We further investigated the tumor-suppressive
effects of sh-FCGBP in nude mice. Subcuta-
neous tumor formation assays indicated that
tumors derived from sh-FCGBP-treated U87
cells exhibited significantly reduced volumes
and lower weights compared with the sh-NC
group (Figure 6A-C), demonstrating that FCGBP
knockdown significantly suppresses glioma
growth in vivo. Body weight measurements
showed that mice in the sh-FCGBP group main-
tained higher body weights than those in the
sh-NC group by day 15 (Figure 6D). H&E stain-
ing showed reduced inflammatory cell-like infil-
tration within the tumor stroma in the sh-FCG-
BP mice (Figure 6E). ELISA analysis of serum
cytokines indicated that TGF-3, TNF-q, IL-6, and
IL-113 levels were all decreased in the sh-FCGBP
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nude mice (Figure 6F), suggesting that FCGBP
knockdown may attenuate tumor-associated
inflammatory responses. Immunohistochemical
analysis of proliferation-related proteins (Ki-67
and PCNA) and TUNEL staining for apoptosis
confirmed consistent findings: sh-FCGBP tu-
mors exhibited reduced Ki-67 and PCNA ex-
pression and increased apoptosis compared
with sh-NC tumors (Figure 6G, 6H). These in
vivo data demonstrate that FCGBP knockdown
effectively inhibits glioma growth and promotes
apoptosis in vivo.

Discussion

Identification of novel targets that play critical
roles in glioma progression is of great impor-
tance [14]. In this study, we found that FCGBP
is highly expressed across multiple glioma cell
lines, with the most pronounced expression
observed in U87 cells. FCGBP knockdown in
U87 cells significantly suppressed several key
malignant behaviors, including proliferation,
migration, and invasion, while inducing apopto-
sis and GO/G1 cell-cycle arrest. Collectively,
these findings suggest that FCGBP functions as
a tumor-promoting factor in glioma. Although
only a limited number of studies have reported
the role of FCGBP in glioma [15], existing evi-
dence indicates that FCGBP expression is
markedly elevated in tumor tissues, increases
with glioma grade, and is closely associated
with the immune microenvironment and patient
prognosis. Furthermore, FCGBP may act as a
tumor-associated antigen with potential rele-
vance for vaccine development [16]. Our find-
ings provide direct cellular and in vivo evidence
supporting the tumor-promoting role of FCGBP,
extending the current understanding of its con-
tribution to glioma progression.

The canonical TGF-B pathway is a well-estab-
lished pro-tumor pathway in gliomas [17, 18].
Upon activation, TGF-B enhances tumor cell
invasiveness, accelerates tumor growth, facili-
tates metastasis [19], suppresses apoptosis,
and enables immune evasion [20]. Therefore,
targeting this pathway may present a promising
therapeutic strategy. Our study found that
FCGBP knockdown in U87 cells significantly
reduced the phosphorylation levels of TGF-B1
and p-Smad2/3, indicating that FCGBP primar-
ily modulates TGF-B/Smad pathway activation.
Moreover, endogenous Co-IP assays demon-
strated the co-immunoprecipitation of FCGBP
and TGF-B1, suggesting a potential regulatory
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Figure 4. Recombinant TGF-B1 partially reversed the inhibitory effects of FCGBP knockdown on glioma cell malig-
nant phenotypes. A. EdU staining assessing cell proliferation in each group, magnification: x200. B. Colony forma-
tion assay evaluating clonogenic capacity in each group, magnification: x100. C. Wound healing assay measuring
cell migration in each group, magnification: x100. D. Transwell assay evaluating cell invasiveness in each group,
magnification: x200. E. Flow cytometry analyzing cell apoptosis in each group. Data are presented as mean + SD
from three independent experiments. Statistical analysis was performed using one-way ANOVA followed by Tukey’s
HSD post-hoc test. Compared with the sh-NC group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with the sh-
FCGBP group, #P < 0.01, ##P < 0.001.
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Figure 5. Activation of the TGF-B pathway partially restored TGF-B/Smad signaling in FCGBP-knockdown glioma
cells. A. Western blot analysis of TGF-1, Smad2, p-Smad2, Smad3, and p-Smad3 protein levels in each group.
B-D. Quantitative analysis of the grayscale values of the corresponding proteins. E. ELISA analysis of TGF-3 levels in
the culture supernatants of each group. Data are presented as mean = SD from three independent experiments.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s HSD post-hoc test. Compared with the
sh-NC group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with the sh-FCGBP group, #P < 0.05, #P < 0.01, ##p

< 0.001.

association. However, these findings do not
definitively prove direct physical binding nor
clarify whether this interaction occurs intracel-
lularly or extracellularly.

It should be noted that FCGBP is a secreted
mucin-like glycoprotein [4]. Therefore, the sig-
nificance of the FCGBP-TGF-B1 association
requires careful interpretation. In this study,
Co-IP was performed using total protein lysates
from U87 cells without ectopic overexpression
of either FCGBP or TGF-B1. Consequently, the
results indicate that FCGBP is associated with
protein complexes containing TGF-B1 in U87
cells. However, the use of total cell lysates lim-
its further interpretation, as this assay cannot
distinguish whether the association occurs
intracellularly during FCGBP synthesis, protein
processing, or vesicular trafficking, nor can it
exclude the possibility that the association is
established extracellularly after FCGBP secre-
tion.

Our findings suggest a potential role for FCGBP
in regulating TGF-B/Smad signaling. FCGBP
knockdown reduced both intracellular TGF-f1
protein expression and extracellular TGF-3 lev-
els in the culture supernatant. Furthermore,
recombinant TGF-B1 partially reversed the
inhibitory effects of FCGBP knockdown. These
results support the possibility that FCGBP con-
tributes to maintaining TGF-B1 availability by
influencing its maturation, secretion, stability,
or extracellular retention. Consequently, FCGBP
depletion may decrease TGF-B1 availability,
attenuate TGF-P receptor activation, and impair
downstream Smad2/3 phosphorylation. How-
ever, this model remains speculative and re-
quires further experimental validation. Future
studies should investigate TGFB1 mRNA ex-
pression, TGF-B1 protein turnover, proteasomal
or lysosomal degradation pathways, secretion
blockade models, conditioned-medium Co-IP,
subcellular localization, proximity ligation as-
says, and extracellular protein crosslinking.
These experiments may help clarify whether
FCGBP regulates TGF-B1 primarily through tran-
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scriptional regulation, protein stability, secre-
tion, or extracellular protection.

To determine whether FCGBP influences phe-
notypic changes in glioma cells via the TGF-3
pathway, recombinant TGF-B1 protein was in-
troduced into U87 cells with FCGBP knock-
down. Recombinant TGF-B1 partially restored
the impaired proliferation, migration, and inva-
sion caused by FCGBP knockdown and reduced
the elevated apoptosis rate in U87 cells. These
findings suggest that FCGBP promotes the
malignant phenotype of glioma cells, at least in
part, through activation of the TGF-B/Smad
pathway. Previous studies have indicated that
FCGBP expression correlates with patient prog-
nosis and tumor immune cell infiltration [7],
while the TGF-B/Smad pathway has been
established as a key driver of glioma progres-
sion, particularly by enhancing the malignant
proliferation of tumor cells [21, 22]. However,
these factors have largely been examined inde-
pendently, and no research has previously
established a direct regulatory relationship
between the two. Our findings provide prelimi-
nary evidence that FCGBP-mediated malignant
phenotypes in U87 glioma cells are, at least in
part, associated with TGF-B/Smad signaling,
although the precise molecular mechanism
underlying FCGBP’s influence on TGF-B1 avail-
ability and Smad activation requires further
clarification.

In vivo results aligned with those from in vitro
observations. Subcutaneous implantation of
FCGBP-knockdown cells in nude mice resulted
in smaller tumor volumes and lower weights
compared with controls. In the tumor tissue,
the expression of Ki-67 and PCNA-markers of
cell proliferation-decreased, while the number
of TUNEL-positive cells increased, indicating
cell death. These findings indicate that FCGBP
promotes glioma cell proliferation and survival
in vivo. Additionally, FCGBP knockdown de-
creased serum levels of several inflammatory
cytokines, including TGF-B, TNF-a, IL-6, and
IL-13, and H&E staining showed reduced infil-
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Figure 6. FCGBP knockdown suppressed the growth of subcutaneous U87 xenograft tumors in nude mice. A. Representative images of subcutaneous tumors from
nude mice of the sh-NC and sh-FCGBP groups. B. Comparison of terminal tumor weight. C. Changes in tumor volume over time. D. Body weight changes in mice. E.
Hematoxylin and eosin (H&E) staining of tumor tissues and quantitative analysis of tumor necrosis score, magnification: x200. F. ELISA analysis of serum levels of
TGF-B, TNF-¢1, IL-6, and IL-1B. G. IHC detection of Ki-67 and PCNA expression in tumor tissues, magnification: x200. H. TUNEL staining and quantitative analysis of
TUNEL-positive signal intensity per unit area in tumor tissues, magnification: x200. Data are presented as mean + SD from three independent experiments. Tumor
volume and body weight curves were analyzed using two-way repeated-measures ANOVA followed by Bonferroni’s post-hoc test. Other two-group comparisons were
analyzed using an unpaired Student’s t-test. Compared with the sh-NC group: *P < 0.05, **P < 0.01, ***P < 0.001.
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tration of inflammatory cells within tumor tis-
sues. These findings suggest that FCGBP may
also modulate the tumor-associated inflamma-
tory microenvironment. In recent years, TGF-3
is recognized as a key mediator of the immuno-
suppressive microenvironment in glioma and a
central target in immunotherapy research [23-
25]. Collectively, our findings suggest that
FCGBP contributes to glioma progression both
by promoting malignant cellular behaviors and
by modulating TGF-B-related microenvironmen-
tal changes.

This study has several limitations. First, the
mechanistic studies were primarily conducted
in U87 cells, with insufficient validation in other
glioma cell lines. Second, although the subcu-
taneous xenograft model is suitable for evalu-
ating tumor growth, it does not fully recapitu-
late the unique intracranial glioblastoma mi-
croenvironment. Future studies utilizing ortho-
topic intracranial xenografts, patient-derived
xenografts, or genetically engineered glioma
models are warranted to confirm the effects of
FCGBP on intracranial tumor progression,
TGF-B/Smad signaling, inflammation, and the
immune microenvironment remodeling. Finally,
while this study suggests an association
between FCGBP and TGF-B1 and demonstrates
that FCGBP knockdown reduces intracellular
TGF-B1 protein abundance and extracellular
TGF-B levels, the precise regulatory mechanism
remains unclear. Specifically, this study did not
determine whether FCGBP influences TGFB1
transcription, TGF-B1 translation, protein sta-
bility, secretion, or extracellular degradation.
These questions should be addressed in future
mechanistic studies.

Conclusion

FCGBP is significantly upregulated in glioma
cells. FCGBP promotes malignant phenotypes,
including proliferation, migration, and invasion,
while suppressing apoptosis, possibly by acti-
vating the TGF-B/Smad signaling pathway.
Collectively, FCGBP may represent a potential
therapeutic target for glioma.

Acknowledgements

This work was supported by the following gr-
ants: 1. Scientific Research Development Fund
Project of Fujian Medical University (Grant No.
2023QH1399) to Lingtong You. The funders

6566

had no role in study design, data collection and
analysis, decision to publish, or preparation of
the manuscript. 2. Fujian Province Natural Sci-
ence Foundation (Grant No. 2025J01308) to
Zhixian Jiang.

Disclosure of conflict of interest
None.

Address correspondence to: Zhixian Jiang, Depart-
ment of Neurosurgery, Quanzhou First Hospital
Affiliated to Fujian Medical University, Quanzhou
362000, Fujian, China. E-mail: jzx00137@126.com

References

[1] Jayaram MA and Phillips JJ. Role of the micro-
environment in glioma pathogenesis. Annu
Rev Pathol 2024; 19: 181-201.

[2] Weller M, Wen PY, Chang SM, Dirven L, Lim M,
Monje M and Reifenberger G. Glioma. Nat Rev
Dis Primers 2024; 10: 33.

[3] Pouyan A, Ghorbanlo M, Eslami M, Jahanshahi
M, Ziaei E, Salami A, Mokhtari K, Shahpasand
K, Farahani N, Meybodi TE, Entezari M, Taheri-
azam A, Hushmandi K and Hashemi M. Glio-
blastoma multiforme: insights into pathogene-
sis, key signaling pathways, and therapeutic
strategies. Mol Cancer 2025; 24: 58.

[4] FuZ Chen K, Zheng F, Gong W, Chao D and Lu
C. FCGBP promotes ovarian cancer progres-
sion via activation of I1L-6/JAK-STAT signaling
pathway. J Transl Med 2025; 23: 827.

[5] Liu Q, Niu X, Li Y, Zhang JR, Zhu SJ, Yang QY,
Zhang W and Gong L. Role of the mucin-like
glycoprotein FCGBP in mucosal immunity and
cancer. Front Immunol 2022; 13: 863317.

[6] WangC, Chen C, Hu W, Tao L and Chen J. Re-
vealing the role of necroptosis microenviron-
ment: FCGBP + tumor-associated macroph-
ages drive primary liver cancer differentiation
towards cHCC-CCA or iCCA. Apoptosis 2024;
29: 460-481.

[71 Yan T, Tian D, Chen J, Tan Y, Cheng Y, Ye L,
Deng G, Liu B, Yuan F, Zhang S, Cai L and Chen
Q. FCGBP is a prognostic biomarker and asso-
ciated with immune infiltration in glioma. Front
Oncol 2021; 11: 769033.

[8] Zheng J, Rao YX, Zheng H and Shi LL. FCGBP
promotes glioma growth by regulating JAK2/
STAT3/c-Myc pathway. Cancer Med 2026; 15:
e71617.

[9] Peng D, Fu M, Wang M, Wei Y and Wei X. Tar-
geting TGF-beta signal transduction for fibrosis
and cancer therapy. Mol Cancer 2022; 21:
104.

[10] Shi X, Yang J, Deng S, Xu H, Wu D, Zeng Q,
Wang S, Hu T, Wu F and Zhou H. TGF-beta sig-

Am J Transl Res 2026;18(8):6550-6567


mailto:jzx00137@126.com

[11]

[12]

[13]

(14]

[15]

(16]

[17]

FCGBP in glioblastoma malignancy

naling in the tumor metabolic microenviron-
ment and targeted therapies. J Hematol Oncol
2022; 15: 135.

Garg P, Pareek S, Kulkarni P, Horne D, Salgia R
and Singhal SS. Exploring the potential of TGF-
beta as a diagnostic marker and therapeutic
target against cancer. Biochem Pharmacol
2025; 231: 116646.

Zhou P, Wei Q, Wang H, Yu T, Chen L, Huang Q,
Wei L and Jiang J. RUNX2 mediated epithelial
mesenchymal transition induced by TGF beta
and Smad signaling promotes malignant pro-
gression in glioma. Sci Rep 2025; 15: 26781.
Zhang C, Zhang X, Xu R, Huang B, Chen AJ, Li
C, Wang J and Li XG. TGF-beta?2 initiates au-
tophagy via Smad and non-Smad pathway to
promote glioma cells’ invasion. J Exp Clin Can-
cer Res 2017; 36: 162.

Wang Y, Wang Y, Bao H, Wang Z and Jiang T.
Mechanisms and therapeutic implications of
glioma-neuron interactions. Cancer Lett 2025;
629: 217884.

Zhang JJ, Zhang Y, Chen Q, Chen QN, Yang X,
Zhu XL, Hao CY and Duan HB. A novel prognos-
tic marker and therapeutic target associated
with glioma progression in a tumor immune
microenvironment. J Inflamm Res 2023; 16:
895-916.

Ye L, Wang L, Yang J, Hu P, Zhang C, Tong S, Liu
Z and Tian D. Identification of tumor antigens
and immune subtypes in lower grade gliomas
for mRNA vaccine development. J Transl Med
2021; 19: 352.

Shaim H, Shanley M, Basar R, Daher M, Gumin
J, Zamler DB, Uprety N, Wang F, Huang Y, Ga-
brusiewicz K, Miao Q, Dou J, Alsuliman A, Ker-
bauy LN, Acharya S, Mohanty V, Mendt M, Li S,
Lu J, Wei J, Fowlkes NW, Gokdemir E, Ensley
EL, Kaplan M, Kassab C, Li L, Ozcan G, Baner-
jee PP, Shen Y, Gilbert AL, Jones CM, Bdiwi M,
Nunez-Cortes AK, Liu E, Yu J, Imahashi N, Mu-
niz-Feliciano L, Li Y, Hu J, Draetta G, Marin D,
Yu D, Mielke S, Eyrich M, Champlin RE, Chen K,
Lang FF, Shpall EJ, Heimberger AB and Rezvani
K. Targeting the alphav integrin/TGF-beta axis
improves natural killer cell function against
glioblastoma stem cells. J Clin Invest 2021;
131: e142116.

6567

(18]

(19]

[20]

(21]

[22]

(23]

(24]

[25]

Kim CW, Kim HJ, Kang |, Ku KB, Kim Y, Park JH,
Lim J, Kang BH, Park WH, La J, Chang S, Hwang
I, Kim M, Ahn S and Lee HK. Gut dysbiosis from
high-salt diet promotes glioma via propionate-
mediated TGF-beta activation. J Exp Med
2025; 222:€20241135.

Zhang L, Yang J, Ke X, Huang N, Zhou D and
Cai H. HIC2 suppresses glioblastoma progres-
sion via transcriptional repression of SEMA3A
and inhibition of TGF-beta signaling. Free Rad-
ic Biol Med 2025; 240: 674-684.

Powell AB, Yadavilli S, Saunders D, Van Pelt S,
Chorvinsky E, Burga RA, Albihani S, Hanley PJ,
Xu Z, Pei Y, Yvon ES, Hwang El, Bollard CM,
Nazarian J and Cruz CRY. Medulloblastoma
rendered susceptible to NK-cell attack by TGF-
beta neutralization. J Transl Med 2019; 17:
321.

Li Z, Li M, Xia P, Wang L and Lu Z. Targeting
long non-coding RNA PVT1/TGF-beta/Smad by
p53 prevents glioma progression. Cancer Biol
Ther 2022; 23: 225-233.

Li H, Cheng Z, Yang P, Huang W, Li X, Xiang D
and Wu X. Endothelial Nogo-B suppresses can-
cer cell proliferation via a paracrine TGF-beta/
smad signaling. Cells 2022; 11: 3084.

Amofa KY, Patterson KM, Ortiz J and Kumar S.
Dissecting TGF-beta-induced glioblastoma in-
vasion with engineered hyaluronic acid hydro-
gels. APL Bioeng 2024; 8: 026125.

Hou AJ, Shih RM, Uy BR, Shafer A, Chang ZL,
Comin-Anduix B, Guemes M, Galic Z, Phyu S,
Okada H, Grausam KB, Breunig JJ, Brown CE,
Nathanson DA, Prins RM and Chen YY. IL-
13Ralpha2/TGF-beta bispecific CAR-T cells
counter TGF-beta-mediated immune suppres-
sion and potentiate anti-tumor responses in
glioblastoma. Neuro Oncol 2024; 26: 1850-
1866.

Li N, Rodriguez JL, Yin Y, Logun MT, Zhang L, Yu
S, Hicks KA, Zhang JV, Zhang L, Xie C, Wang J,
Wang T, Xu J, Fraietta JA, Binder ZA, Lin Z and
O’Rourke DM. Armored bicistronic CAR T cells
with dominant-negative TGF-beta receptor Il to
overcome resistance in glioblastoma. Mol Ther
2024; 32: 3522-3538.

Am J Transl Res 2026;18(8):6550-6567



